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ABSTRACT

Research about lap joint welding characteristics of
multiple thin plates of pure aluminum with a fiber laser

Yang, Yun-Seok
Advisor: Prof. Yoo, Young-Tae Ph.D.
Dept. of Precision Mechanical Engineering

Graduate School of Chosun University

Energy consumption has increased because of the development of modern industrial
society and population growth. According to it, increase issue of a crude oil price to
the lack of the fossile fuel like oil and the environmental pollution problem like the
green house effect due to the use of fossile fuel has come to the fore. In order to
solve these problems, the motor industry is interested in developing eco-friendly cars.
According to this, the battery industry focuses on developing the performance of
secondary batteries which are the main driving source of eco-friendly cars.
Conventionally an ultrasonic welding is applied to producing a series of secondary
lithium-ion battery. It is disadvantageous that the existing ultrasonic welding process has
constraints on material, shape, and measurement of the processed article. Another weak
point is the short lifespan of hormn. In order to complement these drawbacks, we
employe the laser welding process based on a high density energy source which has
better performance comparing with the ultrasonic welding process. The advantage of a
laser welding process is that it can precisely weld small parts without deformation.

In this study, we analyze and compare the performance of ultrasonic welding and

fiber laser welding on pure aluminium thin plates in a series of secondary lithium-ion

_|X_



batteries, and replace the conventional welding method to the laser welding method. In
order to apply lap joint welding to 40 sheets of 30um thick thin plates, we tested with
follows; 314.1J of energy, 0.2MPa of pressure, 80% of amplitude, 0.3s of welding
time, 3~6kW of laser peak power, 2~6ms of pulse duration, and 15~50Hz of
frequencies. As a result, the weld width of ultrasonic welding is Smm, but that of laser
welding is 1~1.5mm. Also, the cross-sectional size of a welding area and the depth of
the welding area are affected by pulse duration and the peak power, respectively. As a
result of tension test, the tensile strength is high when the pulse duration is short for
low peak power, while the tensile strength is high when the pulse duration is long for
high peak power.

Comparing with ultrasonic and laser welding methods, the value of tensile strength
in tension test is higher in ultrasonic welding while welding width showed 45% better
result with the laser welding. Also, it is difficult for a specimen to be attached to a
welding cross-sectional area due to the limit of the ultrasonic welding while laser
welding brings lots of blow holes at the welding area due to the characteristics of
aluminium. Blow holes are caused by different solubility of hydrogen between solid
state and liquid state of aluminium. Based on this result, the laser welding might
replace the ultrasonic welding, but the methods to remove weld defects at laser welding

should be improved.
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FAZE 6mmel 5083 &FHlE dwS 10kWa CO, HolAE ©l
8ot A EHAHE oS F FHAH, &3 Wire EHGH,
Iy et 2o prew 0 44 9% WaAA 87 24
200 2 1z wame 245 9Rny g7 84 A 1T 24
As AF3FATH[30]
Yoon. J. W. | &Fulg F5o &7 &HA &4, 84 AT TR A
[2000] d4dd & Holx &4 EA #std 1 ESIATE[31]
1€ &FuE Tl uis] Ailgo]l A" FA 2mm<l
Yoon. J. W. | 5182-0 ¥ 6K31-T4 ¢FvH P& 4kWa CW Nd:YAG #H©]
[2004] AE olgste &3 & &FF VIAH A IS HIL
A48 A T [32]
4kWH NAYAGH °]AE o]&3le] F7] 1.4mm<?] AA5182 &5
Park. Y. W. | ulF &3 AAS356 §719folojE o] &3te] &3 F &3HA
[2006] H7tE S8l AR AE HEE & HZH FAZHT Bl Ast
AT} [33]
dFrlFo] 800nm F-o AT A A F4U =2 AR
EA4L 7IREC R 808nm ALY trolet #Ho|A 9 HY
Kim. . D. | Nd&:YAG #l°]A9] ®& E3H 1064nme] T o] 3sfojH
[2007] = WS o83 HIAEE A1050, A3003, A4047, A5052%}
dxEl A60619] ¢FrFE TS &Y EF gun 4%
55 vln FFSTh[34]

Al %)




Shi. Y AAE 1420 EFuFES UAN)TES 45kWH AM 356 YAG
1.
o)A E o] &3t &4 F vAx2 9 AFHE, AEE A3}
[2007] )
o 314E& AF3ATE[35]
k. V. B Y T3E ¢FE ¥ AT AL dF3EA A6005
ark. .
dFuF e vFEHHE-H(Friction Stir Welding; FSW)Al &
[2009]

N
)
i
2
k)

E 84 7IAH 545 B8kt [36]

, | FAZF 2.5mm?] AA6056-T4 FHS T-joint 7S AAISH 3
Zain-ul-abdein.
2 749 A f3Fei AEHNAL o83l Y2 4 %
" &%, €8, AAA=Y A gt A dI@e vim B3
[2010]
AT} [37]
AEA 2 A A8 7FeA S B9l AASI82 ¢EvE
Park. Y. W. | 53 AA5356 2}o]olE o] &3l 4kWH Nd:YAG ZOJAE 9]
[2010] &3t &AL, &3 =dol wE AFAPES dYE AY
(Ericksen test)oll wel 3 7139 Th.[38]
L27 Taguchi @RS o]&3td F7A7F 025mm<l YZA-EElw
4 719 S P=e] FAH(Hank's solution)ol] 3l 37.5T 2
Chan. C. W. _
L2 d<E F 100WF 1091nm 3] stolw o] E o]
2011
P gatet 8 % dge @ At wA we o SR
EA disl] A3 th[39]
A 300WH 1075nm IS 7HX gtol] o] A& o] &3} ﬂ%i
u. J. .

[2011]

o] FHE FA7}F 800me AA7075-T6 LFvlF T
A& SR 39 dRE APz ATsYTh[40]

Nakashiba. S. 1.

[2012]

FAZE Imm<Ql FE @Es tolet HE e FHx
Nd:YAG #o]A ¢ 1064nm 4 THe] Nd:YAG #HOolAE 22 =
3lutE HAHAIA 1.5kWE 532nm GRS A £ JE
9 Nd:YAG #olA¢ & 2 &34S vu E43t3th[41]
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A7y dFu)Fe A4S Table 2.200 VERY AT} [42~45]
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Table 2.1 Physical properties of aluminum[44]

High purity Al

Normal purity Al

Properties
(99.996%) (99.5%)
Atomic number 13 -
Atomic weight [g/mole] 26.98 -
Crystal lattice FCC -
Lattice constant (at 293K)[nm] 0.40494 0.404
Density (at 293K)[x10’kg/m’] 2.698 271
Melting point [K] 933.2 ~923
Boiling point [K] 2750 -
Latent heat of fusion [><103J/kg] 396.840 389
Specific heat (at 293K)[J/kg-K] 916 958
Coefficient of linear expansion
. 25.4 25.6
(293~573K)[*107/K]
Thermal conduction rate
238 234
(293~673K)[W/K-m]
Conductivity [%IACS] 64.9 59
Electrical resistivity
X 2.69 2.92
(at 293K)[x1072'm]
Temperature coefficient of resistance
3 4.2 4.0
[x107/K]
Reflectivity (A=252; 500; 2000nm)[%] - 87; 90; 97
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Table 2.2 Comparison of the properties of pure aluminum and iron[44]

Properties Al Fe
Atomic weight [g/mole] 26.98 55.84
Crystal lattice FCC BCC
Density [x10°kg/m’] 2.70 7.87
E-modulus [GPa] 67 210
Coefficient of expansion [1/K] 24.10-6 12.10-6
Yield strength [MPa] ~10 ~100
Ultimate tensile strength [MPa] ~50 ~200
Specific heat [J/kgK] ~890 ~460
Melting heat [J/g] ~390 ~272
Melting temperature [K] 933 1810
Thermal conductivity [W/K-m] 235 75
Electrical conductivity [m/S2~m3] 38 ~10
Oxides AbLOs FeO/ Fe O3/ Fe304
(Oxides) Melting temperature [K] 2323 1673/ 1728/ 1873
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22 HolAHE o] &% dFrw &F

22.1 #olAR &3 A

dol7 g3 WUE duAel dolAyel HFsA sS4 WSk
AoUAE ARHT FEEAL §8442 H ALHE dol AW 2o o3 &
a5 W E’lzi(Keyhole)g FAsHA "ot 71& Wol dolAe tsiA 9 F5
4 wjZol AdAUA 7t FEE FLlod oy 7t dEse] ¥He] &8 §
7V F1H 02 WHEEEA &FHo] o] FofXitt o]¢} e W7tUE widd A=
el vzt 71&&F o] dolAR FFase] & HYE HHolth

At oz 27] dolA HYLE 10'W/em’olA 71E0] FHlEE dHAE &30
2331, 10°W/em?o) 3] g U=olH 2-& &A(Deep penetration)2] 7]1& &7 o]

AYPAeh, F&o FHge nEEo Fol AW (10°~10"W/em’)& ZAA A =W
FAY FEEE ARFHAAE A7AHIG Al A7) #H AFHAs A AR
FEHAD ol I duAE 42 AFTNA FHY 2EE FSAIIA Ha, d%
ARl ZAbe] ol thEHbAlel FEdo]l ASHA Hof, #HolARY FAE 7Y
NAE F£9 8§37 Zwo] dojua, 1 9F AHAE &Fo] dojdrt
gA g0 dojd FAR FH & UYL £8FES HolAYe] 2AHE
FAR FHozRY ooz Yoy FolAYS s YRE S0 & & U
= FATHEe Hols FUHAZI

& golARle EEdErt ofd AR ool HE Aol Fig 2.1 2o &
SUYREZ & ASTYeR JAEIY Eolvle A%E Uehd o2 &=
o] A7l ol 7|Zolg} gt ol#g Afole HolAW HA 27| F&EE
Aol A ®lel HiAL T odE 7hA] oyA] &4 ddeE B7sta ¥4H 71Ee
S A|(Black body)® ZH&3t] A&EH o7 HAHE HolAWS J1& AR ALY

WU A 7L Zhasts] w2, - mm?# Zejzx }—3— A A3

Aok ol WS FEA T 2ASE 2o MAEAL AR, AT AE
of BAHW ol AW ANE YolA ThEutasly] WFe] Aol waEAe] ol
YA skol oA mgol ul$ EopHrh
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w&olu nEGE HolAWS ARSI #HolA W A Az uwhet
Aol verd A3 22 FJEHE jhARED 2(1)dA R HAEE YERY I Q)

+ Fig. 22 B! Table 232> d}oln] #ojA s} CO, #olA o] &0 F4 B HhAb
&ol 3k Azolth Table 239014 Q1S = o] FHoln HolA= CO, #HolA
of Hla] F&EEmHM WALEE 2, AFTFFo oA B oAz RS
o oy Wrrt AHsitd G H‘T T8 9 AR ARE ThEo] Jhset
o ©apel 7] wjZol] HFA ol st mATbEol sttt stoly o] A 9
(A =1.07um)= A|2%3}3K(2nd hormonic generation)= FHEo] IS oS FHA
e FE s Zo] d¥EEY WAETE F ABRRE Ve F e 5ol Ak
dolH #HolAE &FrlE F LFHFE Faol =AS
T Axol dAE #HolAR oAU AY ¢ 10% 8= FTHE o2 dEA 9
a3 B4 ¥W 880 2ad 2o 29 UEE 10Wemo|BE, YT
Aol dAe disl] &Koo= #HolA &3] Al 1= dolw HolA &
A 2=®llo] HA o]t} [46, 50~53]
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2 o, WolAl ol ma) oW oA Sl HUHLR fT Ao U
A Q) olek 2 olfE A()olA B 4 Uxmo] dolHu Tato] Zgel m
g wlEs} S7HT mebd AVAEET e SRNE B SRny gEe v
& el dolAwe AA wastd ddB ZwolA §8 &8Hols] wEolt)
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Table 2.3 Surface reflexibility of metal materials[53]

Material Laser | 0.9~1.1m (Nd:YAG, Fiber) A=0.9~11zm (CO,)
Au(2.4) 94.7% 97.7%
P(10.6) 72.9% 95.6%
Ag(1.62) 96.4% 99.0%
Al(2.75) 73.3% 96.9%
Cu(1.72) 90.1% 98.4%
Fe(9.8) 65.0% 93.8%
Ni(7.24) 72.0% 95.6%
Zn(5.9) 49.0% 98.1%
Mg(4.9) 74.0% 93.0%
Cr(10.9) 57% 93%
Mo(5.6) 58.2% 94.5%
W(5.6) 62.3% 95.5%

\ 64.5% 92%
T 48.5% 78%
S 54% 87%
Cast iron(10~20) 63.1% 93.8~96%
1%C 7% -
Constantan(50) 22.4% 94.2%
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Focused laser beam

‘Chevron’ weld
Bead pattern

. Molten matal flows
: round keyhole and
Ss §.7" recombines to form weld

Focused laser beam

Molten metal

Metal vapor
within keyhole

Fig. 2.1 Principle of laser welding and keyhole formation in deep penetration
welding[44, 45]
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Fig. 2.2 Change in absorptance of nonferrous metal with
wavelengths[53]
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Fig. 2.3 Equilibrium vapour pressure as function of temperature for various
elements[44, 45, 70]
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Fig. 2.4 Solubility of hydrogen in aluminum (a) as a function of temperature
and (b) at the melting point[31, 44, 45]
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» g Direction of
solidification
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Solid liquid
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Fig. 2.5 Schematic illustration of the mechanism of solidification cracking

[44, 45]
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Fig. 2.6 Schematic illustration of liquation cracking at the fusion line[44, 45]
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Fig. 2.7 Parameters of pulse laser beam
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(Wb ElEHE(Ti)

Tie ol 0.02~0.04%Y W 1L&Fd
U, d=o8 HrtE i & Z2AY vAE 449 A HrkE W u ¢sd
F4E JepAT Heprd g8 AAHE vAE AA F2RE Z JAE AEs

He FHFH Jdom fFFAo]l oA AYEZE A3 el JofA =S
Al-Si-Ti 3}§rEo] AZEH o U] dAA Asldrt. =3 Ar|AExE ¥ 3=

g AT B ATl AHRE LAl 5 993%Y &5
300 AEE AVHERE 9 dHAEEE AASAY. dFuFE
7t =of glEol AE viE o] ol AMEEI 9ot
of 7h&o] o9 e A7t & Fo|th Table 3.2, 3.3
T &Fuge 3 AE E 7IAH 4d JERd Zlo|th
2 AT AHES dolH #FHolA = T2 1.07mel AL, Hdl B Y 600W,
o 93 92 6kwage d&Eue Hxaurr Jhed FY O RE= #olA
(YLS-600/6000-QCW-AC)olt}. #o] AR A7 o] 50um<Q! 24 -fr(optical fiber)oll <]
3 ded. FARE ALDEe golARe =HAAL 78umeltt. #lolA £33
Z9o FIFA= =HA- £=250mm o]t} #HolA W FZ BPP(Beam Parameter
Product)= 2.0mm*mrado]Th. ©] #HF v AR, 2~¥ 9 BATE Fig 3.1, 3.2¢9

R 2T,
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Table 3.1 Electrical conductivity and thermal conductivity of materials

Electrical conductivity Thermal conductivity
Si 2.52x10™" 1.48
C 0.00061 1.29
Mn 0.00695 0.0782
Ti 0.0234 0.219
Cr 0.0774 0.937
Fe 0.0993 0.802
10°cm™' Q" W-em 'K
Ni 0.143 0.907
Mg 0.226 1.56
Al 0.377 2.37
Au 0.452 3.17
Cu 0.596 4.01
Ag 0.63 4.29
Table 3.2 Chemical composition of pure aluminum(wt%)

Si Fe Cu Mn Ti Al
Al

0.186 0.393 0.002 0.001 0.12 99.298

Table 3.3 Mechanical properties of aluminum
Tensile Strength Yield Strength Elongation
(kg/mm”) (kg/mm”) (%)
Al
9.5 ol 7.5 o 2 o)
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Characteristics Symbol Value

1 Peak Power Presicmax 6000W
2 Focal Length f 250mm
3 | Output Fiber Core Diameter 50pum
4 Collimation 160mm
5 Focus Diameter 78um

6 Beam Parameter Product* BPP(1/e2)* 2.0mm*mrad

7 Emission Wavelength 1070nm

Yb-Doped Active Fiber

Splice to multi-mode
diode pumps

output

n:l pump combiner Fiber Bragg Gratings

® Fiber Laser

Fig. 3.2 Schematic of fiber laser processing system
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Table 3.4 Experimental processing parameters

Lap Welding

3 4 5

Laser Peak Power (kW)

Welding Speed (m/min) 1.5

Focal Position (z) Omm (f=250mm)

Pulse Duration (ms) 2,3,4 5,6

15, 16, 20, 25, 33, 50

Frequency (Hz)

&
60mm %’r)
£ £
Z b
ol o
LS A
el N
120mm

Fig. 3.3 Tensile test specimens
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Fig. 3.4 Hot mounting press

MeTPoL

Fig. 3.5 Automatic grinder/polisher

_39_



S EALERHES )

HIOIHA A&

(Micro Hardness Tester)

Fig. 3.7 Micro vickers hardness tester
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Fig. 3.8 tensile test experiment equipment of lap welding
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Electric Energy I_
/MWW VWA -
15/20/40kHz 60Hz

Converter Booster om Clamping

E’n—l:' @ Force

8 . Anvi
Piezoelectric \N\/\/\/ \/\/\/\/\/\/ l
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Specimens

Mechanical Sonotrode
Vibration energy Amplified
Attitude

Fig. 4.1 Schematic of ultrasonic welding equipment[72]

Hom

Vibration direction
«—»

Upper part
Lower part 4_— !
MWVM —
Weld

Anvil —

Fig. 4.2 Schematic of ultrasonic welding process[72]
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(a) Front bead

(b) Welding zone

Fig. 4.3 Front bead and welding zone of ultrasonic welding
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Fig. 4.4 Stress-Strain curve of ultrasonic welding
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2ms 50Hz 3ms 33.3Hz 4ms 25Hz S5ms 20Hz 6ms 16.6Hz

3kW
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Fig. 4.5 Overlap Comparison of process parameters
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Fig. 4.6 Variations of front bead width according to process
parameters
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Fig. 4.7 Variations of overlap according to process parameters
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Fig. 4.8 Welding cross-sectional area to variation of welding process parameters
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Fig. 4.9 Influence of welding process parameters on the pulse energy density
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Fig. 4.10 Influence of welding process parameters on the width ratio
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Fig. 4.11 Influence of welding process parameters on the heat input
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Fig. 4.12 Stress-Strain curve of laser welding (3kW)
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Fig. 4.13 Stress-Strain curve of laser welding (4kW)
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Fig. 4.14 Stress-Strain curve of laser welding (5kW)
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Fig. 4.15 Stress-Strain curve of laser welding (6kW)
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Fig. 4.16 Stress-Strain curve of laser welding (2ms 50Hz)
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Fig. 4.17 Stress-Strain curve of laser welding (3ms 33Hz)
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Fig. 4.18 Stress-Strain curve of laser welding (4ms 25Hz)
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Fig. 4.19 Stress-Strain curve of laser welding (5Sms 20Hz)
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Fig. 4.20 Stress-Strain curve of laser welding (6ms 16Hz)
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Fig. 4.21 Welding width hardness to variation of welding
process parameters
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Fig. 4.22 Welding depth hardness to variation of welding
process parameters
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Fig. 4.24 Microstructure photos of weld zone (3kW 6ms 16Hz)
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Fig. 4.26 Microstructure photos of weld zone (4kW 6ms 16Hz)
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Fig. 4.27 Microstructure photos of weld zone (5kW 2ms 50Hz)
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Fig. 4.28 Microstructure photos of weld zone (5kW 6ms 16Hz)
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Fig. 4.29 Microstructure photos of weld zone (6kW 2ms 50Hz)
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Fig. 4.30 Microstructure photos of weld zone (6kW 6ms 16Hz)
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Fig. 4.31 Front bead comparison of process parameters
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Fig. 4.32 Influence of welding process parameters on the pulse energy
density
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Fig. 4.33 Welding cross-sectional area to variation of welding process parameters
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Fig. 4.34 Variations of front bead width according to process
parameters
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Fig. 4.35 Influence of welding process parameters on the heat input
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Fig. 4.36 Stress-Strain curve of laser welding (5kW 15Hz)

80 T v T T T J T J T
{1 —=— 5kW 1.5m/min 2ms 15Hz
70 4 —®— 5kW 1.5m/min 6ms 15Hz _

()]
o
1
1

[¢)]
o
1
1

IS
o
1
1

Hardness (Hv0.01)

w
o
|
|

10 , . , ; , ; , : ,
0.4 0.2 0.0 0.2 0.4

Distance from the center (mm)

Fig. 4.37 Welding width hardness to variation of welding process
parameters
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Fig. 4.38 Welding depth hardness to variation of welding process
parameters
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Fig. 4.40 Microstructure photos of weld zone (5kW 6ms 15Hz)
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