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Chapter 1 Introduction

1. 1 Background and Purpose

Since the weight reduction of vehicles is strongbguired, the production of high-strength
aluminum alloy is continuing to increase. In paré, the aluminum- magnesium (Al-Mg) alloy
sheets are widely used in car industries and ghiidibg, replacing steel sheets and fibre reinfdrce
plastic panels, due to their excellent propertisshsas high strength, corrosion resistance and

general good weldability.

In spite of its excellent properties, the difficett to weld aluminum are due to their charactessti
of material. For example, the main characteristicaluminum alloy influencing weldability are low
melting point, high thermal and electrical condvuityj large thermal expansion and contraction ratio
and surface oxidation, etc. In this study, the rkase hybrid welding was applied to develop and

apply alternative fusion welding process for alunnmalloy.

For this purpose, the characteristics of procesanpeters (laser & arc combine angle, laser-arc
distance (LAD) and focal position of hybrid headspecimen) are investigated for hybrid fillet joint
Relation between process parameter and profilecsscsection area has been investigated with the
characteristics of optical aspects of weldment gxnty hybrid welding (HAZ and weld metal
microstructures). Reliability assessment and \e&ifon of the welding design and construction

criteria for welds formed by hybrid welding are dosted through the experiment.

1. 2 Basic theory

1. 2. 1 The basic consideration of welding heatithstion in weldment.

The heat supplied by a welding arc produces complesmal cycles and flows from the hotter parts
to the cooler. This phenomenon is expressed byri€sdaw" (2. 1), the rate of flow of heat, per

unit time per unit area, in the direction of x diien. That is

pc%—I:ADZT +(g (1.1)

where T is temperature(), © is density (gir), Q is rate of temperature change due to heat

generation per volume (cal/ - sec), t is time (sec)/ is thermal conductivity of isotropic material



(callcm- sec- C) and C is specific heat (cal/g C).

To solve this equation of un-stationary heat cotidog following boundary conditions are applied

according to the kinds of problem.
* When the temperature is determined on the boyndr

T=T (1.2)
where T is determined temperature.

» When the heat flux,q, , flows from the boundaryS,:
4=d (1.3)
» When heat transfer is on the bound&®y for convection:
q=a,(T-T.) (1.4)

where a. is heat transfer coefficient for convection (caflc sec- C), T is boundary

temperature of the objecty(), and T is the outside temperature of the objec) (

* When heat radiation is on the boundaSy:

q=oF(T*-T.%) (1.5)

where 0 is the Stefan Boltzmann constarft, is a compensation coefficient of shape, ahd is
the temperature of radiation sourc€)( This equation can be transformed to the fornlirefar

equation for the ease of processing as follows:
q=a,(T-T) (1.6)

where

a, =oF (T+T)(T2+T?) (1.7)



Heat flux, q (callcnt - sec+ C), in normal direction on the boundary is deriveahi the Fourier

law as below:

q=-29 (1.8)
on

Heat conduction problem for the object of analysi®rmulated as the finite element method using

Galerkin method. Internal temperature of the elemdn, is given by

T(xy,z1) =[N(xy, 2{ ¢(t)} (1.9)

where [N] is a shape function matrix shown the relation leefwnodal temperature and internal
temperature of the elemenfg} is the vector of the nodal temperature of the elgnat time t .
If Galerkin method is applied in equation (1.1)ngs{ N] as a weighting function at this time,

following equation is obtained.

L[ ]{[ 07T azz asz o- ,oc—}dv 0 (1.10)
0z°

where superscript]] , shows transformation of matrix and subscrigt;, shows the domain of
element. The term of second order in partial défftial equation (1.10) is changed using Green-

Gauss theorem, a formula of partial integratiorthefollowing equation.

2 2 2
L AIN ] 0T 012' aTdV—
ox? 07>

L o[N]" oT a[N] oT 6[N] oT v + L"[N] [ Tj S
‘ [6)4 ax oy ay oz oz on

(1.11)

where S° is the boundary of element.
If equation (1.9) and equation (1.2), Fourier’s lave substituted in equation (1.11), the right sl

equation (1.11) becomes as bellows:

[ A[a[N] O[N] , OINI" 3[N] , O[N] O[N]

0x ady oy 0z Jdv S



- Leq[N]T ds (1.12)

Using equation (1.12), equation (1.10) becomesdlyiaa follows:

1. A[G[N]T O[N], A[NI" 9[N] , A[N]" 3[N]

dVv Qe
ox 0x ady oy 0z azJ S

- Lanras+ [onav - [ anringav @400 g

Simplifying above equation (1.13), un-stationaryatheonduction problem can be expressed as

following finite element expression for an element.

[KI{ +[c]{aa—§”}:{f} (L14)

where [k], [c] and {f} show the heat conductivity matrix of an elemehg heat capacity
matrix of an element and the heat flow vector ofeteament, respectively. They are expressed as

follows:

=1, A[a[N]T O[N] , OINI" 3[N] | O[N]" a[N]jdV 1.15)
ox  0ox oy oy 0z 0z
[c] = Lepc[N]T[N]dv (1.16)
{f}=[.QINI"dv - [ qIN]"ds (147

Boundary conditions on the boundafy, to S, can be given to substitutg in second term of

equation (1.17) using equation (1.3), (1.4) an@)(1.

» When the heat flux,q, , flows from the boundaryS,:

From the equation (1.3), Leq[N]T dsS= _Ler[N]T ds (1.18)



In the case of adiabatic boundary conditial, become zero (0).

» When heat transfer is on the bound&®y for convection:

From the equation (1.4), Leq[N]T dS= Leac(T ~T,JN]"dS (1.19)

If T in the equation (1.19) is substituted by the dqnafl.9), the equation (1.19) become as
bellows:

[LaNT"ds= [ a[NT'[NJdSHgt) - [ acTIN]"ds (1.20)

» When heat radiation is on the boundaSy:

From the equation (1.6), L qN]" dS= L a,(T-T IN]"dS (1.21)

If T in the equation (1.21) is substituted by the €qunatl.9), The equation (1.21) becomes as
bellows:

[aiNT"as= [, INI'[N]dS{gft)} - [ o T[NT"dS (1.22)

From the above conditions, general boundary candiiiminated first boundary condition when the
temperature is determined on the bound&y can be applied to solve the un-stationary heat

conduction problem.

10



Equation (1.15) and (1.17) are modified using equdtl.18), (1.20) and (1.22) as follows:

(1= [ ALNIT O] AINIT IN]  OINTT AINT
‘ oxX 0Xx dy oy 0z 0z

+ [La INI'[NJds+ [, [N]'[N]dS

(1.23)

{f}= [, QNI"aV - [aNI"ds+ [aT[N"ds+ [aT[N]"dS (.24

Therefore, finite element formula of an element d@n derived as a form of matrix equation
including boundary conditions by using equatiori§), (1.23) and (1.24).

Finite element formula for the whole object anatlys& constructed with assembled each matrix of
elements and it can be expressed as follows:

KK ®} +[C]{%—T} ={F) (1.25)

where [(D] [K], [C] and {F} show the vector of the nadal temperature in thelevbbject,
the heat conductivity matrix in the whole objebg heat capacity matrix in the whole object and the

heat flow vector in the whole object, respectivélyey are given as bellows.
[®]=>0, [KI=Yk, [C]=Yc, {F}=)f (1.26)

In this study, the heat conduction analysis isiedrout using the two dimensional heat conduction
programs by equation.

1.2. 1.1 Heat transfer analysis program

Using this formulation the finite element code é&veéloped for the heat transfer analysis.

The developed code consist of 28 subroutines aocokdiag to the task performed, subroutines can

be grouped accordingly as shown in the block diagrFig. 1. 1.

11



[

INPUT SUBROUTINE

SUBROUTINE FOR THE COMPUTATION OF INVARIANT QUANTITIES
RELATED TO GEOMETRY AND BOUNDARY CONDITIONS

SUBROUTINE FOR THE COMPUTATION AND THE ASSEMBLY OF
ELEMENT MATRICES AND VECTOR

SpIOOAT Z-PZ2

I 1 11

SUBROUTINE FOR THE SOLUTION OF SYSTEM OF ALGEBRAIC
EQUATIONS

SUBROUTINE FOR THE OUTPUT OF THE SOLUTION AND FOR THE
CALCULATION OF EXTERNAL FLOW RATE.

Figure. 1. 1 Structure of the Heat transfer anslgsbgram

1. 2.2 The basic consideration of elastic-plaatialysis in weldment.

The solid is assumed to be Iso-tropic media fordimegl residual stress analysis and the mechanical
properties of material (yield stress, Young's maduthermal expansion coefficient) are dependent
of temperature change in both elastic and plaston.

In the plastic region, the Plastic-flow theory dopted, besides, Von-Mises condition is used as the
yield function considering linear equivalent hardgnlaw. The relations used in this analysis are as
follows.

1. 2. 2. 1 Total strain relation

gT:€e+€p+£t (1.27)
where, ge: elastic strain ,gp: plastic strain ,gt : thermal strain

1. 2. 2. 2 Nodal force-Nodal displacement relation

According to the Principal of virtual work, the eggient nodal force increment of elementdF }
is as follow.

12



{dF} =[K]{dU} —{dL} eB)

where, [K] = i[ B]'[D][B]dv : stiffness matrix of element,

{dL} = .[[ B]T[C]deV : equivalent nodal force by heat.

1. 2. 2. 3 Stress-Strain relation

If the increment of stress ifC]dT , considering the temperature dependence of physicperties,

the stress-strain relation is written as equatioBg)

{do} =[D]{de} -[C]dT (B)2

where, [De] : elastic stress-strain matrix,

t .
E thermal strain

a : coefficient of linear expansion.

1. 2. 2. 4 Stress-Strain relation in elastic region

If the material behave in elastic region, the tetehin is the summation of thermal strain andtiglas

strain and expressed as follows.

_i{a}

TP, L
©@:[Dleg—4

where, E, : Young's modulus after temperature char(del )

1. 2. 2. 5 Stress-Strain relation in plastic region

Total strain incremen{ d&} is the summation of elastic, plastic and thermaliist the total strain

equation can be written as follow

13



{de} ={de®} +{deP} +{de'} (1. 30)

e e af e
{do} =[DH{de} ~[D°H 5 34 -[D°HatT
d[D°]; ~er-
+——=[D dT
o[0T
1. 2. 2. 6 Residual stress analysis program

The developed code consist of 47 subroutinesaandrding to the task performed, subroutines can

be grouped accordingly as shown in the block diagraFig. 1. 2.

INPUT SUBROUTINE — READ THE RESULT FROM THE HEAT TRANSFER
AMALYSIS AND BOUNDARY CONDITION

SUBROUTINE FOR THE COMPUTATION OF INVARIANT QUANTITIES
RELATED TO GEOMETRY AND BOUNDARY CONDITIONS

SUBROUTINE FOR THE CALCULATION OF ELASTIC C AND D MATRIX
AND PLASTIC C AND D MATRIX

SUBROUTINE FOR THE COMPUTATION AND THE ASSEMBLY OF
ELEMENT MATRICES AND VECTOR

2PRO0RT Z2-P32

IDEDEN!

SUBROUTINE FOR THE SOLUTION OF SYSTEM OF ALGEBRAIC
EQUATIONS

CALCULATION OF RESIDUAL STRESS

SUBROUTINE FOR THE OUTPUT OF THE SOLUTION AND FOR THE ‘

Figure. 1. 2 Structure of the Residual stress aigfyrogram
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Chapter 2 Hybrid & MIG weldability of Al 5083 alloy

2. 1 Experimental Set-up

For the experiment, 3 kw CW Nd:YAG laser was ugedether with conventional welding
equipment consisting of a welding mode DAIHEN 5088442. The MIG torch was connected
close to the laser focusing optic at an angle oLiab5°. Shielding gas was supplied through a MIG
torch located at the side of laser head. Laser beasirradiated perpendicularly to the surface of

specimen. Experimental setup for CW Nd:YAG laseliiGMnd hybrid welding is shown in Fig. 2. 1

MIG Torch

Figure. 2.1 Principle of experimental set-up feaadjle of incident for Laser & Arc

2. 2 Characteristics of Object Materials

Marine grade A5083 series alloys, non heat treataliminum alloys, are selected in this study for
their high strength to weighting ratio combined ellent corrosion resistance and general good
weldability, in marine environment. They have lagentities of magnesium in solid solution for

their strengthening. A5083 is the established itrgiigandard. Chemical composition of A5083 has

been given in Table. 2. 1.
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Table. 2. 1 Chemical composition of A5083 for basserial

Other elements
Si Fe Cu Mn Mg Cr Zn Ti Aluminium
Each Total

0.40 4.0 0.05
0.40 0.40 0.10 0.25 0.15 0.05 0.15 Rem.
~10 | ~49 | ~0.25

In general, the filler alloy selected should beikinin composition to the base metal. Resistance t
hot cracking and porosity is an important standadriidgment for weldability in non-heat treatable
aluminum alloys. In the case of hot cracking, higinstrained conditions and/or high susceptibility
to cracking are main cause. Especially, hot crackmay be occurred in weld metal when welding is
conducted for 5XXX series alloy that have low ramgagnesium content (0.5 to 2.5 wt% Mg). To
avoid cracking, use of a high-magnesium filler wlls recommended. A5356 filler alloy is

recommended to A5083 base metal alloy by indusstiahdard. Chemical composition of A5356

filler alloy has been given in Table. 2. 2

Table. 2. 2 Chemical composition of A5356 for wire

Other elements
Si Fe | Cu Be Mn Mg Cr Zn Ti Aluminium
Each Total
0.05 45 0.05 0.06
0.25 | 0.40 | 0.10 | 0.0008 0.10 0.05 0.15 Rem.
~0.20| ~55 | ~0.20 ~0.20

Oxide film on the surface is very adherent andeihoved reforms rapidly. This is a cause of oxide
related defects such as lack of fusion and oxideapment; therefore, this has to be removed
properly by mechanical and/or chemical methods. fMiedting point (about 2060 ) @fluminum
oxide (ALO3) is much higher than that (about 660 ) of the plweninum. The oxide melts and
forms s slag that floats on the top of weld poabgder inert gas shielding is needed to prevent

reformation of oxide film during welding.

16



2. 3 Principle ofHybrid Welding
2. 3. 1 MIG welding Process

MIG (metal inert gas) welding process (Fig. 2.2an arc welding process that joins metals together
by heating them with an electrode arc that is distedxd between consumable electrode and work

pieces.

Solid electrode wire

\ Shielding gas in
Current conductor I'4

—

Welding direction

‘_

Wire guide and contact tube

Consumable elecirode
Gas nozzlc —— )

R
C ( ) «—— Shielding gas

Figure. 2. 2 Schematic of MIG welding process

From the MIG welding process, the total transfeheét (H.l ) to the weldment per unit time and
unit length is given by:
El
Hl=n,—
Ty

where E isvoltage, | is current,V is welding speed, andy, is the heat transfer efficiency

The important variables of MIG welding processffe@ weld penetration, bead geometry and weld
quality are as follows:

- Welding current (electrode wire feed speed) - Polarity

- Arc voltage (arc length) elding speed

- Electrode extension -dilede orientation (welding gun angle)

- Electrode diameter

In general, arc current can be changed with tiglstihanges in the arc voltage (arc length) and wir
feeding speed. The vast majority of MIG welding gass utilizes DCEP (direct current electrode
positive) condition because it provides a stabte w spatter, a good weld bead profile and the

greatest depth of penetration.

17



2. 3. 2 Hybrid welding Process

Laser (light amplification by stimulated emissiof radiation) welding process is a high energy
density welding process that joins metals togellyeheating them with a collimated and coherent
radiation. The laser radiation leads to a veryowarheat affected zone (HAZ) with a large ratio of
welding depth to seam width (deep weld effect) lwd distortion due to low specific energy input.

It can reach very high welding speed. Howevergiue bridging ability of the laser welding process
is very low due to its small focus diameter (ab@3t0.6 mm)

MIG‘wire

Laser

Welding direction
f———————

Plume

Molten pool

Arc
Welding direction

=

Molten pool Droplet

Surface
Keyhole

Keyhole

Figure. 2. 3 Schematic of Hybrid welding process

The absorptivity of aluminum at room temperatureeijsorted around 2 % where a £l@ser (10.6
ym) is used, but 5~10 % when a Nd:YAG laser (1/@6 is used. This means that Nd:YAG laser
system may be suitable for the joining of aluminum.
In the laser system, electrical operating efficietm wall-plug efficiency) is very low and its wed
is only of the order of between 5 and 10% in,d&er system and of the order of between 1 and
3 % in Nd:YAG laser system. Its capital investmiargquipment is still expensive.
In the case of Nd:YAG laser welding, argon (Ar)witigh atomic weight (39.948) is used. The high
atomic weight of Ar atoms helps to sweep the vagpauticles out of the pass of the incident laser
beam. The heavy argon atoms are also useful tkdtlahe molten pool and shield it against
oxidation. Also, loss of beam power can be occuimetie reflective and transmissive optics.
From the laser welding process, the total transfdreat (H.l ) to the weldment per unit time and
unit length can be given simply as follows:

H.l =’7va
where R, is beam power of laser at workpiec¥, is welding speed, andy, is the heat transfer

efficiency.

18



The important independent process variables of laséling process to affect depth of penetration
and metallurgical and mechanical properties arfelbsvs:

- Incident laser beam power - Incident lds=am diameter

- Absorptivity - Welding speed
Besides weld design, shielding gas, depth of foetrs, also have important roles. The depth of
penetration in laser welding process is mainly dat@d by the power density (incident power per
unit area) is a function of incident laser beam @oand beam diameter. Laser beam diameter is also
important because spatial distribution of energghianged as laser beam diameter is changed in

various beam modes.

2. 4 Experiment of Fillet Joint Welding by Hybrid Welding Process

2. 4. 1 Effect of MIG welding & Hybrid welding process

The selected material for this study is Al 508®wllExperimental setup for CW Nd:YAG Laser,
MIG and hybrid welding are shown Fig 2. 4. A spesimsize of 100 mm wide and 250 mm long & 5

mm thickness were used. The surface of specimen cleaed using Acetone. The employed
welding conditions for CW Nd:YAG Laser, MIG and higbwelding are shown in Table 2. 3

250mm
= Laser
MIG Torch
3
= Flange
=
Lt
=B
= Web
= |
ey
* Case 1. Hybrid Welding
117 4

MIG Torch
MIG torch

Welding direction
———

Push mode

Casel. MIG only

Figure. 2. 4 Principle of experimental set-up falding process
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Table. 2. 3 Range of welding parameters

MIG Only Laser Only Laser-Arc Hybrid
Parameters / Exp. No

200906-03 | 200906-04 200906-05 200906-06 | 220906-01-L | 220906-02-M
Ave. current(A)/Ave. voltage(v) 194/23.2 194/23.2 194/23.2 194/23.2 194/23.2
WFS (m/min) 6 6 6 6 6
WELDING SPEED (m/min) 1 0.7 0.6 1 1
LASER POWER (kW) 2.76 2.76 2.76
FOCAL LENGTH (mm) 200 200 200
DEFOCUSED DEPTH (mm) 0 0 0
MIG TORCH ANGLE (°) 35 35 35
SHIELDING GAS (L/min) Ar 30 Ar 30 Ar 30 Ar 30 Ar 30 Ar 30
LASER -ARC DISTANCE (mm) 3 3

In this study, for the initial test, the angle beem Hybrid head and flange angle was kept 45 degree
and incidence position was a contact line. Thegiagwas approximately zero mm with considering

gap tolerance.
2. 4. 2 Effect of Hybrid(Laser + MIG)welding combire angle & Focusing position
Experimental setup for hybrid welding was shown Eigh. A specimen size of 100 mm wide and

250 mm long & 5 mm thickness were used. The surfdcgpecimen was cleaned using Acetone.

The employed welding conditions for hybrid weldiswg shown in Table 2. 4.

\Rotaling

a = minimum angle

Laser Laser

MIG Torch MIG Torch

Case1. Hybrid Welding Case2. Hybrid Welding

WRotating

a = minimum angle

Laser
Laser

MlETonel MIG Torch

Rotating <

Case3. Hybrid Welding

Cased. Hybrid Welding

Figure. 2. 5 Principle of experimental set-up falding process
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Table. 2. 4 Range of welding parameters

Laser-Arc Hybrid
Parameters / Exp. No
201006-01 201006-02 201006-03 201006104
Ave. current(A)/Ave. voltage(V) 194/23.2 194/23.2 194/23.2 194/23.2
WFS (m/min) 6 6 6 6
WELDING SPEED (m/min) 1 1 1 1
LASER POWER (kW) 3 3 3 3
Gap tolerance (mm) No gap No gap No gap No gap
FOCAL POINT(mm) 0 1 0 1
FLANGE ANGLE (°) 45 45 55 55
SHIELDING GAS (L/min) Ar 20 Ar 20 Ar 20 Ar 20
LASER -ARC DISTANCE (mm) 3 3 3 3

In this study, for the second test, the angle betwdybrid head and flange angle was kept 45, 55,
60 degrees and the focal position 0 mm, 0.5 mm, 1w gap size was approximately zero mm

with considering gap tolerance.

2. 4. 3 Effect of Gap bridging ability

Experimental setup for hybrid welding are shown Zi@. A specimen size of 100 mm wide and 250
mm long & 5 mm thickness were used. The surfacepetimen was cleaned using Acetone. The

employed welding conditions for hybrid welding afeown in Table 2. 5.

Laser
MIG Torch

Rotating

Rotating
a = minimum angle

Cased. Hybrid Welding

Figure. 2. 6 Principle of experimental set-up falding process

21



Table. 2. 5 Range of welding parameters

Laser-Arc Hybrid
Parameters / Exp. No
301006--06 301006-07 301006-08 301006-p9
Ave. current(A)/Ave. voltage(V) 194/23.2 194/23.2 194/23.2 194/23.2
WFS (m/min) 6 6 6 6
WELDING SPEED (m/min) 1 1 1 1
LASER POWER (kW) 3 3 3 3
Gap tolerance 0 1 15 2
FOCAL POINT(mm) 1 1 1 1
Flange ANGLE (°) 55 55 55 55
SHIELDING GAS (L/min) Ar 20 Ar 20 Ar 20 Ar 20
LASER -ARC DISTANCE (mm) 3 3 3 3

In this study, for the final test, the angle betwétybrid head and flange angle was kept 55 degrees
and the focal position 0 mm, 1mm. The gap size sggroximately 0 mm, 1mm, 2mm with

considering gap tolerance.

2. 5 Result & Discussion of Experiment
- Weld beads appearance, geometry & dimension bydnsverse cross-sections

2. 5. 1 MIG welding & Hybrid welding process

In the case of MIG welding for fillet joints, welty speed about 1000mm/min is too fast to form
sufficient weld bead shape. Furthermore, web aandgé were not welded completely because of
incomplete fusion. However, the 600 and 700mm/memeaquite good for making proper weld bead
except proper throat size and leg length.

Even if laser welding has benefits for inducing gaweelds it is really difficult to make good joint
design as aspects of structure and strengtherocha £nough throat size and leg length.

There were two cases of hybrid welding like lassading and MIG leading conditions. Many
previous research reports, generally, mentionetldisar leading process causes good welds except
gap bridging condition.

As below figure (exp. No 220906-01), laser leadprgcess has less contamination and spatter
because laser induce plasma near the molten peffeidive in stabilizing the arc.

In MIG leading case, occurrence of contaminatioth satter were increased as compared with laser
leading condition. Moreover, it seems to be humpiagds because welding speed was too fast with

strong arc force and incomplete fusion.
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Figure 2.7 Bead shapes of fillet joints by eachdimg] process; N0.200906-03 MIG in 2000mm/min
welding speed, No. 200906-04 MIG in 700mm/min weddispeed, No. 200906-05 MIG in
600mm/min welding speed, No. 200906-06 Laser wgldip. 220906-01 Laser-arc hybrid welding,
No. 220906-02 Arc-laser hybrid welding.

From the result of cross section, the all of specirhave not enough penetration because of MIG
pulsing which occurs that the energy of heat inmiy used for wire melting. Therefore, those
specimens are hardly welded.

For the structural strength point of view, the leggth and throat size for fillet joints are very
important. However, the laser welding of filletrits, especially, was not sufficient for leg lengtid
throat size of fillet joints. There were almost @eghroat sizes and unclear leg lengths. In the
comparison between MIG processes and Hybrid weldiogesses, the throat size of MIG case are
slightly bigger than Hybrid case due to the lesHase tensile force and viscosity of melted
aluminum. Even though hybrid processes have snthlteats than MIG processes there were better

penetrations.
6
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3
2
1
0
200906 200906 |200906 (200906 (220906 |220906
=03t =04=2 -05-2 -66-2 -01=2 =92-2
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= teg tength 33 53 58 5] 46 6.3
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Figure 2. 8 Leg Length & Throat Size of Specimens

23



Note: The quality imperfection of arc T-joint isajpplicable to the welds of laser welding.

In the hybrid welding case, the interaction of tdsgam and arc induced a quite good penetration for
fillet joints than other cases. And also a chinkneen web and flange induct molten pool moving
because of the less viscosity and density of thekcpart. However, as below figure (exp. No

220906-02-2), MIG leading process has many pores.

Figure 2. 9 Cross section of MIG/ Laser/ Hybridgeat+Arc, Arc+Laser) fillet joints; N0.220906-03
MIG in 1000mm/min welding speed, No. 220906-04 Miis 700mm/min welding speed, No.
220906-05 MIG in 600mm/min welding speed, No. 296 Laser welding, No. 220906-01
Laser-arc hybrid welding, No. 220906-02 Arc-lasgtid welding.

2. 5. 2 Hybrid(Laser + MIG) welding combine angle &focusing position

From the result of cross sectiaboutcombine angle & focusing position, despite of iasiag laser
power(2.76kw—3kw)all of the specimen have not ehopgnetration. Compared with about 3kw
laser power and 2.76kw laser power, welds beadeskaposs-section found not enough penetration
in the case of the hybrid fillet welding. In thimidy, combine angle & focusing position have not an
effect on the Hybrid fillet welding to gain full petration.
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Figure 2.10 Bead shapes&Cross-section of fillehtpiby Hybrid welding combine&focusing
position(Laser power:3KW/194A/23.2V/Welding speeaditin/No gap/Ar:20L/min/WFS:6m/min)
N0.201006-01:angle-45°/ position-Omm, No0.201006608le-45°/ position-1mm, No0.201006-
03:angle-55°/ position-Omm, N0.201006-04:angle-pB¥ition-1mm

In a view-point of heat input, laser-arc distaneslding speed and welding direction (leading
process) were considered as main process variebthe first experiments. In the case of laser-arc

distance, it is a yardstick to show the mutualrextéon between laser and MIG heat source.

Heat input can be controlled by a variation of weddspeed with ease. Welding direction also

represents the mutual interaction between laseMiddwelding processes. The relation between bead
profile, bead width in the top and bottom, and imgldspeed as a function of heat input was given in
experiments. From the observation of bead profilest transfer efficiency seems to be differenbrdgty to

the variation of LAD.

Fig 2. 11 was shown to be maximized in a spediffed. That is, optimum heat transfer was occurred/éen
LAD =3 mm and LAD =5 mm.
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Figure 2.11 The relation between bead profile, beigth in the upper part and the lower
partwelding speed for bead on plate welding by iopwelding

2. 5. 3 Gap bridging ability

From this experiment, it is possible to selectvileling condition for fillet joint and minimize thaumber of
experiment. Specimens are prepared as shown B ExyFrom the result gap bridging ability, figuexp.
No 301006-7 & No 301006-7) have full penetration.

However, that is not optimum parameters. Also atit@mation and guide line on the gap bridgingitalof
hybrid welding process is not enough until preSemerefore, gap bridging ability of hybrid weldipgpcess has
been tested with MIG and hybrid (Laser+MIG and Ml&ser) welding processes in the varied gap conslitio

In a view-point of metal structures, constructioatemial such as aluminums plate has to be passed
cutting process before the assembling process hdinge In this stage, joint line has the gap due to
design and working tolerance that is to be covesethe proper welding process with productivity.

At this point, hybrid welding process has an adagatcompared with the laser welding process
probably. Itis estimated that required heat iopatlition to get the full penetration will be chad@ccording to

the variation of gap condition
Therefore, careful attention for the gap and Imgaitticontrol is needed to get the sound weldmeheiybrid

welding process. In general, allowable gap comditiconsidered up to the wire diameter althoutginriittent

full penetration is achieved in the large gap dmmdby sagging of molten metals.
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Figure 2.12 Bead shapes&Cross-section of fillettpby Hybrid welding gap bridging ability(Laser
power:3KW/194A/23.2V/Welding speed:1m/min/ combirangle:55°/Ar:20L/min/WFS:6m/min)
N0.201006-06:gap:0mm/focal position-Imm, No0.20100@6- gap:1mm / focal position-1mm,
N0.201006-08: gap:1.5mm /focal position-1mm, No@B&-09: gap:2mm / position-1mm
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Chapter 3 Numerical Simulation of Hybrid Welds

During the welding, the weldment is subjected tmptex thermal cycles by welding heat source, so
then, the residual stresses, metallurgical chandedatortion are caused by thermal effect in work
piece. In order to reduce these problems, it iessary first to predict the temperature distrilbutio
that develops in the weldment.

This chapter discusses the heat distribution irerid&G hybrid weldment, MIG-laser hybrid
weldment using the Finite Element Analysis.

In order for accurate analysis of the heat distiilouin weldment, the following conditions are take

into consideration.

1) Two dimensional un-steady state heat distrilbutémalysis is conducted using 4-node iso-
parametric element.

2) The thermal coefficient of material varies witie temperature and the thermal conduction is
treated as non-linear function.

3) The thermal conduction to the inside of mateaia the thermal transfer to the air are treasea a
thermal boundary condition.

4) The material is iso-tropic media, so that ispgnties at each point are the same along all
directions and the initial temperature is0

Fig. 3.1~3.3 shows the thermal coefficient of AB3@lloy, considered for welding heat distribution
simulation.
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Figure. 3.1 Physical properties of Al 5083 and 856 for heat conduction analysis
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Figure. 3.2 Mechanical properties for thermal elggastic analysis

Figure. 3.3 Strain-hardening parameter for themtagto-plastic analysis (Al 5083)

For the analysis, the system is divided into mdaynents by fine mesh. The mesh model generated
consist of the total Nodes = 4411 and the totahelgs = 4000 as shown in fig. 3.4. The temperature
dependent material properties of A5083 have beed.uEhe temperatures of all the wall elements
are specified as boundary condition and temperattirdne weld zone is given as heat input in
(cal/mm) to the weld zone elements. The heat inptiie weld zone is dissipated via conduction in

to the work piece. After the analysis the tempegatlistribution and the thermal history of the rode
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has been determined using which residual stredgbdion could be calculated. The boundary

condition employed for the thermal elasto-plastialgsis is illustrated in Fig. 3.5.

Figure. 3.4 Mesh division of weldments

R
X

Figure. 3.5 Boundary Condition for thermal elaskaspic analysis

From the equation (3.1) (3.2), the heat input, Qdetermined. Also each welding arc and laser
efficiency is 80% and 60%. From the MIG welding gess, the total transfer of hedd (I ) to the
weldment per unit time and unit length is given by:

El

where E isvoltage, | is current,V is welding speed, and, is the heat transfer efficiency.
From the laser welding process, the total transfdreat (H.l ) to the weldment per unit time and
unit length can be given simply as follows:
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P
H.l=n - 3.2
.y 3.2

where R, is beam power of laser at workpiec¥, is welding speed, andy, is the heat transfer
efficiency.

Simulation conditions for laser-MIG hybrid weldmeartd MIG-laser hybrid weldment are same as
experimental condition.

3. 1 Thermal distribution of Hybrid welding

Fig. 3.6 shows the temperature distribution phemameof laser-MIG hybrid fillet weldment and
MIG-laser hybrid fillet weldment. The welding hesdurce penetrates the welds and conducts along

the flange and web of workpiece in weldment asna heat source does. The welding condition
applied for simulation is described at Chapter 2.

Laser—Arc Hybrid Arc — Laser Hybrid

Height (mm)
3
T
Height (mm)

I
[
T

3
T

)
o

Figure. 3.6 Thermal distribution of the Laser-Arelding, Arc-Laser welding

The welding heat transfers into flange and web ofkpiece along the all direction uniformly in
laser-MIG hybrid fillet weldment. And it spreads raaleeply into flange and web of the workpiece.
Furthermore, the welds of the laser-MIG hybridefillvelding cools at the faster rate than does the
welds of the MIG-laser hybrid fillet welding, Alsihe area which shows the high magnitude of
hardness is formed widely in MIG-laser hybrid fileelds.
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3. 2 Thermal history of Hybrid welding

Fig. 3.7 describe the temperature increase andhgote in both weld metal and heat-affected-zone
as a function of temperature and time.

Laser-Arc Hybrid Arc — LaserHybrid

L B L o e 1a00 1
1400 4 B i

A B B e e e
—u—-WZ

4 1600—‘ \ % HAZ 4
1200 - w-HAZ |
| 14009 4 .

1000 -‘ E 1200 l 1

Wy | 1000 | N ]

800 N ]
600 +: ] N

Temperature (°C)
-
Temperature (°C)

-

600« T 4

400 el . N T
| _— 4004 S~ —~

2004 Ty 200 4 B

L L B e e e e e e e e e e e e
0 5101520 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95100

Time (Sec)

B L IR TN L L L L L L L L L L BN L LA BN B B
0 5 10 1520 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95100
Time (Sec)

Figure. 3.7 Thermal history in Laser-Arc weldingcA.aser welding

From the thermal history curves in both fillet walehts, it can be assumed that the heat generated
by welding heat source in laser-MIG hybrid filleeldment dissipates at a faster rate to the araa nea
the welds and in MIG-laser hybrid fillet weldmetite area affected by welding heat source is wider
than that in laser-MIG hybrid fillet weldment, doeh, the hardness is higher in laser-MIG hybrid

fillet weldment and the hardness area is wider IGN&ser hybrid fillet weldment

3. 3 Welding Residual Stress Distribution in Weldment

During the welding, the weldment is heated locddly the welding and undergoes temperature
change that causes the complex strains and naticedégin in weld metal and the base metal near
the welds. After welding, the residual stresseslpced by the strain remains in weldment. This
section mainly concentrates on the welding residtrakses caused by welding in MIG-laser hybrid
fillet weldments and laser-MIG hybrid fillet weldmks, especially, the longitudinal stresses, {,
acting parallel and the transverse streszgs)( acting perpendicular to the direction of the dvel
bead.

In order to analyze the welding residual stressedliG-laser and laser-MIG fillet weldment using
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the thermal elastic-plastic numerical simulatioogyam, the following conditions are adopted, and
the thermal histories obtained from the heat distion analysis is used as the input data.

1. The temperature dependencies of mechanical prepefyield stress, young’'s modulus,
thermal expansion coefficient) of Aluminum 5083glhare considered.
The solid is isotropic media.
The plane deformation (plane stress, plane stigigssumed in weldment for the two-
dimensional thermal elastic-plastic analysis.
The size and distribution of welding heat soureetegated as thermal load.

5. The phase transformation effect is not considandgte present analysis.
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Figure. 3.8 Residual stress distribution in Laser-elding, Arc-Laser welding

Fig. 3.8 shows residual stress of laser-MIG hylfiileét weldment and MIG-laser hybrid fillet
weldment. In case of hybrid fillet welding is cangtted by the full-penetration welding, the residua
distribution pattern is symmetrical and narrow. Wte®mparing the characteristics of the highest
residual stress in both weldments, the maximunduoesistress in each hybrid fillet weldment is
formed at the welding direction of welds. In caséaser-MIG fillet welding, the maximum residual
stress of welding direction is 45.5MPa and in cas#IG-laser fillet welding is 46.19MPa. The
high residual stress pattern at the weldment bigion in a large region around the weld line of
MIG-laser fillet welding.
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3.4 Heat input details

Compared with simulation, the optimization of waelgliprocess parameter, sound weld seam is
achieved for gap=1 mm, focal position = 1 mm anchlgime angle = 55° condition with increase of
welding speed up to 1000 mm/min by one(1) passingnmhe optimization of welding condition
was formed more deeply penetration into flangewsel of the workpiece. Fig. 3.9 shows schematic
diagram the optimization of welding process parameilso heat distribution was formed more

deeply to flange and web of the workpiece.

S
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I

Figure. 3.9 Schematic diagram of the optimizatie@iding condition

Fig. 3.10 shows the penetration depth variatiorsethan the focal position gap width and angle

between the welding axis and flange plate.
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Figure. 3.10 Penetration depth variations baseiti®@focal position gap width and angle between

the welding axis and flange plate.
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Chapter 4 Mechanical strength Test

4.1 Hardness in welds

A micro hardness measurement was made on transsectiens of the weldments(201006-07). A
load of 500 g and 0.5 mm between the indentatiosie wsed. Measured values of each weld are

shown Fig. 4.1.
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Figure. 4.1 Hardness value in Hybrid Welds(LaseréMI

From the test result of hardness shown in abowgds it is understand that the hardness of weld
metal (WM) has the lowest value than other area$ @wrresponding loss of strength to the
vaporization of Mg and thus a reduction in solitlison strengthening. Hardness value of the heat
affected zone (HAZ) has the intermediate value betwweld metal (WM) and base metal (BM) in

general.

Comparing the hardness value of laser-MIG hybidiétfivelding in WM and HAZ, hardness of
flange shows the high value between 50 Hv and 90rHgase hardness of web, the value is formed
between 60 Hv and 80 Huv. It is known that strerajtmetal has the relation being proportional with
the hardness value. Therefore, it can be estinthtddhe strength of WM and HAZ are reduced in

the hybrid welds compared with the strength of BM.
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Chapter 5 Conclusion

Hybrid welding on fillet joints of 5 mm Al 5083 al is considered as follows.

1. Through the optimization of welding process paeter, sound weld seam is achieved for gap=1
mm, focal position = 1 mm and combine angle = 55fdition with increase of welding speed up

to 1000 mm/min by one(1) pass running.

2. In the case of MIG welding for fillet joints, Wkng speed about 1000mm/min is too fast to form
sufficient weld bead shape. Furthermore, web aamgg were not welded completely because of
incomplete fusion. However, the 600 and 700mm/marenquite good for making proper weld

bead except throat size and leg length.

3. Compared with laser welding and MIG welding, gtesition depth in laser-arc hybrid welding is
greatly increased due to improvement of laser b&lasorption. Furthermore, laser beam produces

a stabilized arc in hybrid welding.

4. In MIG leading case, occurrence of contaminaospatter were increased with laser leading
condition. Moreover, it seems to be humping beaslsabse welding speed was too fast with

strong arc force and incomplete fusion.

5. In hybrid fillet welding case, the welding pamters are important especially, optimization of the
parameters such as focal position, combine angleGap bridging ability of the hybrid welding

has been found better that arc welding and Lasktinge

6. From the result of simulation, cooling rate oh each process shows in the order of heat input
quantity of each welding process as follows: MIGs&mahybrid > optimum hybrid process >
Laser+MIG hybrid. Calculated WM and HAZ boundaneigected well compared to experiment
result. The maximum temperature value & coolingetifor all the three cases has been found
different and its effect on the microstructure mligttion has been observed and validated

experimentally.
7. Residual stress distribution in hybrid weldswsanixed shape, stress level in weld metal is

increased, with GMA welds and laser welds. Thigl&ay is also appeared in the transient stage.

Stress level in weld metal is increased. In Lasd3-Mybrid welds, distribution of tensional
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residual stress shows uniform value in weld metal heat affected zone compared to other

processes. Most large magnitude of residual sineseld metal shows in hybrid welds.

8. The characteristics of hardness distributiohyibrid welds show the intermediate value between
MIG and laser process. Hardness value in welds shiowhe order of WM<HAZ<BM. 1t is

known that strength of metal has the relation begimgportional with the hardness value.
Therefore, it can be estimated that the strengtWif and HAZ are reduced in the hybrid welds
compared with the strength of BM. Effect of hardneariation in WM and HAZ and geometric

bead shape are important in the strength point.

9. Thus the Hybrid fillet welding process of Al-Mgloys was found promising for shipbuilding

application using.
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