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ABSTRACT

A study on the numerical analysis and Residual
stress distribution characteristics of
SS400/A16061-T6 Butt joints by TIG-FSW Hybrid
Welding

Kang, Dong-In
Advisor : Prof. Bang, Han-sur, Ph.D.

Department of Naval Architecture and
Ocean Engineering

Graduate School of Chosun University

The increase of production efficiency by highly industrialized, fuel
savings base on the light weighted and the demand of the lightweight
metal which follows in the regulations of environmental pollution has
rapidly increased. A environmental friendly welding process become
seriously considered, whit this, joining process of lightweight alloy has
played a prominent role in the industrial technique as well. More than
anything else, FSW which makes a conspicuous figure 1is more
environmental friendly then existing welding process, and its low welding
deformation and excellent strength in the aspect of welded structure has
already been given proof from various research. The use of FSW is
becoming widespread and joining object expands its area of use from
existing similar system of magnesium and aluminum to a joining area of
dissimilar light weight alloys. So does in a joining area of light alloys and
steel material. The case of joining a dissimilar plate using FSW has been
known that is not easily obtained because of different physical properties
in the way of FSW joining method of using existing similar materials.

This research found that aluminum, which has high strength to weight

= Vil -



and steel, which has excellent corrosion properties and high strength, can
be joined by FSW and TIG Welding. In addition, research characteristic of
heat distribution and residual stress over FSW and TIG Welding zone by
numerical analysis in the inside and outside of the country. In this study
after examining the characters of bonding zone in Al6061-T6/SS400
throughout the analysis program by Finite Element Method and find out
the properties of thermal distribution and residual stress of mechanical
properties over FSW and TIG Welding zone.

Consequently, the purpose of the research is to investigate the
possibility of application of FSW and TIG Welding in the field of

automobile, aircraft, vessels and a variety of industries.
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Rotating Pini-ol 4] 2488 g9 aw A4 7Asld Ao o 3
TEAUATt dE ey e HAdLES ddeR st H ol o] Foxith
olol ek TIG-FSW Hybrid Hel o jdse vh&3t 2k

1) HAdAaAHe o 49 @ HAdLH dig dEHE 1HT o F 7HA 7}
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Al 7 WHA= Shear planes weba] wdstA do] Tt 7HAE st
Art w3 ddES Advancing side?t Retreating side® aL#]sle] 21(2
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) ) ) (Vi + V)X Fy

Heat source in Advancing side ¢g, = B Ty — (2 -16)
Heat source in Retreating side ¢g, = —Wxh 2-17

o17]A, V; @ Forward travel speed, V, : Pin tangential velocity
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W, : Width of advancing extrusion zone
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h, : Depth of retreating extrusion zone ©]t}.
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Retreating side® &3t 2)(2 - 20), 21(2 - 21)¥} 2T},

s (VEVE
dvancing side ¢, = contactlength (2 - 20)

. . (Vi = V,)F
Retreating side ¢, = —contj; ” lefﬁgth (2-21)
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B AL S$PATSANNS dstel ARE SPHon A,
g 2 A d dYaA ARY 7AA AA(@FESY, B AT, 2934
T, HA)E 22g&A4E 1ystglon, vyds 9 S99 #AE 24
& (Plastic flow)o]&d] dztste] SEoZ Yep AT T3 LAY =
ABERAEANE 1HF Von Mises] FEEAL FEF42 AL
th Z, AA4FE (Plastic flow)setel =7] &3S dASA Wi
7H4 sk,
O2 A
///_—— _‘\\\
/// dor Nt
7 \
// {oh {do I\
/
/ N\
/ \
/ \
I {0} = {0} | o
! 0 | o
| ]
\\ dor=dco £=0 /
\ /
\ /
\ /
N\ /
AN 7~ fin=0
N P
\\\ _- (C0 = Coi+1)

f=0 : yield surce(in this example, circle)
{6} : vector which indicate center of yield surface
0, : a measure of size of yield surface
(radius of yield surface)
{0} : stresses on vyield surface

1, i+ 1 : loading step

(suffix f indicates normal component of each increment)

Fig. 2.1 Isotropic Workhardening Rule
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sxz—%fc’“, syz—g-;f, szz—%gi (4-5)

yxy=—%§+—%§—o, yy2=—%§+—%7f=o, Y= GGl (4-6)
S AgE YA g 2ol P

£, = —]E—[ox—v(oy—f—oz)]-i—aT 4-7

£, = —]E—[oy—v(oz—f—ox)]—f—aT (4-8)

e = —]E—[oz—v(ox—i—oy)]—i—aT 4-9)

Y= & T =0 4 - 10)

Y= 5 T.=0 “4-11)

Y= & T =0 4 - 12)

W & (Thermal strain),

o3
=

a @ ARHAS T 252 ol

e} B HEE (e} d WPE (e} FoEMN o}

(e} = {e°} + {e} 4 - 13)

oo
i)
=
rE
oft
]
rlo
4
¥
1o,
e

2 (Hooke's law) S 2 F-E] t}&3} 7o),
{0} =[D°]{e°}
{o}=[D]({e} —{e"}) (4-14)

714, [p]]: B4 SH-NEE WEds ot
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3+ 2o GEE [ClaT
B s, S mMEE B olg A 2o
(do)=[DNde}—[CldT 4 - 15)
D) e
AE7t BHAES S Aods thew 2
(de)={&E)+{&") - 16)
{do}y=[DN de ¢} 4-17)
A71M, BHWEE (e} & €8 (0} ¥ 2= 79 FFolnE, BUIEE
o] FR ofEe} ol ¥
e _0e°¢ 0{e°
{ae }—{ 30 }{d b+ 5 dT
{dee}=[De]*1{do}+—d[§—;];l{o}dT 4 -18)
A WEE 2Re ofg 4w 2
{de}=[Der1{do}+M—{o}dT+{a}dT 4 -19)
No Aastd, B e SHZR] ha AW o] TajH),
{(do}=[DNde)—[D ](M—{O}Jr{a})dT
= [D°1(de} = ([D°Ha} -+ —L{o}w
—[D°Hde}—{C}dT 4-20

A7), & SEWEla A AF, (C): [Da L - Ei oy ol
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T 243 Y Plastic work) Wf( o, ef)

3} o] TR

S
=]

g o

(4 -21)

f=rfy=r(0)—f( e? T)

F:

i

3|
<

atojo} gk,

=
=

s

(4 - 22)
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270 _

{de")—

|

of;
(@0} Ger

_of
00

dr

il

Njo

—_—
fie)

4 - 23)

zh{ao}

{de”)

o] 7] A, {80} :

)]

)

#(Total strain)a+ (g} ot

el

227

5

v] A 2~ (Von—mises)

A

¢}

(4 - 24)

{dey={de}+{de?} +{de"}

whebA], 44 ool A o
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(@) =[DWaey [ D -ZE )= [D NayaT

d[D°*° e1—
+ o [D°] Yo}dT

(4 - 25)

]
wu
2AYe A s Qe wel, ax SHEAY SE (gF)E

{dF}=[K}{dU}—{dL} (4 - 26)

A58 Aol A e Fgo] TEHA FomE 7} 2
FEAAL v Zo] mdHh
SIIKKdU} =2 {dLY =3 {dF}=0
S KU} = 3 {dL} (427

4714, [K]1= [[BIIDIBlaV : 229 24 vi=dx,

v

{dL}= [[BIT[CldTaV : @ 4% S7hazgelt

d
webd B odge SHARE oA
shel 74 H9ch

o

Aeiny ZRIPE fe] Ao o7
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2.6 SEEAHS 1T AEAST

WAt duady Zaageld] By 2 24 A 99 2A LE g
A meld SSA0/AIG61-T6e] AAEE, S4AS Fo ARAFE Fig
2.2, Fig. 2.3, Fig. 2.4, Fig. 2.5°] YE Atk

- 10° : tevvmar! coedtictfid il call cin - sec - T} — 24
= 10F : near expamnsion coeli.

- 10 sfecifie heat callg T 21.4
- 107 Pamsiiegd cenT)

10 — —1 20

i

nhgw

— 16

=1 12

2.18" |

Fig. 2.2 Physical properties of SS400

AT Pal EiCFa)

Liwnr apemerio, oowl |
1000 - ea= 12 107 (L~ C) - =00
Paiseads o
=03

T30 |- -4 1=0

Yowg's modulus

0 - vl VELdmetsl ard FLOZ) - 100

Orvs | Bose moest

L 1 N
200 SO0 a00

<00
TerrgErabhoed “C)

Fig. 2.3 Mechanical properties of SS400
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Physical Properties

Temperature (°C)

Fig. 2.5 Mechanical properties of Al6061-T6
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A3F A3

3.1 4383A R AEAR

HoAg o] Alg" FSWAH = WINXENAROl A A 23 v adl d 884
715 AbEelon, RxddoR AHES TIG §37]+ 99 DAIHEN A}
o] Inverter ELECON 500P TIG &7 715 AF&stdth. FSW Tool A 2=# 3}
TIG Torchete] Ao WEo] A5 Alztste] AAetainh
Fig. 312> FSW v ¢} A& yeEbd 3loln| Fig. 3.2 FSW-TIG Hybrid
processE UWERW Zlolt}

Ao AFEE AI-Si-MgAl ¢F15 6061-T6 a2 A4, 85730l

T TR e A F2A AT oRE A7 A8 5

FETERA, #7171 EFES Hokel AREH L 9lom, SS400e 7HE Bol

AMEE = AdEer 8 AENFE At g VA 2 e BE
2 AREEM, &8 7 AAGe] Fobx AFE A, ApE A

Avy, T EE, A5 A ol AHEEM Table 3.1 & A F59] 3}5H4
_]

Items Range

Type Gentry type
X-axis 0.5~10mm/sec

Welding Y-axis 0.5~10mm/sec

spred Z-axis 0.5~10mm/sec
R-axis 1~-20rpm

Rotation 300~3000rpm

Load Capacity Max. 3000kgf

(a) Equipment and specifications of FSW system
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ITEMS RANGE

Fated Output AEF-500
Current

Input Yoltage ChAF 200Y
Fange

Fated Input BC 2050047
Yoltage DCE~B004

Welding torch A —-12

(b) Equipment and specifications of TIG system

Fig. 3.1 FSW equipment and capacity of FSW and TIG welding

Fig. 3.2 Experimental set-up for TIG-FSW hybrid welding

_24_




Table 3.1 Chemical composition and mechanical property

Material Chemical composition (wi%b)
Al Fe Si Cu Mn Mg Cr Zn Ti
98 0.42 0.65 0.21 0.13 1.01 0.15 0.02 0.06
Al6061-T6 Mechanical properties
Yield stress Elongation Tensile stress Heat conduction | Density Melting
(Mpa) (%0) (Mpa) coff. (g/cc) Point
276 13 310 0.4 2.7 650
Material Chemical composition (wt%)
C Si Mn P S Ni Cr Mo Il et
0.1423 0.009 0.535 0.101 0.0086 | 8.0~-10.5 | 18.0~-20.0 - -
SS400 Mechanical properties
Yield stress Elongation Tensile stress Heat conduction | Density Melting
(Mpa) (%) (Mpa) coff. (g/cc) Point
296 35 454 0.039 7.94 1450

2 Ao AREHE olFA ZF Ao AV]= 200mm(L) x 100mm(W) x
3mm(T)elH F Alfe] vtge B dAEr7bes sdlom, Aldgde o

=~
&2 MFEA AAHS F Butt typel 2 &
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3.2 FF(Tool)d A& FA

Aol Agd HeE 29 Ad2 dATES Atz 12%Co7t

B
a8 Had Aubo] B(WF20) A4S thololBE AAE o] g3he] A4
fex]

Fig. 332 A&E 9 ALy A#d £ F4S vepd Zlolth Tool pin
M " A BEAe] wES
el E’_XH 2AFEN EF TS FXA AT Shoulder®] 272 18mmo]
@ EZHconcave)< 3°, Pin AL % 6mm, 35 4mmeo|t}h. Pin Z o]

v EAREY 04mm 22 2.6mm=E 7188k AT

1o,
02‘.
ro
[0p!
=)
o)
=
=
=g
c
@
=
=)
—t
<
(o]
@
o
fru
N
N
oH
o
r R
o

Table 3.2 Tungsten carbide rod specifications

Grain Density Hardness
[0) (0)
Co(£05%) | Grade | WC(+0.5%) Size(um) (/i) (HV30)
12% WE20 83.0 0.6 14.15 1670

I
|
24
L
0150

Fig. 3.3 Tool shape and drawing
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3.3 TIG-FSW Hybrid 3g=x74 9 v=9 A

3.3.1 TIG-FSW Hybrid =31

o]Z2Hg FSWolA F8 HEWHIFE= Toold 3]4d<%E=(Rotating speed),
Tool®] ©o]& <% (Travel speed), Tool? 4Fd 9 X (Offset from weld line),
Tool®] 3] 73k (Rotation direction)s©] Aom, & AFo|x= TIG ExE
4d& Ag3germwE TIG AF(Current(A)), H & 7F2~(Shield gas), Torch
angle, FSW Tool#} TIG torch Ag &
A Rxddew AEE TIGE A4 =
H<lg]l 2~ BOP(Bead on plate) &3S AA3A. TIG ¢
3.3 o uEbdl mpe} o] AHIAR S F

FARY WG 1E FEATI 2ol Tooldl AYANE F AR F

F

ot

o]
)

Fol AFetA =W Ame] Fold BYAZ s §Hol A o] FojAA
e @l muHd ok 3 FAR F 4F AR Toold AT

749 Toole] gz wpaz A3 3 9 mfRAG S Holnzg F Aus ¢
A HolA Tools AR dFHFEFa £ox2 AAYsta zu Qe =ko] of
L5mm=t wRbs A HhS AAskdv. 22lal Toole] 3% Wgko] gzl
Wekyl 2o 8328 Advancing side(AS)EF st 1 HbtiE R gE
Retreating side(RS)g} st} 2 HFoAe= £ 3 s dA AN
(CCW)e.z3le] Histglom BzA9 TIG electrode] $1%& A 9]
TAA 29 FHo R °F 2mm olFd A dLE ThstATh o9 #&
AFHLHS Ve A EE Fig. 340 JER T

Fig. 35 TIG Assisted FSW Hybrid welding®] 22 %2 el Aol
2 AP TIG Assisted FSW H =12 2= Table 347 Zt}.
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Table 3.3 TIG welding condition

Welding TIG TIGpulse Shielding  Tungsten Torch 2
Surface bead Cross section
Speed Current  Current  GasAr  Electrode Angle : :
SR o L ( Macro)
(mm/s) () 4) (t/min) (mm) (%)

appearance

Table 3.4 TIG-FSW Hybrid welding condition

Welding condition Values
Current(A) 80
Shielding gas( ¢ /min) Ar 7
TIG
CTWD(mm) s =
Torch angle 60°
Rotation speed(RPM) 300
Welding speed(mm/s) 1.0
Shoulder dia.(mm) 018
FSW R
Pin dia.(mm) 6.0
Room temperature 20°
Tilt angle 27 3°
TIG-FSW Distance = 20mm
Leading condition = TIG leading
Dia. of electrode = 2.4mm
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aaaa

Rotation Speed

Welding Direction
TIG leading

.
....................................................................................

Fig. 3.4 Experiments of TIG Assisted FSW Hybrid welding

Fig. 3.5 Welding configuration of TIG-FSW
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3.3.2 TIG-FSW Hybrid 8% v =

F

Table 35+ TIG Assisted FSW o] A &3 =13 H=34dS Y
Aotk /21 dudE S Foto] v= FHH SR F5d x4
S =E% Bloln, E Ao A= Tool? 3| A&Ed mE M4E 18ty
zh 20 AS A
HAeadFo v= gdHolyY HegHE =99 Pin holed] = QA& 174 o=
FHAAE FoEA HEF 5EA4SE F9F Uk Mg G v=xd
I Hg i S yebd 218 Tooldl 3 A4 = 3007400rpm, TIG cerrent
80(A), Shield gas 74 /min 9w 714 <35 &t}

Table 3.5 TIG assisted FSW parameters and obtained bead shapes

(a) List of welding condition

T
Tool Rotating Travel . TIG TiG Shield
Rotation pulsed
No plunge speed speed direction current current gas
point (RPM) (mm/sec) A) ) (L/min)
1 9:1 300 1.0 CCW 80 70 7
2 9:1 400 0.8 CCW 80 70 7
3 9:1 400 1.0 CCW 80 70 7
4 9:1 500 1.2 CCW 80 70 7

(b) Shape of bead

RPM Travel speed Bead appearance
300 1.0

400 0.8

400 1.0

500 1:2

Macro image
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3.4 ABANE R HEH9 IFA=E 54

34.1 9FARA

ol FHFRY AFHAE =4 SHIMADZUA EHF-EG200KN-40L
F4AE AFEstlon, WIN SERVO 22198 o] &35t

FA g Ao r AR oM KS B 0801 13-B&
} Load speed &= 0.033mm/sec® A] &35}
E Tatdth Fig. 37 Adol AH&H Au ek Al

EHF-EG200KN-40L Set-Up Workpiece After experiment

G - Gage length : 60mm
W - Width @ 12.5mm
T - Thickness : 3mm
R - Radius of fillet : 20mm
L - Over-all length : 170mm
B - Length og grip section : 40mm
C - Width of grip section : 25mm

Fig. 3.6 Process of tensile test and specimen dimensions
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342 FAYF ABB= EA

Table 3.6 ol& A 9] TIG Assisted FSW A9 HeEA 2 Adadt

Wyt 1 A ks vEd Zlolth

1 S AIB061-T63 SS4009] HgAMolA vt o JE 54 0]
dsetal AFFET =2 27 300RPMol A Adatdt S Hola 9l
ol FHERETF Y w2 SS400 HEHFE0l TIG HEzdds 7Ho 2y
A 53 2ERELE A Toole] 2AmNto R ) AW Frrt
s Aoz Atz ¥t} Stress-Strain curvei Table 3.79] YWERH AT
Tool®] 37 S7Fd 5 SS4009] 223k dA7F dFraEol] wyts =
Aol dasts S A & Ay

@A HYA AR EE 2814Mpa, o= AlG06L-T6 FFo =A
A4 = (310MPa)9] oF 90%0] 2atE $54% Fw= S vehdch

Table 3.6 Dissimilar Fractured specimen and Tensile strength

RPM | Travel speed Macro image Fractured specimens T.S(Mpa)
300 1.0 2814
400 0.8 241.8
400 1.0 2324
500 1.2 230.7
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Table 3.7 Dissimilar Tensile stress-strain curve

RPM

Travel speed(mm/s)

1.0

300

ress TPs)

5T IS - FURNURNS WAV EUNRRUNE NSNS SONNRON SRRV EEOSR TN S
FORIES SONE SURNRNS SO WSO T WIS S WS T—_ S—
o
e 7 iE s s e s = i Fio S
s
Frs
=) NN WU NN SN TN WAV TSN VU— W— —
) S P G s ES S
400 | |z o =
S -
2 g // 5
SERT IR - PR T T S TS T e Tt
—
1215 TN NS e Snm At S S Sy S
|
oo oz o o EE e = i e s 20
P
Er
o IR WSS WU, TOUSI.. . T, ——— —
B . T e T e el
L I o s et o S S
=
1 ) VOO N . <SS NUCICRO . SURCIONU. . SouUs: RSP SUPVDISSEE. - WS
u
an oz oa o o= I e T 15
Strain 3
=50
| DU NN N TN - W - Wy W, TUm— - W— —
= | VNN S WO WO DGR SO SR W SR E—
500 e T | e e e e
g ]
[L-C WY IREUUE | S A Y S \\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
e B
B R T R
o
an 0z 0a ae 0= 1o 12 T4 i 15 2a
Strain 25
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3.5 TIG-FSW Hybrid 3% 224 E4

3.5.1 A4

SS
SS400°] A F-oF M, Al6061e] RANF-oF FEF T 474A =

Table 3.8 Schematic of specimens

T Zgupy R4 % B

A—FE E-’ﬂ"r—m—'ﬂ'ﬂ"r—m—ﬂ] lﬂl"r‘—»
Fe ZA% vs Al A5 :

Fe &4% vs Al 5%

SS400-Al

Fe ZA 5 vs Fe+Al &5

Al 2AE vs Fe+rAl &85

% ‘

_34_



352 F

Fro 2w 544 o WR44 97t

Table 3.88 o]ZA4 ¢ TIG Assisted FSW H &9 zZuly 32 A1y
Ay S YERH Aot FEAAE A3 SS400E2AF + SS400/A16061 &H

Al

o] 5

7F 7R u
0.00003mmpy = YEFST. &
AlGOBIE A H + SS400/A16061 &-HF o, o] 3t

0.4

0.3

0.2

Galvanic current density (uA/cm?)

0.0

I~
=

H Al 4

RAZEs} b o dEhtod
AIGOBIE A H + SS400/A16061 & F=
Az} grol A%

7} 0.0020mmpy =

O H B O
— T T

w2 = e A

o
== o

R

=
o] &

Mixed potential (V/ISCE) —=

e L

- =— Galvanic current density {;LA;‘cmz)

1 . L . L . L
1200 1800 2400

!
3000

Time(s)

I=]
T/\]

e
|y

-0.70
-0.72
-0.74
-0.76
-0.78

-0.80

3600

o
a

Mixed potential (V/SCE)

Fig. 3.7 Galvanic current density and mixed potential curves of Fe

and Al specimens in deaerated 3% NaCl solution at room

temperature
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o -0.72
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= 074 =
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= ©
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. [=]
e [| =— Galvanic current density (uAJ/c m?) e _g-
=
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L 01 H e Fe AR o SHR e Al mAYR =

2 L e A A 07

= | [ - ]
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Fig. 3.8 Galvanic current density and mixed potential curves of

welded Fe and welded Al specimens in deaerated 3% NaCl

solution at room temperature

0.4 r T r T T T T T T T T -0.70

< - -0.72
§ 03 ; , i)
< Mixed potential (V/ISCE) —= g
= w
— L —
: MMWM.W =
o =2
©
& oz} g
= ©
S - l—Fe 2A% -l $8% Al =42 {076 &
é (/ Fe 8
- e e i P R e s '>_<
s DR | B ... =

o 4 -0.78

{B ~— Galvanic current density (.I.lA.ermz}
0.0 b M umririmbati o kit t—— i —— - o
0 800 1200 1800 2400 3000 3600
Time(s)

Fig. 3.9 Galvanic current density and mixed potential curves of Fe
and welded Fe+Al specimens in deaerated 3% NaCl

solution at room temperature
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0.4 | . . . , -0.70
- . : - -0.72
E o3} Mixed potential (V/ISCE) —=
= P d-0.74
Z
@ 024
=
= _ ) ﬂwj—’m -0.76
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(&)
-% 01 H e Fe mAR o SR o AlBAR

| =
0.0 £ ] 1 1 i 1 ] -0.80
0 600 1200 1800 2400 3000 3800
Time(s)

Mixed potential (V/SCE)

Fig. 3.10 Galvanic current density and mixed potential curves of Al

and welded Fe+Al

solution at room temperature

0.4

specimens

in deaerated 3% NaCl

Galvanic current density (nAfem’?)

Al 2P vsFe+ Al S

Fe A% vsFe+ Al Y

o3

Fe DA% vs Al =2 &5

PR PP S S

r T r
0 600 1200

T
1800
Time(s)

T
2400

T
3000

Fig. 3.11 Whole galvanic current density curves of Fe and Al

galvanic couple series in deaerated 3% NaCl solution at

room temperature
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Table 3.9 Galvanic corrosion testing results of Fe and Mg galvanic

couple series in deaerated 3% NaCl solution at room

temperature
Sgﬂ— ICOrr
AldH T5 mm/yr
(uA/crt) y
Fe 24 vs Al 27 0.1275 0.0013 (Al)
Fe 87X vs Al $42 0.1807 0.0019 (AD)
Fe-Al
couple | Fe =4 vs Fe+Al 0.1835 0.0020 (AD)
TEEY | |
AL 27 vs FerAl 0.0029 0.00003 (Al)
TEEY | |
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3.6 Az @ njo|azzd £4 & WAzd B

36.1 nfa2 @ njolazw 237 BY

TIG Assisted FSW o] F 8459 wAz2, 475 94 3354

o

= =
7] skl HEs 2Ae] R Fdd ¥ jjr‘i’r‘?i—% Fstdn| 4 g o] g3}
of #atgct. B3dn) 7 (Optical Microscope)S 3 HgHi o] %24S 3

ezl 98 Alie ddstal whe® sto] mAldul $ Al6061-T6 e
AAF(Nitric acid) 2.5m¢, 94F(Hydro chloric acid) 5m¢, E4F(Hydro fluoric
acid) bml, & (water) 100m¢ E3-8&HE o] &3] Sminset s AA
3 2 SS4008 A AH(Nitric acid) 5ml, o €2 1000 S E3HA| 7] tolet &
= ©o]&3st] 60secEtr ol ¥ FHT AlFHS OLYMPUS AFe] Bx5lm

-
B4 ol gato] olEPRe 27w vyl WAZAEHS FAEY
o}

=

2

Fig. 3.12 Optical Microscope
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Fig. 4.2 Temperature distribution of specimen
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