aA J.Zili Fooyled Y Jle ol ge e ALY u;l.&J.‘.J}

~JAe (S g bl 2 PP pomaegdT SWT Sl 550 (SoWhga (v
f}? JJ’“ Sbxy ! .,51)59 S

" Sgwgn S srol e daw F T Kb 3 > 0815 a9 Cpun>
Ol g5 el g5 ol8is1s 1 5m 5 (65 e omnige 0 AN (5 75 (g gmetils —)

O 1 g5 01l Ol O ol 5 0aStils ¢ ake Sola paie (,LIs Y

Ol el Ol eOl s 0l g5 oKl b 0uSLisls ¢ pake Sila pude Lils ¥

h.ebrahimzadeh@ut.ac.ir : oL\ J g™

QYN /&5y )6 OFAV/ V48 150 55 s 56)

Sl rbie 53 adde cul 558 0a 13 1 05 &S 5 5 (S la e o DLl (S5 sladie abws & IO
NA:YAG ol 5 o8ais & alors 4749V pgrin fT i 51 (55 S2as ) 55 At 39 g0 5 S Lo 5 ke 05,
olel ladia b 55 5 (5 S 03101 o grten T 550 g 53 (05 slag3b s b sl 61 8 8 513 oK g 5 )
E5 A s sl Co e 2l ps ol 8 Sl 0SS sl sladie iy OV 8wl
Wl 8 S 5 e I b gr 05 Sy 3 e Sladile el Bt 0 5 slaeS 5 el sl 1S
dews 4 S 5 b Gla ) 5 Vo Co (Sl ol by (1B s 4 ) beS 5l S I
L) (Y oS5 a5 (1 il (Gl o (odly 53 () g 53 &S5 sl 487 sl UL (o (53 SU1 sy Se
.gﬁfdft,ﬁnmwvjjwéwbjfﬁpm”ﬁsjM,.tpa,,ﬁsjsm,wﬁd)m”if,;
S s ol 5 Sl YU slos oS5 5 0 8 0S5 5l (slas garma 358 gn sl b 53 &S5 Ol gie 4 Calgs s T
Sl o oS b 5 L5 el slamil 5 03 Loyl 3 ol Sl 45 b o 435 555 st g (6,8 51

Lsh b S s 55 slesdl l da Cas

1Sl slaells
Sl o CnSs YU e (slacm s (ol 53 SIS s e siee T s3UIT ‘(.jf &S5 sleul S8 gladie

..“.

ele b SO s aa 53 (935 Dl ‘(’;f &S5 s
oz 5[] sl ok plwil 55 55 55 Al WU (65l 4zl b
g ol o3 Al (ol ey eslinal 5,5 sla )
G ol g b g Sla o e slessil 5 gl (6,
Js w0 01 Keass o das lo JlesT YU auje Lo

oo -
2 Jlast p e psiion JT U SLIT 52587 55050 1 6ok 5
(ol bl Lo b 055 YU ol 93 s iy abews
oratdle glas ol Aol 5 ol 3 sles L DLS 5 sl
S s SUT 53 0 8 (ol o8 5 bl Jlaa 09358 5
slie 4l sl Jle 5o [¥21] das e Ll 1) PXXX


mailto:h.ebrahimzadeh@ut.ac.ir

VWOA 5l / pgm ol / s Sl / 31 gn (g dige 53 5 ST 3 Shasy (ool aaliliad o

dopd s Saails JST (SC5b Jue g5 nl 53 Tl elia (Y
Sl Ay ol e 55sh e a S L s St jansdl i
Sleil Sl 6 sleamil ¢ 3 5 alaond 51 0T (o Ole 55 5 n
S S Ol 4di Soke 43,8 a 5lE s 350
A s sl Jl= s skl S L B s &;CJ}}
OLBT Lo g 1) & a8 @ Ol ool 53 358 0 48 8
S Y=Y ] s S o il (il o ¢l Phillion  Zareie
s o OLid alaly 1 551y (6 5 5emalS (G5l a5 a3 (V)
dle 2l 53 5 S ol 53 0 8 &S 5 sl ke OV

358 o 65w and sl Jl= s Hlle ST 53 Olde OV

Sy Slle ai g sleasl o Laails Ay (6 5 50elS Jute (V) S

[¥0] ool 0k plonil il sladibe bl s (5bo 4 ol a0T U

3 S Jelse (S5 sladis gy cpl 03 Ty STl ulide (F
-\:b}'@ (DBTR) JJ.'; LS.’-L‘: 03 gd>e S osle 457 6:‘;; Jole
- 15 05 S sl GEa BTR oo o b a5 foos
g g g el 58S 5 sl Gla ks OT bl 1 55,8
@D 555 ki a s IS8l e 8 slade ST
S oS a5 S (1) UKo 55 [YO-YY] Wies S Lai |y 5 45

ey 4 8K g o S ge S, S S sl 2l
F oS ey 4 (G5l dd g Ad (6 5 5000l (Gl 4l
G g sla e L3I 6518 1 (SO slads L
ladie [NA-F] bl o ws 53 p 8 S5 sl Ll L
4 k3 02 oS 58 s s Ul o0 e 4 ) (S
X JURVRC VP U S R S P SIS R
a5 BB el glaisy as Sl S a5 Sl o
b

rlie ol ladde (gus atus o

s o gl I el JUST eSS 5o 1 S elite ()
S e 5 S s e S e colde s
o e Ol gl JUST 0T s 35 Sl S18" ol s
s Sl p 8 S5 AL Bl s s S i 5 lie
o ok )l (K58 ke p 5l polal 2 & (laslons S|
osLal ... s Niyama 5 Kou Prokhorov (RDG" jlas 4 Ol 5
S de ol slas o)ls = b s 4 (V) S 55 s S
(63 3>es Cbia s ole a8 IS8 pl s el o 0315 OLiS
031 ladls 5 by ylis 4 Sl o 6303 DL Hllu 55 )
5 558 Ve ST ladgep ool el 35
@yt |y Olde O juae 5 Gluy Jlw 015 o slel

outer contour of grain:
radius = [
cross-sectional
area=a

effective fraction
solid fse = a/A

solid only:
fraction solid

s (<Ts

At

terminal
rz solidification:
c ram A grain ‘o fs 2> 1and
9a" A9 fse = fs

grain boundary (©) s
G5 9

[“‘]:Lo.?dlfl.hcﬁju\i:jbdbdfglb@c‘)bcjlal(\)dg



o) 055 5 sl (S5 sl e i e ol 2 709 i T ST (ol 53 5 (s

(05 &S 5 4 Conlao 51y Jhan 0 St 0555 ol ol
oS el s (6 IS 6 p el il a5 0y S
2 pon Sl 8 &S5 Bl slemil o o sl 5 S
.>ﬁ@r@|r;6jqu6u:)aw)ﬂd|
ol obre ol Sleslial et 557 5 5 el gy g la)lne -
LS (or i Olaj s 4 55 odomy Sla S 03 45T
Olejm 5 Jlasai et b Ol ol )3 555 Hlae Ll
22! » Rappaz s Prokhorov (sls ;lxs .;J.:f O E Jese Sl
Slde 5 L33 on op (53, Ladils AsL oS 258 5 5 STl
S0 23 (3 A8 i 535 &S 5 5 255 bl WOT
Fr Cmal als Al 5y SO Al by B8 5 S
Ll g e oS duc}g&ﬁ 3 ol &S Sl OT 5 5 S
ASle -t atusly Oloj 4 S Ol | slazeil 51 50 oLES)
3 o OAS p SmMy S ok 58 Ay @ S
PRSI PR WP PP PN
s Clyne oses pl 55 slexsl Oley wlul 5 (ola jlns -
o3le 45" Gloj Jba ol 53 Lsls 4lyl 1) S 58 Joe Davies
Lpd oo o)y L2iS sl i oS Jlj 4 Sl BTR gles s
IN] 3,8 o o130 5 S 5 bl sl
Aaen b (K058 e pir 35050 (52 53 el S 05N
~al b p S S 5 (sl olme LOT AT bl 2 5ok plis!
IYV=YE] T o s 4 (g5l 4 gl 5 (o
Pl g 0SS5 U8 (S shdie G s e
S 58
e S 5 e s sy s Bl gl 4 i wes ol 5
-@w)ﬂ.u:u.atsj)dfjﬂqgl(-&n?QT}SJ?AB.Q\
.3 g
olde ol ile (035150 (5 Wl sl eSS G5 wler ()
e/ Olde 57 2l fumd (adils e s sladnST (Ol o
w8 i y3p 5 5 g5 s 55 S el S Olse 4 s

S5 Ll E G ol S8 Ll ey p s e

ok 0305 OLiS AS Jased Ll 5 s BTR gles 03 gues 3 03Ls

s

Material resistance
BTR

BTR bz essioee 3 0ol als 4 Jasd BB 25 S 0l e :(Y‘)Jgfd

[Y0] 355 o sl 0,5 55 il el 1 i a3 57 S

oJ‘J@J}:MWQ)}&Q};LA‘S‘AJAA}‘&J‘MJ{_SJQ
P

PRl A el g bl a1 GRS bl gla sl -
e oWBl A5 a8 das s 6 Sl S iz ) szl
oy 8 sladaly baslas ol 5o &l o NEIURS 1
Olge & Olda 3l 5 &S 5 65 (6595 opl 53 bilodd 0315 Loy
Loy il OT 53 a8 45 5a5h e a5 b 55 S 5 4l
Sl Sl odioly ol ool 0ok (OIS 0L Gl 25 LS e
oI 4y 25 BT g Bl B 35 &S5 e 5 OGN S
&S 5wl Sl b A L1, S S wl S sl 5,5 S
358w Sl p 885 035 autaes lde abow s 4 0 L
Sl O 5 1S sla 25 Jule 53 e ol 53 ol ol
a3 g 5 Coanl

CauSe b 558 i ulal i 55 S all  glalas —

Sl ol enlg b LoUEI 1 U 55 ST e 57 el ae



\"‘\/\}:L‘/U.» A)W/Vﬁékd JLw/:\yw&p):@}iggh.uj}si»j};d&uhué oY

S g 4t gt cpl 53 [YV )0 ] Sl ol o) La| Calises
23N (GRS S sp ks slasil sl oue
o 3 53 S S s S sl 5 Vb e o (5la 93
G S| ol i bz pe sladite DLW oS 5
S8 5 slaml (S0 5 sladue g (e 53 55 00 Oy ol

Al dal g w6, s

G Pl gy 9 Slge Y

@lad S 5 L 6061-T6 o sin JT SUT i 51 355
4 NA:YAG b 550 dws 40.8mm ol 4 (V) J g
b USe .0 F 15 6, g 55 50 bead on plate & 50
aslie il 6 s 4 S Sy 3 (e g0 4 5
el 0 03557 (Y) Jsdr )3 (6)Ko g (sl uite . A ol
g Sl 0.5MM & gad adS™ (gl 5 S 05 U s andl s
53 3 S bl ol 5 slemil Ul 5 4es g o lie
50435 oy lagse Job & b 5 3 Foor S
W5 8 5l eslinl 550 S o053 1 ey s 0.500

6061 ¢ e JT 5UT plod o8 5 :(V) Jsutr

Ni|Ti|Fe|Cr|{Mn|Zn| Cu| Si | Mg Al
Wt | Wt.| Wt. | Wt. | Wt | Wt | Wt. | Wt | Wt Wt %
% | % | % | % | % | %| % | % | % '

0.01]0.05|0.43|0.16|0.05|0.06|0.22| 0.69 | 0.91 Balance

Preheat| Welding | Duration Pulse
. Frequency Sample
temp. | speed time (H2) energy| ™\,
(C) | (mm/s) | (ms) () '
- 0.50 6 4 4.8 1
- 0.50 10 4 4.8 2
- 0.12 10 1 4.8 3
100 0.50 6 4 4.8 4
300 0.50 6 4 4.8 5
100 0.50 10 4 4.8 6
300 0.50 10 4 4.8 7

b oS Ui oKews 5 b NAYAG 3 s (0) JSC
dews r)f GBS 5 slul 5 Jktleg, des e Ol

- and o) 93 (SO ladie dler Sl das o il 0 8
«Campbell  ,es 5 Patterson  gladte 4 Oly

35 oylal . 5 0, 5 Fredriksson
ok (SL oo okd (555 554 Aile 631 g0 1S5 s, (Y
w3 S 4 el 1 s glal 3585 cole A3 (65 5 elie
oz Slph o 8 8 530 805 5 s 0086 Ol e
Saveiko Williams and Singer awe; :pl 55 SS 56 slad e
Jowe 31 slosls b (F) JSCa 55 s .. 5 Guven and Hunt

Wl o 0313 0L OT iy sla 055180 5 <55 59,8 sl

Mesoscopic flaw

Plastic
deformation
Pore

Intergranular
fracture/separation

Transgranular
Microscopic fracture/cleavage
flaw/oxide film

(10T 48 gl 5580 56875 69,5 sla Jous 51 slosls b 1(F) JSCa

s 1y eske Hlby B sladds alS” Us edalin o5 48 0la
S gy I3 3 g o SIS 3 el 5 Ol o7 S
S 5 o 5 (g iy 03 LA Sl odd ol al 0
Ho 1 08 e I LE Jis Olge 4 558 sl p S
05 S5 Al Jale 350m 53 5 [YA] 08 oS5 ol
S 5 Sy s i Wl oIl a5l L Llazsls [YA-¥Y |
il pl .l 039 [FO-YY] OT il s WE 5 [YV] rf
[FF] S 5 o Copmlaom 21530 Lt (635150 53 sleanil s
Uge 4] 08 &S 5 & Conlao 2l Lol (63,050 )3
Sadde & 650 Sy s 4 5 (6 S Dlidimd 53 Lol ok



or 05 S ool (K58 sla e i s el 2 708 e ST SUT ol 30 S g e

Sl ol ok 0313 0L a6 s Vo 58 e sligy 53 5o
0.8 il Ao ® Ll Sl sl b osr 03 (s slassl
0.94 b o N+ L Sl sl b i 55 5 058
gl slal (Wl Sl sl Rl Ll 0y S

| 03; ‘u\ﬁ U:i‘}‘ &Ju\ﬁb

5 SEM) s iSl OsSs S s o5 S S
1y o3liul 3550 Jsbous (258 )15 oy 3550 (FESEM
Jols 5 als o3Il (5,8 ojlbil S AiL oM NS S
i o3kl Clemex Image Analysis i 5! o5 3 RN o

233 6K g ol () 5 0,8 S o () 2(0) S

S g @b -F

-y g YT W6 g SslChee S piko (g —T-)
P sk

b Sl sl SL O

DL sdalin B (V) 5 (P) e JSKs 55 o7 & S0l
o3 er s e b 3 ea 5 sk L Sl sl
b phis sl (A) IS 3l 03 57 Iy 2alS 5T



VWOA 5l / pgm ol / s Sl / 31 gn (g dige 53 5 ST 3 Shasy (ool aaliliad oF

mdaly Az o 8 (SlaS 5 sl S8 SE alse 1 5 S
b 03 e QW ) (B8 5  B Dppe 4 S

| OJAT
¢ = —BrTsy, = BrlGsLRsy] M

ol slaasl 51 B6 ol aLEl b Br OT 5 oS
5 olie s el oS zie fumb 3 Sl e S Top, oyl >
il bz sl Sy 5 2l OLSLS 5 5 4R G
5 AL s S o g SRl p 5S4 Ll &
Sle s i Colb GXR O, ol jals 5 S
Sl 955 o Ole 4 dis 0 SOLT el )3 5 5o
Lg})‘ﬁ.l\iw-\'?tsd)b.[Y’A]M:Geﬂ@b(-;éf;4;.
IR (R TN - I
L Koder s glagsl & obs) "oas les sles
©35b 53 0T o &S k) Vel sles (WS o e
(ke 4l (daas o LSS g 505

L= (Tb-(';l'coh) ™
i [F] Sl j ol 0 5SS 5 0 bl T 4l
G 1553 56 dalo 5 Solide (636 934U Jsb 55, G/R
T 4l dsb pl a5 (656 554U sk 1iL (S GIR
SN ol e wdi 5 A8 e My I
}G/Rwﬁfo\j@w%”bg.ﬂdt.\ﬂﬂlf
S Sl ol ey e s55 OR ol
N TR e N PP PP FENEA g
LS e 5t Slde 4 i Oleg s s lagsl skal
b Sl sl GRIPI L OLSas 5 He Sladss ol
witzendorf -ooees [FV-F | uS” sldy (AR 3G Hlaas
dozeie 5 535 &S ala Sl Ll 0L 50 0,

() 5BMS Ly Glej ligy LY oslads 4 gad () 1abaie :(A) S
10MS Ll Sl sl LY ol 4 50

Jl’“ ﬁgﬁjﬁjg‘:‘ UWL:;-‘)J g;.'.;.‘.j Lsudv\-‘ be&b
CJ" B/ L;.LA.S ()\{'Jlf lezel G (oleel sl



oo 0588 ol (S50 lamdis (g g ol 2709 ioa JTSUT s 3 6,88 2 s 2

S 5 s e ladde SN Y] ST e iy 15l p S
Gl el 3 L el 2alS 0 S plde 53 0 8
SOWPRL Y gt g

0.12mm/s =« ,.

F

OLas (gsbemil slaeS 5 695 1, ('qu“ sl S5O S

Odd 5y Eel st g3 ol JialS S s luy falS'R
ol ol sl I IFY] 355 s o ol
PRy T 4l Rals 2557 8 e skl )
e o 8 S 5 skl sladie Gille ulply 5 ol al
Sl al eSS 5

A Ty 36 (Y

0.5Mm/s Kb o s 5 AHZ ol 53 B gb sladgui
Sy G S 4 ) il Sl s S
2 Al p 5 GaeS aals )5 0.12mmls & 5,85
238 b sad 4 Lo (§3955 D)l e ST azmals | 30
03,55 (6 mh (Bloks (5K 0.5MM/S s s 5 50 F
Iy 2ol poler 5w 53 a S5 5 o s 1)) Sl
(@) o) B Ol JS 4 aeS 5 Js (Wles S

100 pm

1HZJJl§Jél{T'a)L~;45_,A3J}>.-7Ja>'-Z(*)J§i

23 gt g plazkledias Olis g b by, S
NS S Gl o sge Sl IS a0 5 el gl ]
5 (e b oo dlesl 55 0L Jds 4) sim Sl Jles!
Glag,s il Eeb YU gl 0LsLS sbul ams s
35 e M o o L 2315 "6l 5 S0l
Slgl Aol 5 dzs VLG 5 R Foml delas )3 [FY]
Gl oks S 0311 Hldie 350l 55 .Sl 208 55y
S 65 Olen (V) JS8) 50 05,50 0.73 )65 slagil
b aS Ln g 03,5 o i O Sen 5 Sl 5 0ol 0,LaI U3

&S 5 sl 4 Conlao (5 )ds o ol S g R 2153



W‘\A}i\i/(}“‘ a)la..i:/(..n}_.w o/ slgn g kign 53 oy g GanT 3 Liag cale asllad g

(<)
@l 5BMS Ll Sl (sl L F sl g (o) edams 2(VY) I
bz 3 BMS L Sl sl L0 o jled 6505 :(2) 5100°C 0 5
300°C ¢ 5 by

[F4] S oo oy 28l ool oo s 0 p 8 2y 05 53
JbC‘.w‘i‘aqb)}ﬁbw‘)égdbéogé‘;ﬁ)d}bj‘
F oAb a el 5ol oS gt s 5l o> 0L1 8 5
Glos & 0T 1P (O JKE) Sl g domd
}@M‘rM\,}T&.ﬁjs‘slﬁ}lﬁﬁ‘ﬂME—}Q‘LSWJ@
o yiie 4 slesdl g0 Olej )3 S e S e gl
St S5 S 5 5 e (S350 M dbesr I Gl ae
Gllan LS o iz 8 4505 038 0 8 i b cal ol

G jalS a5 9 (*Jf&:i, sles Sl Bl ugiﬂ sladt

sl 5100°C (ﬁﬂjé o ()i g 45 sai () :(VY) S

S100°C ¢ 8 a3 o ()80 g 4505 2(0) BMS L Lo

300°C ¢ 8 iy 53 ok (5,8 5 4503 :() 10MS L Sl sl
(quzﬁ,“.\.zw&:uﬁa,g:h)ﬁms oL b sl
el p S Sy badisad aen 55 10MS L LS sl 5300°C

e grnC g

Il e S GlaeS 5 p 8 it dlael LS s S odalin Ol 57 oo
o.L.f'»c_)fui.ﬁ:Lgl.bd}ai):&).\JJ&L&))’\{WB..&J\@JJ{‘A&
BMS b Sl sl 5 5 Kl a3 ¥or 5 )0 (glos s
b awslie 53 45 Lsg 09,5 119 5 05, K0 1.03 55 &

(OY) JSK8) cot 5V p 8 o Oy sl 4o



ov 0568 5kl (S5 ladile (o Sy el 2 P08 st JTSUT Ll 55 8 s (e

Vb oo g S 190 polal wyp -T-Y
s aliee GOk 55 e domd s slas (V0) IS 5o
10.2mS Olej 53 45 STl ok o315 0Lt 533 b Jles! )
Sl oy pladl 4y JalS 0 0 slaznil Il Jlasl 1
Cﬁ-‘)b C_,.w‘ ol Jl:u.“ :Lpubl.\.qSOmS DL L_;L& 5‘; L.;}
—4iln )0 53 S sloul el (6 ) s 1 S gla 25 Ol
O e ol sloul S 5 Ll ol a4l sleasl 056 e
>\>_=il>&>,d\@>d.§mdhg’5j} Azél.i.,\.&)éljjsbhau'\
ES 5 b osh sl Al e ol 5 (S5 S ol 6l Lleds

..Ufﬁ)LkQTM)JSJI)Ml{AZ&\QJﬁj LS“‘:"}‘

00 Ue)|oN

SLeS 5 Tl o bl GAs i ys 5 b e Ce o gR
Sadie o S M [FO X YA S iy el S
Il IRl 5 a8 e sles 1B 5 S elde o
My 2l 8 (lacS 5 e 2587 5 5 2alS 5 by 50
a5l e 53 T fn e sladie poes Dl 03 S
23 (2SSl i Sl sl o 8 by S e e ey
LS o Iy 8 0 5SS 5 5 505 0 BTR (gles 63 5ukome
Ll 3 Sle e sladibe g i OV 3 g0 5 [FF]
GLeS 5wl S ol Wl eSSy Ll &S

oS e Sl pladisel S 5ESa S WLl 53 sz s

(V) JSK8) Wloiss
.
A
) 7.00) 2
: AT,
L6 |a%
[% 5
T Z'

Jb 303k e 3l oles 0L E das oo 0Lt &7 (gl O S
Sadge b 3 oslial 5558 oles OLSIS Ol sie & Olde S 4 slens!

[FFlss o0 48 8 L 53 slemuil

b Sl sl L0 oyl 4505 T L SEM s :(0F) S
300°C ¢ 8 iy slos 56mMS



\\"i/\,:.._b_/(-}.» »:)Lw..i:/r.aé‘}:a JL»/:\}A wd.g.njéd}a‘_;l.&-\ﬁ’rﬁwl.h}};wbuuds OA

(2)
&S5 () ezl e &S5 () 1S5 Caliies Slaland 1(19) S
)zéfjc)a,u:\ijpéﬁ._.&:.:l.qdljl-\qéff“:(c))b\.aqdlfil}‘):

ol 0l dazeis o3le S o dias Ol (C> P

axb ol ys el Gle b ALY ckm (A-19) Jg.i 33
-a,uul.x,,v_aj.x;;f;l;,;iitgxmrapsdljld,éuq).u;
S sl o sloul slezsil - ES 5 51 e o))
B S EEY= T U{uu_i:“?x <S5 c’a—v o (-V9)
modd oy Koken a4 (Bl 3 laly 553 &S5 sl jl al e
ol el i s G iS5 Sl s da 5
—19) IS .l 0di sl slexsil olg Sl e 53 55 e
w@\p.»swou;sl)efjsch»,;,\iu(;mﬁ(c
23S 5l Cand ol i edeis B el s S5 )
ohie gladde js ol ool 3955 4 slessl 31 dw S
7S e s e e S S 5 (sl il 5 5 S
AT o 5 s 4 bl o 3 L) dl e ade ol el
pde 5 e b3 Ot o)l dsle (s3lemil Jage p (ma i
Pl sladie 8 G Ulg e ol el e 4 dis
S 55 ) Sl e S5 8 ST sl 5308

3,8 o )5 eslinal 5540 agile a3 &S S
el sbemil Sty Sl 1 48T AS o 0 Lal 3 g ge gladile
3358 0y O (Kb Bl sd e p 8 OS5
S ey or 5w e el 0l T B eSS Ol i

(@)
tomdl Jlesl 31t Sosline (glasle 55 Ol a5 o5 :(10) i
aML:.ﬁASA.;;QLoA.&é‘jﬁ}di(g)jybcjl:c;)fpd.fl(gﬁ.n)
Shda m b st 51 da SOMS Glej 55 LS 5 51 odms 5550
Slod JSa5 Cle e o JalS” slacil

P S § (o p T
4l aw Ao W Ol 1, &S 5 505 SISEM 55 (VF) IS
Ll ot JB S 5 s 5l Caliea




4 05 5 o) K sl Jbe i ool 1909 i JTSUT (ol 53 5

O g B g e - L
Silse b aulio p 86 5 sl (S058 sl e sla o
1l (6,8 4z B o

S ezl 5 g3 b Ll (6, 3 ST 0T )
o 03 GLAL s axlpe Jlge Gl (U ses
sdalin b (6,80 =8 b @bl sladae sl
S5 sk e e el o Sl o5 o0
S g oS s e b 5o (Js S s e D)
RO Y

bwln el 53 clay 5o sbul (a1 b 5 Son olie 55 —Y
e 53 5 lexl S g A58 F S dadils slal 150
AR 0 8 S 5 b p 8 ey sles GRIBIL 5 ST
b oo,l0 53 s g O alaT Zws 4 ol (s S Iy
U;Alfj_;;;'cjs ol s slagsl skl el
)sw.&f@\v\gﬂgr;&uﬁj;@l@ﬂ
I e 8 saeS 5 8 it gles I 5 b als o5l
S ey

sld dazete 05be CnSls ould 3L Gladue 53 SLabls e ¥
03 5, eds B ime sladide den ol slessil ples! Sl
Sl 53 dias o 513 oy 3550 BTR (glos 53 1y slaseil >
03 5 sleadl 31 osle S b b (K s S
sl 55l ol y oS gladia 55 imen 5 a3 8 L
A ) gote &S5 Ay (8l dl pp 65 el S5

2 08 S8 5 skl 53 d e an das e Ol Sltalie ¥
o e 0S5 iy (Y 5wl (V23,0 55 by (6, K0 g
oS S ps3 Ao S b, (F 5l 0 £ )0 4 S Uyl
Sladilss o CuSs 4 by pp 53,8 o ) s slammil S dn

G108 9 L5 -0
S5 BT 5l asls e o3 a Ly Alie ol 08 i s
S8 Mea s&esla3T 515 Olisla glocaly bl 4 D555

LS Iy 2l p 8 oS5 sl leil o 130 L
O3 () g cteomen 5 THZ 0L i daly 55 (6K -
08 S 5 s ol it slendl S S0 8 2y
L'sb-:\:QW&32JU>:MT@>4{@@.M}S
o 08 iy (Sl ged 55 (2 o5 sla gl slal 1531 s
- 4 gl e S les S Iy e 8 glacS 3
bl dmes by Lo 55 (gl oS5 lols Llods o 8
“g0d S S G ke ST G 0 e saS 5
“Jde 8 83 8w Ol g o ilokis 0 8t 45 ol gl
35 2 S oI S5 Gl p S S ol (S8 sl
slezeil Jl= j5 S doxs > Lg)bj.rl:é Al Caadlg
3ty 4B w03 iz oz oo O 3 0o I 5L
pd o sllosle j5 SeS 5 S amd o oS slenl
2 LS5 ol das e 0l p 8 slasS 5 mhaw I sl
S gl Lilotd slowl sleil I dlne ol e
ok o5y e @b 45T s 0 OLE 5 Sl Sl JulS S5
Sl oy K 5 glyl3 68 5 51 K pacand 5l
a5 sl 0 CanSis Hlars slazssl 1 s 03le das e 0L
Loy ol O 5 el 5 3 O3 s b @
- Sk sl el (e L L S 1S
A5 Je sl dleel b pa

SRl pss Al o &S5 OBl s 55 5 A8 oo oy Sl B

jﬁ.b:‘-)}

Lol o oS ol 5 4y ok 0 8 2y (sladipas )3 ST oo 1y
-@m&bg,u#)@(&,w\gj.uﬁdsﬂjﬂ;
S sy 93 S (335 el 5k oS5 5
udg,»&&;;aw,uumw&;ﬁ;ﬁeii#u{,;
Jas! (g2t Gloj dhole b (gum (uJly 5 0 (Sots 5 3 o
p.swf).mf;.\,’;,ydu&a‘.ﬂ;ua\;jf@,&@

e alts

S5 o -F



\V‘\A}:\%/r}a b)u/r.ﬁékd JLw/:\yww):&w}iéh.uj}gi»}};dd&uwé 7o

[8] C. E. Cross & N. Coniglio, “Weld Solidification
Cracking: Critical Conditions for Crack Initiation
and Growth”, Hot Cracking Phenomena in Welds 11,
pp. 44-66, 2008.

[91 M. WolIfTh, Th. Kannengie & Th. Ber Bollinghaus,
“Determination of critical strain rate for
solidification cracking by numerical simulation” ,in
Hot Cracking Phenomena in Welds I1: springer, pp.
77-92, 2008.

[10]D. G. Eskin & L. Katgerman, “A quest for a new hot
tearing criterion”, Metallurgical and Materials
Transactions A, Vol. 38, No. 7, pp. 1511-1519,
2007.

[11]E. Gawronska, “Different techniques of
determination of the cracking criterion for
solidification in casting”, Procedia Engineering,
Vol. 177, pp. 86-91, 2017.

[12]N. Hatami, R. Babaei, M. Dadashzadeh & P.
Davami, “Modeling of hot tearing formation during
solidification”, Journal of Materials Processing
Technology, Vol. 205, No. 1, pp. 506-513, 2008.

[13]S. Kou, “A criterion for cracking during
solidification”, Acta Materialia, Vol. 88, pp. 366-
374, 2015.

[14] M. Rappaz, J. M. Drezet & M. Gremaud, “A new
hot-tearing criterion”, Metallurgical and Materials
Transactions A, Vol. 30, No. 2, pp. 449-455, 1999.

[15]N. Coniglio & C. E. Cross, “Mechanisms for
solidification crack initiation and growth in
aluminum welding”, Metallurgical and Materials
Transactions A, Vol. 40, pp. 11, 2009.

[16] M. Rappaz, “Modeling and characterization of grain
structures and defects in solidification”, Current
Opinion in Solid State and Materials Science, Vol.
20, No. 1, pp. 37-45, 2016.

[17]J. M. Drezet, M. S. Fernandes de Lima, J. D.

Wagniére, M. Rappaz & W. Kurz, “Crack-free
aluminium alloy welds using a twin laser process”,

G135 S a5 O g o ils 3l ge 5 (65 sHle 0dSSls
Ales oo S5 Olidilesens (6, Sen bl 4 Ol g5 3150

&l -#

[1] R. R. Ambriz, G. Mesmacque, A. Ruiz, A.

Amrouche & V. H. Lopez, “Effect of the welding

profile generated by the modified indirect electric

arc technique on the fatigue behavior of 6061-T6

aluminum alloy”, Materials Science and
Engineering A, Vol. 527, 2010.

Pl 5ol U5 (g s 030 pal il Ses s [Y]
SUT Laslezel SSsl (oS s o) Jlas! S

BN le.a.,\.‘.:T)éa";JjLé;a S Sl Lo )3 848 (sx.._.»)ﬂ

Avan Jl.w 5(): o)u ‘VA: dl.w 5:‘)A ‘_;w.k_g.A

[3] D.Y.Kim &Y. W. Park, “Weldability evaluation
and tensile strength estimation model for aluminum
alloy lap joint welding using hybrid system with
laser and scanner head”, Transactions of Nonferrous
Metals Society of China, Vol. 22, 2012.

[4] A. Schneider, V. Avilov, A. Gumenyuk & M.
Rethmeier, “Laser beam welding of aluminum
alloys under the influence of an electromagnetic
field”, Physics Procedia, Vol. 41, 2013.

P 3 B S e B S S S e e (]

038 6 53 Lblows S8 23 e sl sl g " e

cpria Jlo ol g wige 53 oy s NAIYAG Ly
AYAY Jle gl ol

[6] L. Katgerman & D.G. Eskin, “In search of the
prediction of hot cracking in aluminium alloys”, in
Hot Cracking Phenomena in Welds I, T.
Bollinghaus, H. Herold, C. E. Cross, and J. C.
Lippold, Eds.: springer, 2008.

[7] D. G. Eskin, Suyitno & L. Katgerman, “Mechanical
properties in the semi-solid state and hot tearing of
aluminium alloys™, Progress in Materials Science,
Vol. 49, 2004.



) 05 S 5 sl (K58 Sla e i S bl 2 709 e T SUT ol 30 8 g

[26]H. R. Zareie Rajani & A. B. Phillion, “3-D multi-
scale modeling of deformation within the weld
mushy zone”, Materials & Design, VVol. 94, pp. 536-
545, 2016.

[271H. R. Zareie Rajani & A. B. Phillion, “3D multi-
scale multi-physics modelling of hot cracking in
welding”, Materials & Design, Vol. 144, pp. 45-54,
2018.

[28] M. Sheikhi, F. Malek Ghaini & H. Assadi,
“Solidification crack initiation and propagation in
pulsed laser welding of wrought heat treatable
aluminium alloy”, Science and Technology of
Welding and Joining, Vol. 19, No. 3, pp. 250-255,
2014.

[29]M. Sheikhi, F. Malek Ghaini & H. Assadi,
“Prediction of solidification cracking in pulsed laser
welding of 2024 aluminum alloy”, Acta Materialia,
Vol. 82, pp. 491-502, 2015.

[30] A. Eder, S. Jaber & N. Jank, “Using Simulation for
Investigations of Hot Cracking Phenomena in
Resistance Spot Welding of 6xxx Aluminum Alloys
(AA6016 and AA6181)”, in Hot Cracking
Phenomena in Welds 11, T. Béllinghaus, H. Herold,
C. E. Cross, and J. C. Lippold, Eds.: springer, 2008.

[31] M. Mosallaee pour, F. Bodaghi & M. Moshrefifar,
“Surface modification of low carbon steel substrate
by Al-rich clad layer applied by GTAW?”, Surface
& Coatings Technology, Vol. 206, 2011.

[32]S. Kim, Y. Jeong, J. Park & Y. Lee, “Fundamental
study on electron beam weld sections and strengths
using AA6061-T6 aluminum alloy plate”, Journal
of Mechanical Science and Technology, Vol. 27,
2013.

[33]Z. Tang, T. Seefeld & F. Vollertsen, “Grain
Refinement by Laser Welding of AA 5083 with
Addition of Ti/B”, Physics Procedia, Vol. 12, 2011.

[34]N. S. Birdar & R. Raman, “Investigation of hot
cracking behavior in transverse mechanically arc
oscillated autogenous AA2014 T6 TIG welds”,

Safety and Reliability of Welded Components in
Energy and Processing Industry, pp. 87-94, 2008.

[18]R. P. Liu, Z. J. Dong & Y. M. Pan, “Solidification
crack susceptibility of aluminum alloy weld
metals”, Transactions of Nonferrous Metals Society
of China, Vol. 16, No. 1, pp. 110-116, 2006.

[19]1X. Wang, F. Lu, H. P. Wang, Z. Qu & L. Xia,
“Micro-scale model based study of solidification
cracking formation mechanism in Al fiber laser
welds”?, Journal of Materials Processing
Technology, Vol. 231, pp. 18-26, 2016.

[20]1H. R. Zareie Rajani & A. B. Phillion, “A mesoscale
solidification simulation of fusion welding in
aluminum—magnesium-silicon  alloys”,  Acta
Materialia, Vol. 77, pp. 162-172, 2014.

[21] M. Sistaninia, A. B. Phillion, J. M. Drezet & M.
Rappaz, “Three-dimensional granular model of
semi-solid metallic alloys undergoing
solidification: Fluid flow and localization of
feeding”, Acta Materialia, Vol. 60, No. 9, pp. 3902-
3911, 2012.

[22] M. Bellet, G. Qiu & J. M. Carpreau, “Comparison
of two hot tearing criteria in numerical modelling of
arc welding of stainless steel AISI 3217, Journal of
Materials Processing Technology, Vol. 230, pp.
143-152, 2016.

[23]1 X. Wang, F. Lu, H. P. Wang, H. Cui, X. Tang & Y.
Wu, “Mechanical constraint intensity effects on
solidification cracking during laser welding of
aluminum alloys™, Journal of Materials Processing
Technology, Vol. 218, pp. 62-70, 2015.

[24]Y. WEei, Z. Dong, R. Liu & Z. Dong, “Modeling the
Trans-Varestraint test with finite element method”,
Computational Materials Science, Vol. 35, No. 2,
pp. 84-91, 2006.

[25]Z. B. Dong & Y. H. Wei, “Three dimensional
modeling weld solidification cracks in multipass
welding”, Theoretical and Applied Fracture
Mechanics, Vol. 46, No. 2, pp. 156-165, 2006.



\V‘\A}:\%/r}a b)u/r.ﬁékd JLw/:\yww):bﬁ}iéh.uj}gi»}};dd&uhué 2Y

[44]S. McFadden & D. Browne, “A generalized version
of an ivantsov-based dendrite growth model
incorporating a facility for solute measurement
ahead of the tip”, Computational Materials Science,
Vol. 55, 2012.

[45]J. P. Bergmann, M. Bielenin, M. Stambke, T.
Feustel, P. V. Witzendorff & J. Hermsdorf, “Effects
of diode laser superposition on pulsed laser welding
of aluminum”, Physics Procedia, Vol. 41, 2013.

[46]Y. Danis, E. Lacoste & C. Arvieu, “Numerical
modeling of inconel 738LC deposition welding:
Prediction of residual stress induced cracking”,
Journal of Materials Processing Technology, Vol.
210, No. 14, pp. 2053-2061, 2010.

Cwg 2 -Y

[1] Microscopic scale

[2] Rappaz-Drezet-Gremaud
[3] Mescoscopic scale

[4] Macroscopic scale

[5] Brittle temperature range
[6] Semi-solid

[7] Ductility

[8] Keller's reagent

[9] Vulnerable zone

[10] Coherency temperature
[11] Bridging temperature
[12] Frequency

[13] buoyancy

Metallurgical and Materials Transactions A, Vol.
43, 2012.

[35]T. Yuan, S. Kou & Z Luo, “Grain refining by

ultrasonic stirring of the weld pool”, Acta
Materialia, Vol. 106, 2016.

[36] P. Von Witzendorff, S. Kaierle, O. Suttmann & L.
Overmeyer, “In situ observation of solidification
conditions in pulsed laser welding of AL6082
aluminum alloys to evaluate their impact on hot
cracking  susceptibility”,  Metallurgical and
Materials Transactions A, Journal Article, Vol. 46,
No. 4, pp. 1678-1688, 2015.

[37]1D. Suyitno, W. H. Kool & L. Katgerman, “Hot
tearing criteria evaluation for direct-chill casting of
an Al-4.5 Pct Cu alloy”, Metallurgical and Materials
Transactions A, pp. 1537-1546, 2005.

[38]P. V. Witzendorff, S. Kaierle, O. Suttmann & L.
Overmeyer, “In situ observation of solidification
conditions in pulsed laser welding of AL6082
aluminum alloys to evaluate their impact on hot
cracking  susceptibility”,  Metallurgical and
Materials Transactions A, Vol. 46, pp. 11, 2015.

[39]M. Sheikhi, F. Malek Ghaini & H. Assadi,
“Prediction of solidification cracking in pulsed laser
welding of 2024 aluminum alloy”, Acta Materialia,
Vol. 82, pp. 12, 2015.

[40] X. He, P. Fuerschbach & T. DebRoy, “Heat transfer
and fluid flow during laser spot welding of 304
stainless steel”, Journal of Physics D: Applied
Physics, Vol. 36, No. 12, pp. 1388, 2003.

[41] X. He, J. Elmer & T. DebRoy, “Heat transfer and
fluid flow in laser microwelding”, Journal of
Applied Physics, Vol. 97, No. 8, pp. 084909, 2005.

[42]S. Kou, Welding metallurgy, Second ed. New
Jersey: John Wiley & Sons, Inc., 2003.

[43]H. Ebrahimzadeh & S. A. A. A. Mousavi,
“Investigation on pulsed Nd:YAG laser welding of
49Ni-Fe soft magnetic alloy”, Materials & Design,
Vol. 38, pp. 115-123, 2012.


https://link.springer.com/journal/11661
https://link.springer.com/journal/11661

il 05 5 o) K sl Jbe i ool 1909 i JTSUT (ol 53 5

Investigation of aluminum pulsed laser welding based on the physical
models for prediction of hot cracks

Hossain Ebrahimzadeh! *, Hassan Farhangi?, Seyed Ali Asghar Akbari Mousavi®

1- Ph.D. Student, School of Metallurgy and Materials Engineering, College of Engineering,
University of Tehran, Tehran, Iran

2- Associated Prof., School of Metallurgy and Materials Engineering, College of Engineering,
University of Tehran, Tehran, Iran

3- Associated Prof., School of Metallurgy and Materials Engineering, College of Engineering,
University of Tehran, Tehran, Iran

*Corresponding Author: h.ebrahimzadeh@ut.ac.ir

Abstract

It is necessary to use a physical model for the relationship between welding parameters and hot cracks.
These models are available in micro, meso, and macro-scale. In this research, a sheet of 6061 aluminum
alloy was welded by a Nd:YAG laser machine. For the first time, the diameter of the dendritic arm
spacing in the aluminum laser weld was measured and the results were compared with the solidification
models. Contrary to the prediction of hot crack models, increasing the dendritic arm spacing, decreasing
the solidification rate, and the reduction of the strain rate did not reduce hot cracking. However, based
on the pre-existing models, preheating should reduce hot cracks, but inversely increases the amount of
cracks. The images of high speed cameras and the assessment of crack surface by a field emission
scanning electron microscopy showed that in pulsed laser welding, hot cracks will be created in three
steps: 1) initiation 2) the first step of propagation 3) the second step of propagation. Propagation in the
second step will occur in the newly solidified weak grain boundary of the weld metal. What is finally
seen as a crack in the weld seam is the solidification and high temperature cracks and therefore, the
models that are considered for continuous fusion welding are required to be modified based on the
conditions of the pulsed solidification and melting and the fracture of weak grain boundaries after
solidification should also be taken into account.

Keywords: Hot Crack Physical Models, Aluminum Alloys, Pulsed Laser Welding, High Speed
Camera, Fracture of Weak Grain Boundaries.
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