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ARTICLE INFORMATION ABSTRACT
Original Research Paper In this study, microstructure, microhardness and residual stress in the butt jointed friction stir
Received 02 November 2014 welded aluminum alloy 2024-T351 plates with different tool’s rotational and traverse speed is
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Available Online 20 December 201 studied. According to the 2024-T351 aluminum is a heat treatable alloy, Hardness test results

showed that increasing rotational speed or decreasing traverse speed of the tool reduced

hardness in the weld zone. Then, using standard X-ray diffraction, which is a non-destructive

Keywords: . . . . . R
,:ri):;vtvion Stir Welding method, residual stress in the welded samples is determined.A thermal model of friction stir
Residual Stress welding process is simulated by using finite element method in the ABAQUS software.
X-Ray Diffraction Comparison of residual stress results that obtained from the numerical solution with

Finite Element Method

Aluminum Alloy 2024-T351 experimental measurements show that, the numerical model can predict the residual stress fields

in friction stir welding joints reasonably.

The results show that, increasing rotational speed, cause to higher residual stress in the weld
zone, due to generation the higher thermal gradient and also, The higher tool traverse speed will
induce a greater high-stress zone with a higher stress value in the weld, because of, a lower heat
input and result in the relatively harder metal in the weld zone, causes a greater resistance to the
plastic extrusion.

. . . 2 =
i Jlows g, SO Gleie a3l slaJle o 1] ws Elaul” bl
dondo -1

ol C)Ja.n snwsﬂ 6La>o)‘L.u JLa.ﬂ u;|).3 (s ‘5&‘5)[1&3? A G L
G dwle yo 1991 Jls o a8 GMJLM..:J L;Lﬂa,al 6 )\ Kbg>

By9 90 ad Jlail aml ojly las o S ol ail S cnl oo

2- The Welding Institute (TWI) 1- Friction Stir Welding (FSW)

Please cite this article using: S lod o3liiw! Jod @yl 5l lio cpl @ gla ! sl
D. Ghahremani Moghadam, Kh. Farhang Doost, A. Rastegar, M. Ramezani Moghaddam, Tool's Speed effect on hardness and residual stress in friction stir welded'Al 2024~
T351: Experimental method and Numerical simulation, Modares Mechanical Engineering, Vol. 15, No. 2, pp. 61-71, 2015 (In Persian)



OSad 9 pddio il sicd Jlils

++. 1, 2024-T351 posiseslT ST bbiie] S ol 5 Uibsn )3 Silasy Giaid 9 (i 3 3l s puw il ) s

e L8] sanenS (o 5 @i s oezes [17.3]
2t Lo x5 g Slge by oV« Sl 13, 2 Sige sla el
o polie 53 (63b5 5Sb lnl 698 9 (Shgs e ol cnl
Gl b ey bl sad )i VLAl s wilews
o Al oy sl ) o yiel )l ol sl Jlaie (les oo o592
SLIT sladiges g, 5 oolindl SKlhol o) SKias> «gubios ol 5o
ooy plmil w)ls Ladlga aylio ;o Jlsld 5,15 45 2024-T351 pgiegl]
S e 5 48,5 58 g 9550 adiged (5Ss Se Sl L lu
D9y 3 eolital b T 51 ey el ol s o1 51 golaas (sl elans
3 . - A s : :
$93¢ (5 jlwdncds ol sdw] Gy gz bt p Sgee liwl, 48 diges
8137 ST 531 5 51 solinad b alezd] STShaol (g, Kigm asyl b
95 Fhes slace o (il & Wlowy A5 (oo 5 00l plnil (5> s,
oy w9 Gl (sl ) Sisr slace o 50 wiloy lo i ln

Ao e Hlas gl
b3l gy -2

Solisd! Sl g )i gy ~1-2

2024-T351 pginagl 5LIT iz 51 o ) Sivga (gl ool 5,90 slo 5,9

2 51 Gladsgor s iy a3 ol (Sl olys 5 sains JSES

SLIT iz 512 S5 0 00 solo lid il 5l W ,g o5, K (6l

S ol ous eslinul (HRC) ®JssT, 50 e L $pk2436 s¥s
2024-T351 pgriagll 5T ooims JoSis jolic duoyo 1 Jgusr

Zn Si Mn Mg Fe Cu Al

012 011 072 153 09 445 Base
2024-T351 pgairagll 5L SilSa ol 2 Jgdz
s o 8 s el
y‘ ) 4 ES ER
O-ls S3T e e
(GPa) (MPa) (MPa)
7715 031 137 429 324

$18

20

¢ 22

35

¢8
8754 1=

VALY A |
—| |e

b6
(<) (all)
(MM @ slal) (g2 15l (ot Slaseiin (0 s Siga 1l (il 2 s

7.6

3- Longitudinal Residual Stress
4- ABAQUS
5- Rockwell

2 opleis 15 055 1394 i)l (purde Slle wdise

1SS S e o8, Jlasl bas sbial, [ o 5 00d sagainos]]
wase ol 1) olexdl Sihasl )i anli Swlad e
plnil jl Jol> Sl uizmed 5085 9 13! e Sl 5l o> o)l >
& ok a4 oad il GLL slge ot wbdie 5 oy sl g e S
sdalie LSM:LMC| é&h@‘ R STERRCH TR Ls)‘\AA oole &g =
Debse SRS bdlse S5 5 b 6ol Sl Jlpl 5 00 8 oo
gz anlp b sl 5 4 ead Jitie 5l 35l 5 Vo S
al o samals g Jl S sl s el oslexdl Sl
Al dales (5, She>

J4] ools b, ([3] sl b SLilSe cslis g 4o (6 lons lalllas
©)Sbsz o [7] CaSl g (S el [?‘5] Sl sl S
-l Ol Jlail 5550 0 uizmen el oad plowl ilizel  SKlasl
-0 dkez o] 51 a5 oo plosl (ool eslinhiog by, ol aliwy 4 uizen
Sliios (S5 [8] 0 pb 1, il 0¥8 @ poaiagll 5LIT Jlasil lss
256 [9] o)en 5 J wslosls GLE ) 890 |y dilens a5 S0
axsl il bey 5 esleiub b il iela 25 5 1y 5l oS, sy

. . 1
shesliad b [11] oo 5 [10] 1iSen 5 (g )lial 0605 (o 27 (3]
SBhol )Kos 0 1) alony o il cope puf Cud g, S
1 wiley sla ps cdlo s ISl g 05,5 aale A a4 I slazdl
Bdgeli oy 5y Kez dnld 0 ()5 (Sl LiaS Jleel L
1y dlony S giomie " ras ()58 pgms 13y 2 [12] o) Se2 5 (51,2
20, zl il 2024-T4 4 7075-T6 6082-T6 ag.iegll slaslll gly
S Caaglie il i A5 amd e ol o] Olidss s
s slagty, poodle [18] wmse s ) ()b YLl
Al o Wlewy i S lp 00 lS ek a4 goae sl Jow
OhlSan 5 gl 100 e 58 ealital 350 cilazdl SiSlasl 5, Sdex
@l [16] ol)Sen 5 50050, 5 [15] SoszlsS 5 o2 Vg sl [14]
slogis wglite Sl sladelos ) eslinul b pgaieegll slasLi
Loged gilwand alizél SKasl g SKas> 1o 1) ailowy

L coslony sloiss p cilazdl Sihol ) Sas> slo il b 5
R ¥ )...AS ):>| Sladllao L “5’)'7U 9 (GO4e ‘5L®L)“"9) )‘ oolazwl

33585 Olime 5 (S9rtn S g g (g0 S dsirin il w8515

§O3E S9p0

[2] colazel SKlasl s Kby ol Silods pgas 1 JSi

1- X-Ray Diffraction
2- Deep Hole Drilling

62



OLlSed 5 oo sile pb JUsils

... L2024-T351 In,._l_i-_l_A,JT ST bliniel S ool (s hga )3 diloams (yiais 9 (i pa Jjsl wone yun p3l w3

Sy Eosd Gap polie [2019] wims o olas olezél SSlaol
ool 0364 Joaz 10 o diges 5l (golows

Jlo 55 slagsys (2 s Sbgz plosl gz 00t (g3lwoslel asgae (213 JSCi
odh (5 S 5y Aises S (g ws g

&) S5 slaaigas ;3 il Slite 5978m § Syes loce o 3 Jgux

R B R
315 500 10 8 200 1
16 630 11 16 200 2
20 630 12 20 200 3
25 630 13 25 200 4
315 630 14 315 400 5
16 800 15 8 50 6
20 800 16 16 50 7
25 800 17 20 50 8
315 800 18 25 50 9

63

el o alowl oo 2 MPA L jsiy 558 olSiws 5 b (o) Ssx
5 48)5 8 K0S JUS o Jsb ad sl o aseiasll G950 ]
Olsie @ (63¥58 (35 S 5l izmen Aigdi oo ke Lo SIS 50 s
sl 00l oolaiwl R o..\})bd.i} Ado

2 oGy mhu p oges bl 4 S 4z 0 2 1@5 asly bl
il elad 5 ashd mlau b auly S5l ails ool ool atuy 5,8 olKiws
S axkad b ll eled as a8 3585 gz 5,0 50 slejlail b o 9wl
)‘ uLal} 03 AJ}’ Q)|)> L ‘Q)|)_> U"‘ €340 o0 NEH Gﬂ.ﬂa@‘ Q)|).>
5 oud a3 LS dnkd g (SlloT o) 5l Sl U3l
‘..\.:9..» 3 uso alag; Gy H9X R w.]a){...n .)‘9.:: G ow@ g0
o @5 Glawge 4l (39,3 (e a3 o lpl Ul &S >l ply
O iy & ) plasge dlge Il ol dwsin 5 Bl 09l See
Soro b S o (S w5mse hel o plepen S9do0 oSS
IS8 s b Slye o fSB52 5 ogin Jlasl Slys il 2 oysh
al 517 Sl same jels Lels &5 del> e o P Sl
5 )T amlys S5 (Soma Sl Jlail Sy g el (Se e
Sz ot (silusolel degerma 37 USE 3] vt slml iy ol
|) 00l (5 s> digad g Lba).:f 5O 0 Ay Aged S o5, K> Pl"""‘
Ao o ol ol alesl 5l

plodl Sl e (g5pi 5 Shgs lacerm b by )l hsx
pac Jds'ay A00rpm 51 aS lyse slace ju sl dodiges cualies
“‘\"Tts""’ Cawdo WL;A 0l Lg)m? u;LMd}o.S ‘Lsélf Q)|)_> e
&) slaaiges b 800rpm 51 5YL )50 slace jur 0 uizean
ol 1y ol o> slls ahaie 5 31Bmmmin-t 5,40 5 1200rpm
59 Ssd ey paiz GBI L 8 oy CullB 4y ax g L oo s
slace pm wante sla Kigx pbxl L g B00rpm L 400rpm o3L
clio 00l (6, s> sladiges U cailoass ool (glaigS @ L5l (g9 i
Rl Ggd 5 Sartan Sepe g oodle il Gy e 7S L
plsl Sl o wom JSB g Jlpl 3985 Gee aile (S92 sla el
a>l ascs BRI Q)|)_> B Slosds wlses! 6‘4355 & Oglate C;LQU'ZJP
4.:}[.;&.]@.5.«:)0\5]330}6250mo%‘@‘}w})owuﬁdw
3 Jsir slaaigal woloi sl Lol ol oolie il S52s 4 o>
5 o ke O3 ol 395 Boe @ azgi b ol oo 48,8 L 0 ool
ladiged 1 7598 (5950 polie lpl Solite (5558 5 (Jlhgs slae
Sl eolanl b gy ol Slade ool @alaie [0S0 b onds (6, s>
anld b cwl sad cal 5,8 oes 0,8 5 j0 A5 gy
b o L wise sln @sd o polie Ssde spSeslul o s
O USs @ axgi bl oud ool olis O S 0 o Sigx anl s
S shls Lyl o Sgz anl® b o @sd o 2l Gl
Gae> alyd o 1) g5 ol Hog cub 50 Dlaass S el (6

1- Tilt Angle
2- Sever Plastic Deformation
3- Dynamic Recrystallization

2 o pleis 15 055 1394 i)l g e pSulSE S iy



OLlSed 5 oo sile pb JUsils

.. L2024-T351 In,._l_i-_l_A,JT ST bliniel S ool (s hga )3 diloams (yiais 9 (i pa Jjsl wone yun p3l w3

STl ialesT sl ot oslel wiges S 6 U5
oSl axsl (il g 31 ol b wilowwy (gl Cyuati o9y —=3-2

Sl anil bl 8 Il by, (595 ~1-3-2
[23]251, 056 (oSel ansl il sjlubind s, o olul ala,
ol 0001 (1) alal; yo 45 il oo
nl=2dsin6 1
O Aol d (SOl axtl zae Jsb 4 (WSal as e alaly cnl o
el (ST gl3) olSail a5 0 5 Jbiy 5 Dl

30 0 puSaine dxdl g 0dpl diged Coons 4y uSG) dndl g, ol yo
oSl andl (65 3sdge S8l sl Bk S Gl S ol
Slls sde 0y Sl axdl Glocgs o3 Wl absy & o5 HBSS
e ol Jln ) Do alold )0 (65 po 5 Sl (catin o Jsb
el S Sl il g Wl ogh e (ulSal aly bl 4
Sl S e odgi kay g kay KB pBSS (655 gy A g dlwgy
2 sl 3B el ceslin wilowy A5 eand gl o Sl Sy S
120 51 59 GolSail agly 51 slowy (25 Sl j0 101 (b9, onl 8o
YL Cds 5 al Sy daaysly cpl jo 1 gl ge oolinul ax s
kay gkay slogin kB 55 b Gl agly 50 B,k 5y Sl
Sheoliiul 4y (g3l azil jo g o)l GulSil Sy o 6;:4“ gad S alols
W3l St odle o wiles 5 ax e allis o) Bds ol 1S
2l ey 55 Ole 6 T U [24] 05 anls Sin S
Ao se L Sl 4l slaSy

30 Casbge fad g odd S eSOl 4By B Sl an
sl @ olg3ds aygly p3 Wlons A5 W atie wly o 0 Sy Sy
9 phite (i 57 aSh Glls 457 iz 5l oad WSaie Sy 0900
S asly S )05z ol o gaileny 15 g 5 00 plls
Sy oobe 50 Wilowy (EI g2y Do 48 Osd e Sbml 20 i
latusdos 0 ah Sglite sLlgs y0 wiged 2352 Gl 4 Al (e
21y Sy 55 052y il B S 08 e sl 26 Sslite slaygl;
olas ilizee sladygly o diged 232 sl & A (e Sy ol
...\.QJ‘SA

O g pSoilul ol jo SOl il 348 Bes Cudgae JJo 4
ol diged ma dy Sgase (WSSl andl (3 o laslial gy 4 ailewy
Lyl ogdie 23 canie ghv Sy 3 Wlewy 25 550 sl
Lyt Jlesl 5 atonsi¥l Luly, 5l oolial Lol )13, (glaxio (25
Sz Slowy A5 et gl (2) abl, (9 JS8) lamio i
[25] Do Casd a5 P olgsds

()

«)
5 1200rpm Sly9s ey b 0 (5,5 g2 aigs comliol pelano (i1 4 S
o i gl o alaio (< 31/5 mmmint g4,

800 1
700 A
600 - g

500 A
400 A
300

(Kg) 55

200 A
100 A

0 100 200 300 400 500 600 700 800 900 10001100
(8) oo

gz anld (b o L dgas slp loy o 7598 S90 polie O S

b aiges 5| solass (sl 2598 9 polind Jguer

(ko) @os® o Wigel ol
620 1
678 6
720 7
680 11
750 12

e 9 )by (s =2-2
2 oges ghaie 13 0ud ) Slexr Gladiges LSlan) ow)n jshite &
J21] ASTM E3-01 81,5 gllis o lasbil j2g, 5l ool b o g adlate
oS (6555 oSy S Lagi s 0 (g 5lwosle] 81T gllie sladiges
LIS Joloee I ladigas Jlislo (g5lu 501 (gl ilasd 57 515 )
o oolitul 1%HF § L5%HCI 2.5%HNO3 95%H20 liasds oS 5
MUY ULMA |) oy oola! dgas S 6 I oW

adato 3 oglaie bl jo ool (g Kis> sladiges Ls"']a"*’ (P
b 5,599, 5 Ubg, 4 [22] ASTM E384 o faitiw! I soliiul b ¢ be>
oad el il 15 loj o o anloll ) 00ig) 5,8 b s 2,5 50 (55,0

2- Bragg's law

2 opleis 15 055 1394 i)l (purde Slle wdise

1- Keller

04



OSad 9 pddio il sicd Jlils

++ 12024-T351 pguineglT ST bbbl 5 Kool ) 9a ) Siloaw Gk 9 i 22 I3l ae paw 3l w0 24

Oisz b3 5l gyie die 20 alols o s 5,0 a5 (e e 5X5 slu
ey Silomy 255 3929 45 xS e oLt B Jgaz 911 USa wojls I3
odd alisre @) o xS laaygly o diged Lis > il 4 S olul>
SRS b edd S Sy il aygly ol 5SS e sl
ol Dglatie
oads odls ylis 12 IS jo a5 d = SIN? P jloges cad Cpant 5l m
oo 13 JS.A.AJ ..)9..:.1‘5;0 LJ’“':'U ).Ia> 90 Gla.w P \_\JLA..M; UM.»..: Sl
ool 03616 Jgaz 10 Silowy L5 (6 S 031l olKtwo 4 bogs pe
70000 o
60000 P asks (il
) 50000
3 40000
. 30000
‘& 20000

10000
0+ T 4 -

o

0 40 80 120 160
(4_?).)) 26 Coxdge

30000
25000
] 20000
) 15000
‘% 10000
5000

1 sz aigai (o

J NN NN NN S I —

o

40 80 120 160

(42,5) 20 cpidge

1 6 Sty aiges (o epls- ankad (il mlans 51 s 5JUT 10 s

Sy obxl>
6250 e
5500 A
4750
4000 A

; 3250

FpOad

2500 A

1750 A

1000 A

250
1335 1345 1355 1365 1375 1385 1395 1405 1415

(az,9) 20 aysl;

18 wiges 6l Sgliie sblgs o il slagme 11 i
(800 rpm, 31.5 mm /min)

18 wys s‘x = Dglite slaaygly jo Dlomio alold 5 oSy CuaBse 5 Jgu

*) 20 (°) S Zusdye  sin’y Y () o)l

~Zsin6
0/827097 137/286 0/0000  0/000 1
0/827055 137/301 0/1000 -18/435 2
0/827007 137/318 0/2000  -26/565 3
0/826953 137/337 0/3000 -33/211 4
0/826880 137/363 0/4000 -39/232 5
0/826768 137/403 0/5000 -45/000 6
0/826599 137/463 0/6000 -50/768 7

65

15((A) sass &) dals
(B, C) suisciew Lis

152 153 154 155 156 157 158 159 160

(4>,9) 26 )5
[24] <y (Sassl p wilomy 5 U7 g

.
A o

3
:
E

d‘f’o} dd’w

L% m—é

[25] ool amsl 3l p0 0 g0 (sblgy Liuled 5 (slammio s bal, s 9 S

E ad
% 4y (1 +v)a ¢2¢ @
o, (L+v) dsinZy
Slomio o alold dy glys o0 V il Jsoe B o] 0 a8
wgly o Gl S Slrio o dolidy, 59 =0 4yl o Jbuw S
Ailise g @ olgls

o (5 Sy (glodigai 59y » (el andl (Al lojl -2-3-2
5ol (sly S 550 o Ml wilony A5 et Glaloj] sl
Ban 0,5 o )8 a0 150 5 0 sg0> aysl; 5l i 5 IUT o (1S
Sy 45 50 50 5 ol LSy CopaS 5 oS 51 BT SIUT 1l )
59 0sd oo plal Wlewy 35 (5,8 03lail ol atals SIS cds g ul
s 1ons ) Kas> diges 5 als anksd gl 5 b ;U1 10 Jso

Ll 00 00l
S polie g c0sgr a0 140/8 15 133/8 5l laaiges (51 20 Sl al;
Wsly st Hedme aF Cunl (SlaisS 4 oald 48 5 A 0 Y agl; sl a5
@ w50 A8 wiges lp b LT G il 01 8 lls

2 o pleis 15 055 1394 i)l g e pSulSE S iy



Ubled 9 e sile yd JUils ... L2024-T351 In,._l_i-_l_c,JT ST bliniel S ool (s hga )3 diloams (yiais 9 (i pa Jjsl wone yun p3l w3
dQ = wdM = wrdF = WrT oniactdA 3) 08272 1
N 0.8271 ¢
Tsuul.aa G]a.mA ‘BIAJFt)jLMAASM ‘)|JA| 6‘4.3‘51) M.C)wa) ‘(3) 4.‘43‘))0 0.827
C?‘Ia'“’ 15 JS.M: “\‘“’thA 6‘4‘"}“‘" Slaise BLES 1 u‘)3° )R )| alols 2 0.8269 .
. o e . . . 0.8267 A
(4) alsly o jg0 a0 Qo3 ails 51 sadgs @)l (3) alal, 5l ool L
] ) 0.8266 - -
- Eat s 0.8265 . . . . . . .
shoulder 0 01 02 03 04 05 06 07
Q1= f f OTcontact?> (1 + tana)drdf = -
0 Rprobe sin 1,0
3 18 . . .2 . &
3 3 & lpd— sin 5903 12 JSio
E“wrcontact (Rshoulder - Rprobe)(l +tan a) (4) ¥ S v Et

s 5105 5 ol gl 31 @ ceand 53 ol cyny 0 00 Sy )l
o e sy 2 (3) akl; 5l RS IS L el o Sy
8505 dralns (5) ala; Gollae |, Qs jlade ol o0

2m ~Hprope 5
QZ = J’ J’ (‘)TcontactRprobedZde =
0 0

2T[(‘)TcontactRzerobeHprobe (5)
dalons Q5 e iy S5 S8 waw (53, 2 (3) Al 5l 65 Sl L
o OAA—l (6) d.la.sb 5 as 09""\5‘

21 ~Rprobe
— 2 —
Q3 —f f WTontace? - drde =
0 0

§T[(‘)TcontactR13Jrobe (6)

[26] oo sy (7) alaly & g0 4 00 a5 )l JS el plis
Qrotar = Q1+ Q2 + Q3 =

§T[(‘)Tcontact ((Rghoulder - R;robe)(l +tan a)

+ R;robe + 3R12Jrobe Hprobe) (7)

9 lRl bgyFe bt (2he b pln Rprove Jlde (o ol )0

SO O OO S 4 azrg b R Slides (> alie qpiares

5 ‘(Tyield) ool 28y pdad i A s ‘(rfriction) SEhol b

9 0D )Ja.u_efa u—l )| stl.a 6AJy Q)|).> 9 )lf azlad 4 oolo ;M

.[29‘26] Conload wid F Lo s Bisl byl s S dalad o 5l e oy

I @il g e el
b 4

—

B —————
[27] i )5l calzses glociand lawg onds adgs o)l > 14 S

A\

ﬁgm"

@ (<) ()

s gl s (Gl sl Slatin 5 13l &)l Jis] ol 15 S
[28] s cnn5 o (g oo (ol s (0 3

2 opleis 15 055 1394 i)l (purde Slle wdise

Silomy (T S 05105l (gl WSl andl 3l olKiws 13 S
axdl il lailiw! (55, 40 dlemn (185 (5 S o3l olKims Slasin 6 Jgus

loaiged plas sl (ialosl Ly 5 S

1/54056 [A] kay gy z9o Jsb
1/54439 [A] ka; 5y zoo Jobo
o g il

40 A 540 kv il Slasie
gy oSl andl g5 Gl 02
133/794 [deg.] (20) }',Jlfl Eoyd gl
140/806 [deg.] (26) 36T (LL wsl;
0/02626 [deg ] (26) al> o ;o o5l
2 sec a0 50 olo;

7 oSy olass

liidl S aol (5 e Wil $ (Sous (Silwams -3

SEhol oo wlyd j0 sude Oyl dawlxe -1-3
‘f’:)l A e ':|
O Sl 488 alml e ogud a4 Badod ol jo (goae (gileand
anlyd o I8 askad b Il uled 50 eads ades @)l lade b lal jslate
S5 e oilinl  Shaol o, Kigm

cho S35 s Ol coilazél SShol 5 Kasx sl b s
@R om )l dnalne gl osBioe adg I aska g Il ules
2 Cew v agly b jloced Sygo il aill 5 dilgial ©js0
bl Rapoutder 2230 (LS Ol avwlxs gl 1) 15l ool eols Juw
Loandlgo il o gl g glads coos )5 4 Hprope 3 Rprove )3l 45l
ol b Ol @y il 40 el ady )l 0 J4 S @ axg
I onlple ol oad a5 S 50 o ) gl O)L> Qa9 om
20 edd adgi Ol g ale Qrorar = Q1 + Q2 + Q3 0ol 0y &)l >
[26] 555 co alxe (3) abasl, 5l eoliusl b wles mshaw 51 S

66



OLlSad 5 3o sile b Jusls

... L2024-T351 In’._l_.'l._l_o,JT ST bliniel S ool (s hga )3 diloams (yiais 9 (i pa Jjsl wone yun p3l w3

ools e 18 U 06 52 1 sladiges (lp oo anin Olyss

Ol Lo aniian o Jlhes ey Gli8l b og 4Bl ol Les aiig
Ak e

P i b 3l eoliul L ous (g Sgz 59 canl B plos 3l g

ol (anaSd amin 16 S

[30] 2024-T351 psiasll 51 (sl S35~ pgmiler abasl; el jpolis 7 Jgor

20°c Troom 2= yo glod
324 MPa A s 5
426 MPa B (i5S coyo
0/34 n S sl

1 m Lo sl
0/015 C o5 &5y’
1 &g sl 255 25

[32] 2024-T351 psies)] 3LI1 555l ol 8 Jguzr

Sl sl oy Sl cudyb 8 alais
MimK)  (00) ey )
121 0/875 502
NT11
+4.628e402

__ Oyield

Tyield - \/5 (8)

L (7) alaly 5 Teontace Jie oo ools Slmpdg & azgi b onlpls
D3dse e (9) alaly Do 4 el STShasl (5l ) eoliz
Tcontact = Tfriction — UP ©)
el @58 28 P g eled sbas i SWol oy ool o oS
2 hliacd! (Slaol g, hgz Wl (Il gilwanis -2-3
J8ley
Pl )l oses 4 5 6 .13 (usSLI I3l b goue (3luands
8 s § o duo 120X70 syl 4 (glamio (5, S ig> (5l ool 00
Sl oals Jow C3D8BT (slo)F cota onje slaplall b g 2o Jus
A e Gl ) e (GaaSl axio 16

8,8 5k 0 3 Jsar Gilhe S5 Gapiey 5 g slece s
Ay o a5 fB0] S gl Jus e ol ciuyes gl ilans
o 5 (10) alasly colps e el azd) IS 4 cond ools las (10)
8 5 7 sl sox joricesia 2024-T351 agiagll 5LIT sl )~
RO PRV

L S SR

Tmelt - Troom
(10)

wabs’ slas THeSmdly (13,5 €55 6 oSty (95 & (10) ala, 5o
b tel )l plo g e T glos ;o 235 0y wole gd abadi led Ty
Glags sulp e Sasl oo Jade el ssel T ooz
el (013 -005) o5L j0 o ol s a5 ol Lad b olazél Sl
5 «glite SBhol oo b silodae iz plond b Geios 0ol 5o
il (,Soilal oy polie b gone Wil lo i polie aslis
s 48,5 a0 04 1y g el baaiges ples (sl p Slaol g o laie
dnlons I3 paie b 2 2598 (5505 s S )98 s [31:29]
odal Cewdy (2 gy 4 271 (i 0 )58 o5 polie & 050
ol Wged gly s anld e 0 1) e @y 17 U8 ol

NT11 NT11
+4.414e+02 +4.952e+02
+4.112e+02 +4.559e+02
+3.810e+02 +4.166e+02
+3.508e+02 +3.773e+02
+3.206e+02 +3.380e+02
+2.904e+02 +2.987e+02
+2.602e+02 +2.594e+02
+2.300e+02 +2.201e4+02
+1.998e+02 +1.808e+02
+1.695e+402 +1.415e402
+1.393e402 +1.022e402
41.091e402 46.289e+401
47.891e401 42.35%e401

(all)
G5z ey sl (g s Sssz lej aile (0 s iisz Loy il (G L wigas sl (o ) Ki52 9313 55 (°C e ) Lod aje 17 IS

2- Model Change

67

1- Johnson-Cook

2 olosis 15 095 1394 aduass )l ‘W’W:‘Sf@ I r



OSad 9 pddio il sicd Jlils

++. 1, 2024-T351 posiseslT ST bbiie] S ol 5 Uibsn )3 Silasy Giaid 9 (i 3 3l s puw il ) s

O .]a.wy [ Jl;wJ a=>Ub 9 09> a=>U RSN as p.]G)L\.A 4>t e
S5 et ol (o yme 50 JlS ek 4y dlge el (o Shgz 0
b ol o baals jLsle o) cpl 5hailas 3518 oles s 5 SCadly
5 5 Sz T ol 5 005 smans Loails plas Ly 5 ool 3o, Sl
SeilSegay e anl qebdie b SLbl s ail e 4l 33 slaails
Olesen ol Sl g oole Slasuine 5,8 425 Sglite Jlslus, b
ashais 4y Cond a4l ol )8 .0,5 0 18 S LS 5 ol Sl cos
2 ps¥ 6550 ol pas o sl sgpite T 50 Gl 5 JSE pis
O‘)so g ol oS slaails [LSLa AR (e ) ddme 4ol 4l u.:‘
53 o9din ond 0 =20 JSa 53 (SoilSagays e 4l 4 by e aiily
33 0ske a5 508 S92y )l ilte Al o SilKegey jilie 4l Gl L
SSezr e S 28 et (e Bl 30 Cod 4l
50 Al g0 4 s Al ol o LSl ) Ol s ol a3 S 18

ebMie 4l SilSegay e anl )l plie asl

» A «

(all el wigas gl 00 (5 Sy > el | g 5Sng Soo gl 20 JS
50 laiS ) b (SoilSaga s o 4ol (e gz 4ol laie 31,555Le g
22200 SLiS 5 b pbdlie 4l Jlislo g laalo s, (z ol

4- Equiaxed

2 opleis 15 055 1394 i)l (purde Slle wdise

B coaliess 5 o shes BOXB25 slul L 5,5 &g 4y usSLT J3dless po
Sl ol dised 0 ailey 25 Glase 19 S el sael [0 e Lie
dged 6l 358 ol Ll cde oo po lad 1y olal Hosd 9 ol 8w
ol coas o3l y2e 8 lailin] diges b o] ciiillas (g3ae (55leJoe

B 4 o ko 8 5l e oy oad () Sigx Aigel ol (pals cle
axsl il uul.a)] plxl Coz daw o lgenl Bi> e Lo
il (oSl

W s -4

6 Sig> dges ghaie Sglite (g 3| 9Ky See pglas 20 JS5 o
o 6 isr sladiges alos g5 Oolite 4>l aw daals g 5Ly
3o o) it 4l 52 Silsoge s jte mml Jobdis 4ol 09 0
550 -
500 A
L, 450 A
S 40
, 35

¥ 30
250 A
. 200
30150 -
7100 4
o

0 20 40 60 80 100 120 140 160 180 200 220 240
() oles

6 wges

- = =1

ey
o
1

cernens 2 Wigas

w
o
1

w
o
1

()

150 Jeeeee"”
100 : , , , , . . .
-7.63E-10/00750.015 0.0225 0.03 0.03750.045 0.0525 0.06
() w03 20
(9)

(B 52 1 sladiges gl g3l ansl B o Los aiciny &l i 18 Ui
5 iion 5Led gje8 dumlie (0 (s Sts2 Sl B (o o diiy (slod aumlia

ooz by ogee olatal

S, 511

(Avg: 759%)
+1.111e+08
+9.433e+07
+7.754e+07
+6.,075e+07
+4,397e+07
+2.718e+07
+1.03%e+07
-6.394e+06
-2.318e+07
-3.997e+07
-5.676e+07
-7.354e+07
-9.033e+07

olal yoss 5 ol 8 5l e L diged 0 (Pa) wilewss a5 olaws 19 Ui

1- Nugget
2- ThermoMechanical Affected Zone (TMAZ)
3- Heat Affected Zone (HAZ)



OSad 9 pddio il sicd Jlils

++. 1, 2024-T351 posiseslT ST bbiie] S ol 5 Uibsn )3 Silasy Giaid 9 (i 3 3l s puw il ) s

o0 (6 S 031l Wilomy (slo i Ailond dcwle b @il 2-4 oo o
kel a0 oS sea E8MPa o B lade 4y bl pae sl
o] sy (gloosls (gly prbitue Las o B igei haw Slo pac asile
0l wSaie oSy Cumbae e 85 lie od —SINFY loges )
ladsly 5o Wlowy (55 6 Fojluil Jolie slasi jo Zosgame (26)
Jose sl (SolSle (olss (et 285 liee (¥) Wised (25 chlisee
Al )5 slalas 5 glsy o yo g Aol

@4l wiz )0 Ber b p dgee slaiel )3 Job dilony sla s
5131 sladigas gl 22 JSi 0 ailoas (g8 o5kl yie Lo 5XD slayl
dnlme 225 ppoliia L os00e (silotnds | Jol> dileny gla s 18
oo dulie «iolesl 5loas

el 1020 5905 dilonns (23 gl (075 5 g0 @lh Gy BB
2 SBhal e 385 Sl 025 ST oilal o 39290 slallas

S

90 1 6% sile s mls

75 4

400 rpm
8 mm/min

0 45 50 55 60 65

mm) oo (g, Sig> axlad aJ ;| alold
)P B)
()

90 - b 3 éitj
T e e i

75 1
60 1
45 1

30 A 630 rpm
25 mm/min

25 30 35 W0 45 50 5 65

(MPa) Jobo ailowy a5

60 - (mm) oo @3\ dabad 4 5l alols

)
105 - Boameb
90 A @ sile ans mls
75 A -
60

45
30 4 800 rpm _
31.5 mm/min

15 A

5 10 15 /20 25 30 35 40\ 45 50 55

.15 4
.30 A
45
.60

(MPa) Jobo ailowy a5

mm) oo (g, Sig> axlad aJ ;| alold
SO B)

@
il 5 228 @l 5| ol ¢ Job wilowny (slo 15 anylio 22 Y5
18 wg0i (z 13 wiges (o 1 wges (W 1 s00e

69

s —2-4
lp eilanel SKlhaol 6K ;0 (P ks a3 ge lis Slidss
bl g a3l L sl ()1 Slibee ColB oS poiedl] slasl]
S lp oledl SElaol ) Sis> o cl Sglite ()l Sliles
& S0z gl by 4>l 51> Sllos ClllB L pginegll slasLIT )
e e eizeen [O] 0)ls (sl 4 o (55eS (T 0u
ol o el Sglie [K00Ss b (g lake JLall ety 5 Greey P19 50
S oty 42l & S JLaT ey Seond 3 (e e 3L
25 e 5l golass gl 5,50y (T (G cnl 55 [33] el i
@ sl oad (et JLail ey 4l Gl S5 4ol gl
seboles el 00el 21 JSi 06 52 1 sladiges sl 5w Sioles]
b 4l (cn (6 K9 ahale Lawg )3 (P 3580 oalive &S
(S sl wls 4 azgi L ol S al B4 oo
ond 5, Sigr lp plo & dies )l sl dibie ) el L
Pl b @ S 4ol (nl 8 (S ke (plpl Bl e Spliie
ol YL
Glocgu, J:Sa5 2024 pstagll SLIT o (25 Gralidl Lol ale
Y B o> el b [34] ol 5LIT ae 53 S L ALCUMG 3 Sl
ool o ane; po b bgw; cnl (oilazél (SKlasl 5, Sig> anl)d )0
Alee G oays Ol adlaie )0 (S il o tigdge B L g
LS (ggpi e il bl ool ylis 18 Ko jo a5 jeblen
Shosw, pad Sl by Plul axmt o b SRl A

Load pmls s ad S0 Sl 4 g dgdce oS sdimd plSoviul

@l Slbl s obdlis adlats ;5 5w 39,00 il lplty sl e ralS
s I I R e g S S-S C
sl 0l (65852 VL Sy rtm Sy b &5 Glaiges 2l Slyg0
Sty Sy e ygd S g Gl L ] egdle ol 55Vl (25
Ol 5 (gt 8l Gl el oo Gtali8l it (gled ol (g9,
2 Sh90 5 Sarie ey Sy 5l Bl e 21 U5 5280 aalys

Sgad oanlie ) S

GO 9 (o228 Wilowy by -3-4
aS Sl ansl (il o laslinl g, sl eslatwl b oy20 silewy slo s
160
150
140
130
120
110
100

(HV) 5,505 S5

90

80

|
70 A |
60 : : : : : ]
0 5 10 15 20 25 30 35

mm) oo (g, Sig> axlad aJ ;| alold
SO B)

652 1 6&435.4;.3 6‘)‘.’ ))S;SL;.;LM;).:.)LM ZIJS..:;

1- Aging

2 o pleis 15 055 1394 i)l g e pSulSE S iy



OSad 9 pddio il sicd Jlils

++. 1, 2024-T351 posiseslT ST bbiie] S ol 5 Uibsn )3 Silasy Giaid 9 (i 3 3l s puw il ) s

lge (Rl aly 51 4 Cad o0y Ol bl o 5 xS

SIS B )8 092 Sl 25 e & bl 4l o

5G9yt Sy Gl Lol (e ple a cod o o 3aS

FoS woaims plinl glacise, Ploxil Gl Slss Cep 2alS
b GBI (6 Shgr 4l )0 (B Sl A )0 5 00l

@ b Jsb wlany G2 Glp o0 Giluand mli anlie o

Silterd ol s oo (Lt gl o 1) (orlio Bl (220
Sl cwlie (og) S plgie 4 Wlgioe (T esd 4 (goue
29, )5 4y golazel SElaol o) Kigz 50 wlowy (A5 (e

b Slowy s P oyt 9 Ghes S IBIL @
Syl ol el gilheo cae s mal38l 5 il so a8l
Coglie yial38l o citew cdl ol del (gt ey ial38l g
A alyS (o) Sz Al 0 Sy JSG s pln o

&l -6

[1] W. M. Thomas, E. D. Nicholas, J. C. Needham, M. G. Murch, P. Temple-

Smith, C. J. Dawes, Friction stir butt welding, International Patent

Application No. PCT/GB92/02203, 1991.

F.Gemme, Y. Verreman, L. Dubourg, M. Jahazi, Numerical analysis of the

dwell phase in friction stir welding and comparison with experimental

data, Material Science Engineering A, Vol. 527, pp. 4152-4160, 2010.

R. S. Mishra, Z. Y. Ma, Friction stir welding and processing, Materials

Science and Engineering R, Vol. 50, pp. 1-78, 2005.

M. Guerra, C. Schmidt, J. C. McClure, L. E. Murr, A. C. Nunes, Flow patterns

during friction stir welding, Materials Characterization, Vol. 49, No. 2, pp.

95-101, 2002.

M. A Sutton, Y. Bangcheng, A. P. Reynolds, Y. Junhui, Banded

microstructure in 2024-T351 and 2524-T351 aluminum friction stir

welds Part [l. Mechanical characterization, Materials Science and

Engineering, Vol. 364, pp. 66-74, 2004.

A. Lotfi, S. Nourouzi, The microstructure and mechanical properties of

friction stir welded 7075-T6 aluminum alloy by the use of design of

experiment, Modares Mechanical Engineering, Vol. 14, No. 3, pp. 17-26,

2014. (In Persian)

A. Cirello, G. Buffa, L. Fratini, S. Pasta, AA6082-T6 friction stir welded

joints fatigue resistance: Influence of process parameters, Int Mech E

Part B Journal of Engineering Manufacturing, Vol. 220, No. 6, pp. 805-812,

2006.

S. Nourouzi, M. shakeri, M. Habibnia, Frictions stir welding of diddimilar

metal AI5050 Aluminum alloy to AISI304 stainless steel, Modares

Mechanical Engineering, Vol. 12, No. 6, pp. 95-103, 2013. (In Persian)

M. Peel, A. Steuwer, M. Preuss, P. J. Withers, Microstructure, mechanical

properties and residual stresses @as a function of welding speed in

aluminium AA5083 friction stir ‘welds, Acta Materialia, Vol. 51, No. 16,

pp. 4791-4801, 2003.

[10] P. Staron, M. Kocak, S. Williams, Residual stresses in friction stir welded
Al sheets, Applied Physics A: Materials Science and Processing,
74(SUPPL.11):S1161-S1162, 2002.

[11] P. Prevey, M. Mahoney, Improved fatigue performance of friction stir
welds with low plasticity burnishing: residual stress design and fatigue
performance assessment, Materials Science Forum, Vols. 426-432, pp.
2933-2940, 2003.

[12] L. Fratini, B. Zuccarello, An analysis of through-thickness residual
stresses in aluminium FSW butt joints, International Journal of Machine
Tools and Manufacture, Vol. 46, No. 6, pp. 611-619, 2006.

[13] L. Fratini, S. Pasta, A. P. Reynolds, Fatigue crack growth in 2024-T351
friction stir welded joints: Longitudinal residual stress and
microstructural effects, International Journal of Fatigue, Vol. 31, No. 3,
pp. 495-500, 2009.

[14]Y. J. Chao, X. Qi, W. Teng, Heat transfer in friction stir welding -
Experimental and numerical studies, Transaction of the ASME, Vol. 125,
pp. 138-145, 2003.

[15] C. Chen, R. Kovacevic, Thermomechanical modelling and force analysis
of friction stir welding by the finite element method, Proceedings of the
Institution of Mechanical Engineers, Part C: Journal of Mechanical
Engineering Science, Vol. 218, No. 5, pp. 509-520, 2004.

[16] M. Z. H. Khandkar, J. A. Khan, A. P. Reynolds, M. A. Sutton, Predicting
residual thermal stresses in friction stir welded metals, Journal of
Materials Processing Technology, Vol. 174, pp. 195-203, 2006.

[17] A. H. Azizi, V. Zakeri, A. Mostofizadeh, R. Azarafza, Influence of friction
stir welding process and tool parameters on strength properties of
AA7075-T6 aluminum alloy joints, Modares Mechanical Engineering, Vol.
13,No. 12, pp. 56-66, 2013. (In Persian)

2

[3
[4]

[

[6]

[71

(8l

[°]

2 opleis 15 055 1394 sl (e Slle wdise

\vira) L;lj.!a AJLA..MJ w.u

OS5 5 50) (s3ludan slp il s, Sl edlital 5 so0e sile s
IS 4 az g b s OB ) bYs des 5l (bS] g 0lge o\l >
b led 0 a5 ladiges mhaws 51 Glo 4>l j0 (Job dilowy slo s 22
i 5 Cade palie glls (Raidie 20 i o5e) e Il wils
el 4l ol oV )l 5 T e oS sl (2lei ple a0 o

lols |5 Jsb wilowy slo s uSile polie olnis 23 IS o
ety Sy 50 38 e Lz 23 S el oo o0ls Lt Il (oo dn 5
Sl it (xSl plie IRl Ghes S g lEI L il 6958
a0 o)l 5 Gl T cle a5 Wb il Jsb silens
oy Gl bl Glige oy S g0 izred el (6 S0g
Sy IS8 s plp 3 Saaglie 5 (6 K92 4l )0 (S 590
G s Wy (slo 5 orSibempolie ami 55 1, syt VL
Ak e

S5 dmi =D

Wlite iz gl el b gySiszr anlyd ploml ) ey GBS ol o

D9 Sa Sorda S 1 Flhgd e wiile Lol el

e 9000 sl (Al g Sl sbml Il losS agly 5 S0

Srdigal (55) » oy A 5 (S e (GBS lagialej]

g oadiploct lnl wslite (590 9 (Shgs latee s Lot () Sl9x

el ode] Gy oy il

G5Bz 4>l ahie (53, » oad pll BSe slagileil
203 e GLiS gz ahiie jl Gglite (2l o ) sl ) Sl s
Lulys g Sl gladss s 186 cod o5 Gbdlie 4l o
loails Ll g ools &y samme sl sl 485 3 YUl slos

LSlos; o SeilSese 5 Al asl el al 585 5, e
S reS wlas sl baails s 15 Sl S 5 &l b o
4l opl ) baails (lheo 5 JSS is ST 5 0 4l 5l @ o
Ol o Sl IS5 i &S 51> )’L“’ >l 50 090 0 0y
Fle g pbdie 2ly a4 cuns baails LSl wl ool #,
el i (( Silega

Sldes cublB (gl )ls 2024-T351 pgiiog] 5LT aGT @ a3 L @
Sialydl Lol Jale 45 ALCUMG 53 Loy slocses, cosl 5>
29 Nedee Jo ane Vb b &l Jlesl b iaies 5

90 1 O 31.5mm/min
87 1 A 25 mm/min
® 20 mm/min
84 A O 16 mm/min
81 A
78 A
75 A
72 A
69 A
66 A
63 A
60 T T T T T \
300 400 500 600 700 800 900

(rpm) ()9 e oo
Solie 595dey 5 (90 Slae p o Jsb wilowy slo i 23 Y5

70



OSad 9 pddio il sicd Jlils

++. 1, 2024-T351 posiseslT ST bbiie] S ol 5 Uibsn )3 Silasy Giaid 9 (i 3 3l s puw il ) s

[27] M. Assidi, L. Fourment, Accurate 3D friction stir welding simulation tool
based on friction model calibration, Int J Mater Form, Vol. 2, No. 1, pp.
327-330, 2009.

[28]H. Schmidt, J. Hattel, J. Wert, An analytical model for the heat generation
in friction stir welding, Model Simul Mater Sci Eng, Vol. 12, No. 1, pp.
143-157,2004.

[29] H. Schmidt, J. Hattel, Modelling heat flow around tool probe in friction
stir welding, Science and Technology of Welding and Joining, Vol. 10, No.
2, pp. 176-186, 2005.

[30] G. R. Johnson, W. H. Cook, A constitutive model and data for metals
subjected to large strains, high rates and high temperatures, in
Proceedings of the Seventh International Symposium on Ballistics, The
Netherlands The Hague, pp. 541-547, 1983.

[31]C. M. Chen, R. Kovacevic, Finite element modeling of friction stir
welding-thermal and thermomechanical analysis, International Journal
of Machine Tools &Manufacture, Vol. 43, No. 13, pp. 1319-1326, 2003.

[32] D. R. Lesuer, Experimental investigations of material models for Ti-6Al-4V
titanium and 2024-T3 aluminum, NTIS, Springfield, Virginia, pp. 13-20,
2000.

[33]J. A. Al-Jarrah, S. Swalha, T. A. Mansour, M. Ibrahim, M. Al-Rashdan, D. A.
Al-Qahsi, Welding equality and mechanical properties of aluminum

alloys joints prepared by friction stir welding, Materials and Design , Vol.

56, pp. 929-936, 2014.
[34] F. William, Smith, Structure and properties of engineering materials,
Second Edition, pp. 198-203, New York: McGraw-Hill, 1987.

71

[18] S. Rajakumar, C. Muralidharan, V. Balasubramanian, Influence of friction
stir welding process and tool parameters on strength properties of
AA7075-T6 aluminum alloy joints, Material and Design, Vol. 32, No. 2, pp.
535-549, 2011.

[19] H. Su, C. S. Wu, A. Pittner, M. Rethmeier, Simultaneous measurement of
tool torque, traverse force and axial force in friction stir welding, Journal
of Manufacturing processes, Vol. 15, No. 4, pp. 495-500, 2013.

[20] D. Trimble, G. E. O'Donnell, J. Monaghan, Characterisation of tool shape
and rotational speed for increased speed during friction stir welding of
AA2024-T3, Journal of Manufacturing processes, In Press, DOI:
10.1016/j.jmapro.2014.08.007, 2014.

[21] ASTM E3-01, Standard guide for preparation of metallographic
specimens, American Society for Testing and Materials, West
Conshohocken, 2008.

[22] ASTM E384, Standard test method for microindentation hardness of
materials, American Society for Testing and Materials, West
Conshohocken, 2008.

[23] P. Prevey, X-ray diffraction residual stress techniques, Metals Handbook,
pp. 380-392, Metals Park: American Society for Metals, 1986.

[24] T. Adachi, S. T. Nakayama, T. Kusunose, K. Niihara, Measurement of
microscopic stress distribution of multilayered composite by X-ray
stress analysis, J. Materials Letters, Vol. 57, No. 20, pp. 3057-3062, 2003.

[25] M. E. Hilly, Residual stress measurement by X-ray diffraction, SAE J784a,
Society of Automotive Engineers, Warrendale, PA, pp. 19, 1971.

[26] M. Z. H. Khandkar, J. A. Khan, A. P. Reynolds, Prediction of temperature
distribution and thermal history during friction stir welding: input
torque based model, Science and. Technology of Welding and Joining, Vol.
8,No. 3, pp. 165-174, 2003.

2 o pleis 15 055 1394 i)l g e pSulSE S iy



