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Numerical analysis and experimental study on friction stir welding (Case studies
on aluminum alloy 6061 and steel alloy 1018)
Mohammad Reza Ojnordy, Farhad Kolahan®

Department of Mechanical Engineering, Ferdowsi University of Mashhad, Mashhad, Iran
* P.0.B. 91779-48944, Mashhad, Iran, kolahan@um.ac.ir

ARTICLE INFORMATION ABSTRACT

Original Research Paper In this paper, numerical analysis and experimental study on Friction Stir Welding (FSW) is considered.

Received 20 October 2017 Generalized Differential Quadrature (GDQ) method was used to solve the equations of the material flow

Accepted 15 January 2018 during the process. This method which is known as the highest-order finite difference scheme is one of the

Available Online 01 February 2018 meshless method and has a very high convergence speed respect to ordinary finite difference and finite element
methods. After validating the application of this procedure with the results of experiments on aluminium alloy,

Keywords: friction stir welding of mild steel considered and the results compared with the published results of other

Friction Stir Welding K . . N .
Generalized Differential Quadrature Method researchers. Numerical analyses show that at high rotational speed of the welding tool the analysis of the

Navier-Stokes equation process should be done in 3-dimentional framework. The results of FSW on aluminum features along with the
Mild Steel welding results on steel ones considered in order to better understanding of the process nature of dissimilar
Aluminum alloy alloys. Results of this study show that the macroscopic behavior of both materials during friction stir welding
is the same. Furthermore, viscosity spectrum shows high fluidity of steel in the range of solidity to melting
temperatures, so the ratio of rotational to welding speeds (w/v) in friction stir welding of steel work pieces
could be higher which it should be mentioned whenever joining of aluminium to mild steel work pieces is

planned.
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Fig. 1 Fluid model of the process. Sections 1 to 6 are the sample
regions under the shoulder that the results of the analysis will achieve
on these sections.

e glails 5 50 slaiged (e 6 61 ablie s 5l Jlw Jow 1 S5
el dalgs Cowday abolie ol gl Judow s a5

w
|l& Z%E |
Shoulder
7/
A 2R ;
Analysis region Pin Plate thickness

Fig. 2 Section view of process components. Analysis region under the
shoulder specified.

ol 00 ateiie Judos Cod 4 an i il ) adaiie ioled 2 S8

! Case Study

255

Ol Olgd S @ oS askad (6503 sosle (59, Il 5l (AU LS Py
Omt OO sbaye sl @ o bl Rpin ol alds glad Repoulder
5 o Slllan il s o gl Hpin 5 (Cosl jio aslllas oyl o 45)
Loy gojluil YU slales o a5 wlosls lis (6,655 slaosls yuimen
=0 G ol o Sl 4 azg b [15] ol iy Loys Oyier
903 oalaiwl (6) alal, 51 o5 o
Qs = ;Tf (5% +(1- 5)Mf) Oyield X
o[R3houtder + 3RpinHpin] (6)
bos (Rl g 03,8 jss JIpl jeme Sl it jeo b B e p e
5 2o Ssbes I3l 4 G oole ol (S 2l 50 0
OSEST) ol Sy omad goole g 5l om o5 L3530 < o
sl o iy sl | S Sl 5 e 2l s (6) sakad,
Slpdiy (o oyl lp 1) (7) alal ;2007 Jlo o il San 5 plail
7] Wlosgas
§= 1—exp(—lﬂ—r ) )
8o Wo Rshoulder
ST > egas g0 ol Jlaie & canl (0 8 abasl, cnl 5o
S sgkiieds 5 8gden odnalixz po (Sly90 St o 5 Wbl oo Dglite
Jolaz o o el )l cpl polie gados cpl )0 09d o oslaiulw 0,8
ol 00l 0010 (68,50 Slalllas a4y bgs e
SLI@) alaly alls 5 5 ool Llul gty Slaol g,
7] el o
Lg = dtpexp(—Adwr) 8)
S 0 A =1(s/m) g oo slpiien o) lp 0.4 lade a5 cul (06 1o
(9) alal, b« Qp «Smaadly IS 51 i &)l ades [16] ol oty az8 5
20,5 o8 ene
Qp = fmH® )
U Sl Sl e 5 Sl (8 fin 9 498y (soarRIp LS 1
ol Mie s e olis bylSask sles iglidl Lo |, Sty LS )
52 5 (710,05 51 j1aS Y55 (ogas j3 oo slaasdl wlulp coyo
Syl o .l oo oL, [16] 0.045 sg0 4o posineg)] ogas
2 Qp e Pl g 0nd il lon ) SV g oS Sro oud Sy
e 50 3Bboo 22U S GRer e> 0 her Ol sles I
oo Cawas (10) abasl) bawgs @ oS (glaslginl Slaises

o2 (6u)2 N (1 v . u)z . (GW)Z .
N ar rod r or
[ a(v)+16uz+ av+1aw2+
rr r rao dz rdo
[0u+6w z 10( )+10v+6w z
dz  Or 3lrr v rde oz (10)
Esr 5 Job loy ©ldS Sl Gy sOlazel SKaol (o) Ghe w )b 5o
Al g g e el opl 4o 00,5 o ol b clls Iyl s oS >
ol olse @ osbe by 3] sges o Sobiilas anls S,
D05 0 P SetdygSuny L8, b w15 LB il Seignind Jlw
o 9902 T = Oyicia/V3 el b oues S 50 e Sl (B
el 6550 6595 bl mebed A5 Oyierg alall) (ol o a5 005

02 o)leit 18 093 1397 castuns )l L Sl AlSa S s


www.SID.ir

VLS I )5 9 (539l Ld)Jexo

(1018 svgs 3T 9 6061 Ia,._n_.'\._p,JTjL_n_.lT 690 5390 lallbe) bliniél LS huol G5 Gisga 3isT 8 (1% Aallos 9 3e Julxi

L:adl Slaie a5 Wyl 04> g b‘b == ol BeBos 5 e o QL..., Jsl
1305 o dlnS (358 g 5l oozl b

u-(r,0,2),ug(r,0,2),u,(r,0,z)

p(r,0,2),T(r,0,2)

S oo 53 Sols 6l
U=U. , V=Ug , W=1U,

Olee 5o Wo)S (cwiin g5 0926 allpeand Fde 2b9)s b3 50
9 S0 e (6l el oS (sl gy (55lL etzmen g 250
B bl el mys L a5 cal sl aog ol b
Salaly ol (25 bl g5 Gbsy iegere (18] 005 soliz

el (22) alal) & j500 45 5 53bg) —uglS — i

& =05 <1 — cos (1]\(] i 11 n)) (22)

SO 9y wlly BT G ilwdms 9 o b OYale -5
Bl aex | Ghdo

2 S35y (Frmgm (OGS gl psl) poias SVolae hg) cnl (wlol

30 &S pgiies Jgl salolas Lailoads awns lalginl Olaise g

1291 ol (23) alal) & g0 ail oo 1 olaial
Jou™ v*ou* ,ou* v*? _

We—t——F+w'———-=
ar*  r*oe* azx  r*

opP N 1 9 (13@*u)
ar*  Re‘'dr*\r* or*
+ 10%u* 2 ov* s 92u*
r* 69*2 T*Z 00* 62*2] (23)
oud adgi i slayiehly Sl eslil by snn ©yg0n (23) selibee
]
T 0" —p . Z
"= 6y ’ - Z = 6,
Ryin + R
o, = Do Rovouter 5 _py
=2 6 , v'=—+sing
u' = —cost , v =4 sin p
w P P8 U
* = ) P* =— Re =
W=7 U7 e v
Ay o 4 (16),2) spaleyS Sy ;3(23) oles 4S8
1
sabafly cpl o as

E, = u(ri' Zk)ZALt u(rt’ Zk)
v T, i)Z
E, = ( i R)ZB]t u(ry, 8¢, zx)

Ew =w(ry,6; Zk)z Cre (71,6, 2¢)
_ o8, 2)] i

T

= — Z At P(10,6),2)
t=1

Ep =

B
|

Ny
D1 = Z A_,'tu('l"t, 9]’ Zk)
t=1

02 o loss 18 055 1397 iy sl (e Suilse wise

sy salolae uloly (spmed olse lp dljsSamy (Smmlne ol
[15] 2 iy o0 50

Oe
(13)

3¢
oolol g axtie (15,5 £ Canl aziie )5 5 € g eole ajeSiamy p
[17] ..xﬂ‘sa Cewods (14) alasl,

h===

£ = §€ij€ij (14)
abaly ol o a8

1
ij = E (ui‘j + u]-‘i) (15)
J> o094

e Fie (2bogyd gy LB Gl e ws S ojlil a5 jebles
oolawl Cewl 0als ools dnwgi gaman Sl gl laopl jo A il
3 sl b awgs b Soolaiie s, cpl 5o cel 00ys S
Sgs so 03 i ipare Slael K 3y (2,8 bl o sl o polhe
Sllgil Slatie wiagn ;5 diugs 5 (o9 ke onb f(r,0,2) 1118

e o0 8 D ysoinl jo wil

M
fr(m)(ri :91‘ 'Zk) = Z ai(;n)f(rt '9]' ;Zk)

t=1

m=1,2,. — 1 (16)

fe(n) (n‘ ) Zk) Z (n)f(rl ,0:,21)

n=1 ,2 ) (17)

fz(l)(ri ,0 Zk) z c(l)f(rl, zt)

l=1,2,..,L— (18)
k=12,.,Lsj=12,.,Nii=12,.,M:sl,

o7 laslazal s 3 cal i cf al™ (18) b (16) Ly, ;o

(l) )

9bi’ ca
e g o 0 25 bla sl L g N M g azil oz 46
bl oo (19) sl ) &0 4S9 il

% (& - ¢

t#j
I (& — &)

t#j

i,j=12,..,¢ , J#FI (19)
el L gN M gosimolis G gz 5 8o Slisé € gb @ gooslai P

l[)(l)

aad e Gl [ F(,0,2) ol Jsl Gin 0 cal s 4 bgype olie )
eyl £Vl Sliis gl

(m-1)
W™ = m<¢(m Dy® vy )
Y (Gi—¢)

i,j=12,..,G
j*i, m=23,.,6—-1 (20)
L=jaS Sse 0
G
(m) (m)
pP == D
j=1,j=#i
i=12..,G6 , m=123,..,6 -1 (21)

clitie culps luly 1) 5L 5 pos olitie culys (21) 5 (20) L,

! Perzyna’s Model

256


www.SID.ir

VLS I )5 9 (539l Ld)Jexo

(1018 svgs 3T 9 6061 Ia,._n_.'\._p,JTjL_n_.lT 690 5390 lallbe) bliniél LS huol G5 Gisga 3isT 8 (1% Aallos 9 3e Julxi

Ghls a0 jalan, sae ol o b cplply col (lss oole )b,
4 omile b 4 SYoles el 3ad Shgeda ol 5l plyied L
g dalgs (31) b (27) Luly, &9

B RV S
Re _[A]{P} = ~ _
{[A] + [Ir][A] + [Ir2]([B] — 1D + [CT}HU}
=2[Ir2][Bl{v} - {C0S} 27)
0 slazal yo
Re[Ir][B]{P} =
{[A] + [ir][A] + [1r2]([B] = [1]) + [CI}{V}
+2[Ir2][Bl{U} + {SIN} (28)
2 Z slaal jo
Re[C]{P} =
{[A] + [ir][A] + [ir2][B] + [CI}{W} (29)
A VIR P
([A] + [IrD{U} + [Ir][BI{V}
+[Cl{W} + [Ir]{CcOoS} =0 (30)
:63)31 ol
( {U3 + {cosplA] + ]
Url(v} + {SIND[B] +
1 w1+ }{T}
kp%{[lr][x‘l] + [A] + [1r2][B] + [C_]}J
p
+{S}=0 (31)

5lelaS se goanasylii ¥ ol o ST =1} oVolwe ol 4o &S

o 5l [I12] g [Ir] § sl SIN §COS .S T P W V.U slals,y

1/Ti2 9 1/Tl (VRIS LmuT )Ja.é &9, );ohu aS o ) Lg).laﬁ

e

1wl (32) alayly &g 4 ((29) B (27) Lailg)) poies OYolas 00,28 0,8

Ax=b (32)
—[a] [r] 0

Wolre cpl 548
{u}
, x=3{V}
0 0 [I'w] w3

{ Re[A]{P} + {COS} }
b

Re[IT][B]{P} — {SIN}
Re[C]{P}

R I e ]

Ir2]([B] - [1]) + [C]
[rw] =[] + [Ir2]

L_'a’i"“’}“" (_ngoLu f}"’ ©9

Cx = C,
Cc={[Al+[Ir] [r][B] [C]}
Co = —[Ir]{C0S} (33)
(340) alaly b s 5 00,28 3 & (Sogr 5 pyitos SVoles ulole
:..\J.bjfso J..Ab
Ax=b
{Cx = Cy (34)

5 Sl (SeilSages anlp Sy ilandl (Sl 5, e wnl
degezme (U8)5 g ) dlgs (b g Los 4 03le (plos (Sialy Juloa
Aoles wgd o aianly Sygots Wb 6550 5 (Siwgm pyiios Yol
sl olae,;ssdl 5l s pends g Cans Hlid a5 gl (Siwgn

1 Couple

257

Ny
1
Dz = —ZAit u(rt,Gj,Zk)
Ti t=1

u(ri, Bj,zk)
Tiz

Z B]t u(rl' ‘gt' Zk)
cos(@ )
= riz
Z B; jt U(Tl, et' Zk)
251n(9 )

7,-2

Ny
Dg = z Cree u(ry, Bj,zt)
t=1

D3=_

;==

Z At u(rt, 0; zk)

ZA tu(rt zk)

(TLelzk) &

EY:) = ZB‘t u(r;, 6,, z,)
69 (rejar). 4= !

0%u
062

ar (Tl 0 Zk)

= ZEu(n.Ht,zk)
(ri.62k) o

Z thu(rt 0; Zt)

(rl 0; Zk)
0%u
922

Z thu(rt 9 Zt)

(rbjzk) =1

e ple dolrs 4y 1 slaial ;o o 5 S (gl Yolas adS p5le oy b

sy male> (25)
{UYT[ANU} + (v}T[Ir] [B]{U} +{WiT[c){U}

STV = ~TA1P) + o (A1)
+ Riel AN + o ir2iEv)
—21R—e [Ir2] [B]{Vi + e [CH{U}
— = r2){U} - — [172){(c0s) 25)
Sl (€1 5 [C) (B« [B] < [A] « [A] slo i 5o (25) salad s

2 25 blai sadS sl pgd g Jol 4o Slitine 4 by o (559 al o
oizmad il g0 Slaie i el o

[4] = [A][A] (I -26)
[B] = [B][B] (o -26)
[C] = [cllc] (z -26)

Sros osle sy (Al (Sl )5 er wnl
(Re K1) 0g arly> S>o5 s jolgn, sae plply g el o jlews
Re jlade ;o ol oo 5l G (25) dolee jo o o lo,le 1A
Al ol peolw slp bl 5l Glgce g cubls aialgs sl polie
O g s e g Me A e oSl S8 4 gV g Slai,e

02 o)leit 18 093 1397 castuns )l L Sl AlSa S s


www.SID.ir

VLS I )5 9 (539l Ld)Jexo

(1018 svgs 3T 9 6061 Ia,._n_.'\._p,JTjL_n_.lT 690 5390 lallbe) bliniél LS huol G5 Gisga 3isT 8 (1% Aallos 9 3e Julxi

BN ).Ia'.io)}n ‘_gd..._>l4 57)5 CJa...n 6‘)‘.’ el O9= h..z_a 6L’°‘> T, el

i aT
or ex. surface

“? )Ej°)5* (540[4 6‘“‘9‘*“‘ 6!4"‘ )‘ 6?5)5 g_é)‘)> )L'f‘ ‘?ex. surface

e

= {ex. surface (41)

i p L8 gl U5 0 slal el o (6550 Jols 4 azgi b

C.Ishoulcler + C.Ipin + q.bot + C.Iex. surface — 0 (42)

(43) Ly, &y @ 53 oo Clasall G w50 Olge slaee s

u = —Ucos6

v = (1 - 8)wRpin + Using

w=0 (43)
:6|<\.}Li': C.Ia...: BN

v=(1-6)wr + Usinb (44)

o g m-8

4ol o Sl a8 )5 13 oS 5 o) 3y90 GBS (nl p0 oS Slaml
Hoin £ )] 9 Rshoutder > Eled g Rpin (51s glads 4 conl (slaslginl
S o Jedog sl el sad eols lis "2 S o asl ol adaie a5
O 9 00D aldgl g lo SVl Jo (sl (slanl p el ol (o Slge
(gog0e sliwly ;o el suel Cawsay Lo @l (55,0 ol Jleel b
2088 Ceol osd i8S Jai 9058 9T B i 4y gl 5 ol
5 Sloads 598 ((22) alyl)) glig) — wolS — iz alall) Gllae Liul,
L oS o bl 5 458,515 e 53,9m (sl 53 3205 5
pomimegd | LT SHIanl jo el ouls auglae ool osls axlye yo a5 axdl
Slislesl bl b Julow bl g ooy coliiwl o) Sasdad e lgiea
adllas upw 05,5 0l Jo bg, Como b Cl ond anslice o9
JeloS 559 O Dlisiod @l b g ond lal 5 S¥s8 (55 5%
el oals dunliar gl axdllas

6061 guimn gl 11 (60 90 axtllao -1-8
st 5 )l Ll b B0BL poripagll iz 5l Lo S axed aond oyl o
wlaid 513 S hiae 1 Jgazr 50 g jae

Slr s @lails 5 a9 Iyt Co s glaygls "3 S
T oo Cavods (45) galasl, b s oo ol 000 o (5Lid 3 CnBae
V =+u?+v?2+w? (45)
Suo5 0 oole OS> Ce o e A4S WS oo LIS S sl loges
w30 Ol S mis S0 e el ALy gy Ll
13 3050 o2l bl o 3T Sloio VL Ceand 4 olge LIS oy i
Solis sulgn, olidss o 28] canl ead lgie 5 jalgn, Slaalis
5 0uh dnnd axla 5 (o e 50 IS gz £90 5 U8 T Sa s sla S
Sl Jos a sl oad oy T alrlr o5 w5 sz 5l
Ol )0 (0ges Slal o G (/U Ced b g Slhe Gy 0n
508 el 4l e Lo 0.0066 sgam jo iSTas g b lews asllas
Srond 50 93 Cudgn 0) Wil B! L S005 50 9 b sambe

e oo ol 1) gadge ol "4 JSE" 3 (s3gee Caepa il (odig i

4 Marker

02 o loss 18 055 1397 iy sl (e Suilse wise

dobe b jlas 505 bsS jelatedy w5l Foliar e
Sl oo oolazul by s, 5l Gadod cpl j0 09l e oolainl (Siwgn
Gslae 4 € ale SrsS Jlews cu i b Jlad (g, cnl Geluly [20]
1090 00 a8lol  Siwgy

ep+ Cx =Cy (35)
Woleo yo cplplo 120] 08 F o Sl 1076 L 51075 Plus y3 € laio
19,5 03lainl (36) sakul, 51p sl @ (g oo pyioe

p= %(—Cx + Cp) (36)

O iy €56
((13) abl)) Lysp sabaly (sl 4555y polie (30 )5] Camoay (sl
TP orl amlne 09d e 08 2 3 At ()5 £S5 G Sl Y
i i)l g abpeend $de (2bygyd gy Sl eslitul b 16,5
EF by slailyinl Slaie g )3 8 dalss osle jlws olps
oS el oad ool [17] g yo ,5 e o ppolie slica s lysd 5 5 25,5
el 00,5 @l T ALl o5 ol el EYoles 1l 5l sl Lol o
e = 8 (E,r) = IANU

1/0v v 10u

@re =z(a—r+;‘;£) -

o} = %([A]{V} + lUr]{v} - [Ir][BI{UY)

S50 Ll 7
e el leln Jlpl Saskad S pae Jad po el ag o)l
Sl byl ankd g (g Slindizd bl 39,5 co il I3l g S axad
0.74Q; el ,o culply d21] ol oy 74 500 10 )l s S
Dglin 48,5 ol S askd S e Jab js 650 LS plsied
b S anded [ gl s oS e b o &> adgs o sl S 4y oY
Scwl aglate 3o askd [0 o Skie Jad o Ol ol
Ol Qsshoutder § 5 axkad /iyl ;0 00l adsi )l (65,1 Qspin
il el al Sans [l mlaw s end ady S 65
[21]

Qs = Qs shoulder + s pin (37)
gl oo dmlons (6) alaly ool Qgsnoutder § @spin «(37) alaily ;o a5
Vb gl g glals Spie Jad )3 6399 Dyl e e bl
) (38) bl &yt S ankas

2
0z
Sy 3 Jleel (51> 5L Gsnoutder 5 S axkd )l colsa ook
o g Sl eigren (el slasls

= {shoulder (38)
top

k or =g 39
or pin - CIpin ( )
b o adbige ey o 3l Jlesl Gl LS Gpin (39) sk, o
o, Saslad ol
aT _
] = oo T = 1) = (40)
(o}

Ady5e axb 5l (25,5 Gl 5L Gor 5 Syl sy pS o

! SIMPLE
2 SIMPLER
8 PENALTY

258


www.SID.ir

VLS I )5 9 (539l Ld)Jexo

(1018 svgs 3T 9 6061 Ia,._n_.'\._p,JTjL_n_.lT 690 5390 lallbe) bliniél LS huol G5 Gisga 3isT 8 (1% Aallos 9 3e Julxi

00

0 T T e /
\Q}\/‘Oﬁ o (

S < h
2l o
\
. S
% AN
ER R
T 6=

0.1 -
’ ya N
/ / 05 A 05\
10 L L : : O—
6 8 10 12 14

Radius (mm)
Fig. 4 Vertical velocity (10 m/s) contours in section 3 of Aluminum
workpiece
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Table 1 Process parameters and properties of Aluminum alloy 6061
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Fig. 3 Velocity contours (m/s) in section 3 of Aluminum workpiece

3 o 1o (M/S) axxiie Cae jow slo y5ulS 3 &

Gl olyss plin o [2] ao e 0 ot Ciogs oy Slaslice b gllae
el godge (& Wlei(oo A3 52 4 £958 G BLbI 3 Slse 5l (Sl
" )0 so50s sy ol Jloged 5l 000, e oy ShaB (g pmlls 38
oS Lo (63508 g s 0505 (pl 10 el il 0 LB gasge ol 5 4"
5 a8 o lis aS Canloads gy e gld 3l o glalold [0 penie g
Om 0l9d s97e J92 9 (232 g e S5 > byl (Susp
S8 a8 L85 Al g e Al 5 99508 Sy slaylogal )]
Slis b cnl ol @il (bl e e 3 sojlail 4y o oMl jeboay
Shge 4 ool IS > godes (/U b lacas o a5 wies
Ol @) (s3g0e joma Slaial ;5 Blgion g Cunl (Gamy g3 g (Slaxio

8,8 o glaxas sy Syeo s, S5 Lue>

02 o)leit 18 093 1397 castuns )l L Sl AlSa S s


www.SID.ir

VLS I )5 9 (539l Ld)Jexo

(1018 svgs 3T 9 6061 f,._n_.i._l_.a,JTjL_A_JT 690 5390 lallbe) bliniél LS huol G5 Gisga 3isT 8 (1% Aallos 9 3e Julxi

el gl b annlie 5 ouds ploxil wlinlej] ) Jol> i 2 Jguer
Table 2 Results of experiments compared with the results of analysis
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692 697 60 470 6/16 3(4)
694 675 50 470 6/16 4(3)
702 681 50 420 6/21 5(3)
688 667 100 420 6/21 6(2)
712 703 50 420 8/21 7(3)
706 686 70 420 8/21 8(3)
693 659 100 420 8/21 9(2)
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Fig. 8 Weld section i f tested cases (420 rpm, 50 mm/min).
Region A indicates the higher fluidity of material due to higher
temperature. Insufficient fluidity in region B results void defect in this
region.
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Fig. 6 Temperature distribution (°C) in section 2 of aluminum
workpiece
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Fig. 7 Viscosity distribution (MPa-s) in section 2 of aluminum
workpiece
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Fig. 9 Flashing defect under the shoulder and retreating side of the
weld in one of a tested cases (420 rpm, 50 mm/min).
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