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Numerical analysis and experimental study on friction stir welding (Case studies
on aluminum alloy 6061 and steel alloy 1018)
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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.
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Fig. 4 Vertical velocity (10 m/s) contours in section 3 of Aluminum
workpiece
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Fig. 3 Velocity contours (m/s) in section 3 of Aluminum workpiece
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Fig. 8 Weld section i f tested cases (420 rpm, 50 mm/min).
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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).

31 eSs )0 adig s Crows 5 SIS 5 Caonnd j3 0ole (S350 e 9 JSB

(50 mm/min « 420 rpm) oo iolesT sladiges

Py o¥ed 2 60,90 axfliae -2-8

Plex 9 6,5 Llys L1018 o¥gs ix l b Waskhd cwd cpl o
3 gz loosls canglan jshaie a4y ailazd 3 13 Jaiae 3 Jguo ;o 0ke
o a..\g'.); ol [26] 9 [7] é.?\J.a JRREEW) solaw! ‘_gl.moolo L d.\UaA

:.""‘M’v

{71 (US) oy A

A =1.80x%10° + 1.74 x 108(%C) — 6.5 X 107 (%C)?

n=0.2+3.966 % 107*T

k =63.1-0.032T
k=272 {1.0 +

C, = 962.32

T —1073
1745 - 1073

17) (1IMP) oy &t
a=107+1.70x107*T —2.81 x 1077T?

T <1073 (K)
}r>1073 @

C, = 347.27 + 62.3¢ /471706

T <1073 (K)
T >1073 (K)

Cewsdy Glhgd g 5 A sy dod (e p slags (ol ol
Julos ol 51 slaiges 10 U™ o s solopylis sl o gei sl ol

1018 8¥s3 ols 5l gla il 3 Jgur
Table 3 Process parameters and properties of steel 1018

Sl a=lg bl
0.4 (mm/s) Sl a3 sy
4r1 (rad/s) PRI R
4 (mm) o s
12 (mm) slals gleds
8 (mm) B9 Sl
8 (mm) O ES)
7860 (kg/m?) [26] J5=
245000 (I/mol) [26] snlsezsT (535,
8.31451 (I/molK) [26] Lojls culs
27 (°Cc) e sloo
0.4 - (7] ez yo Shasl o
0.18 (%C) (71 5L01 J S wmyo
1073 c) [26] (5 jeos ailiwl slos
50 (W/m?K) [7] sl vy
04 - [Tz o 25 2

0.65

(7] g o 3530 oy

02 o lesis 18 095 1397 i)l (oI Suile (Sw e


http://journals.modares.ac.ir/article-15-3018-fa.html

Downloaded from mme.modares.ac.ir at 9:54 IRDT on Monday April 30th 2018

VLS I )5 9 (539l Ld)Jexo

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

S 5 om0
2 S 5930 Slalllas ) alols @l 5 oas 3551 Jo g, elul
el 2l W6
WS WS o sl |y Skl aiblnss Giie Shosys U by -1
lo e 5l akais e 40 1) G dos ale) CaeS S 6, 085G ol
Ol Sl abais ()T B plo 0 caS los 23U (eizman 5 500 bl
Ol dedse By nl 5o 9l Sy VL S5 L g s jsboa |,
el W clitie asbre gy culs syl o5 cools
Sphse ol @l ol Soml olitie culye puyle ool
2dOBl oy a5l ol YL olinine 5 cueS S 0Ll el
1 jeSam g eyt 50 Jle plgie 1005 o0
W on Th=aron (o)
ol Calizee bl jo a4l j9Sung polie Hlop (M} (46) gakal, ;o a5
=05 3l g yeS olaws b Slewloee canlis cds a4y olotws (g, ol 0 -2
SIS 5o sln s G (nl sl ad le & psbolen 955 o0 D50 b
olawi b avolie 1o a5 ol oads oolaiul 6,5 336 slawi 51 (69,50 Slalllas
SaSe gamlie Sl e b by, plo )3 bgledl 5 oS
St 5T Sl Lod 5 4858y b s b NS sal
e Gl Sy o5 Cl S5 @ oYl Ghg, onl )0 oS
4 dacieS glabasd 5,51 50 wilgt o a5 CawVl Jlows @l 4 oliws
Al Coenl Bl s canTp Jlad Ju8 jslate
el (Shasl 5,5 Ser )3 (e laes 4 bgrye Slawlre - 3
Ooledy ol aline Lo ,a5 08 5 poniaegd] jo Lo slacads wos oo LS
bli ads jo potegdl & Cond o¥gd ()5 g 50 Lo oS0l 500
G 0 0f/v cas o cul b o ol saib o 155 50 25
el o0 3561 pasinngd] (6,15 (g2 10 G Lo plyp 6 Sg0 0 SVgd
[(W/V)steer = 117.75 , (@/V) Aluminum = 19.48]
SOl Gigz laae Bes 50 Lo a6 S o3l aST el S8 4y 63y
GbSlon, Yoot g i @ azgi b bed (i Geed g S iy
[28,27] s piyo & yp0
e Sl 51 (Sl 9Y58 5 poeiogll ST 99 g4ty j5Sns (samlio -4
Slp a5 ol T pogie 4 0¥g8 5L Codlw ol (6 mes sloo o oY g
g0 (nl 3,5 oolital (3L /v Glacee p S 3l Hlgien LT )
el ) 5 Cel Somal Bl pseiasll SLIT 4 SLIT Gl Jlasl S ]
20,5 Ll b jlnl Slies 5 (ot S slaalil
3 9Y58 5 pgriagll Jl8) ams o i Gl 4 bgrye Slle -5
Exege (nl g Sl i olazél (SBhel )5 e Slles JL3
Eors sabi 5l ey cpl b rceul oad anl o Slaslie lawg
GlElis, oY wlles gaslsl 5 Lulod us b ooy b oldes
sl Dsliie Sl (o g igmsy o3 LT 5 eis anile) 516 g0 o
Ailoads yoie e obolyx 4 Coles jo OYslee &Sl L Ko ojley
ol 5 o Aty ¥oles cul ,o g lSlug, SYeeu g s LSl Ll
5 oy ot Sebih Sl Wil ol Sl Gkl SV
1y wiloads o lg w¥oles 4y Led CueS” B,k 5l 5 ()1 Colan g0

s (Lod) yite S5 51 ol Lol Ll jo olge (ole=

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

1250 £
1150 |
3) C
£ 1050 |
d F
5 r
E o504
o
5] [
£ L
T80 T —&— Hernandez et al.
750 £ ——#— Nandan et al
r — & — Present study
650 v 0y e 0y
35 5.5 7.5 9.5 115 135

Radius {mm)

Fig. 11 Temperature distribution (°C) in section 3 of steel workpiece
under the shoulder.

Sl 5 amio ;0 oYg8 5LIT )03 ahaie ;0 (°C) Leo aojes 11 S

T(C)

0 : T -
1250
1
1200
1150
‘ 1100
‘ 1050
1000
6 |
950
7 |
8 | 900
4 6 8 10 12

Radius (mm)

Height (mm)
ES W [\8)

W

Fig. 12 Temperature distribution (°C) in section 2 of steel workpiece
oV 5LIT 102 ahaie 10 (°C) Led &l yuss o 12 JSCi

8 —_
7 4 = Hernandez et al.
6 —=— Nandan et al.

— % — Present study

Viscosity (MPa.g)
Ln
1

4

3 4

2 4

1_‘
0+t ey
35 55 75 8.5 11.5 135

Radius (mm)

Fig. 13 Viscosity distribution in section 3 of steel workpiece under
the shoulder (z=0).

(270) glailis 535 amio 10 9Ysd 5LIT 10 3 alafie 10 4555 s o595 13 S
Olgise ajsSuany 5 Loo 58 Gululy ojluige aul 1) w0l

adl, Gl yehee 1odgas 50 gl ()8 O gy a5 Z8L o

sl

262


http://journals.modares.ac.ir/article-15-3018-fa.html

Downloaded from mme.modares.ac.ir at 9:54 IRDT on Monday April 30th 2018

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

[15] T.J. Lienert, W. L. Stellwag, B. B. Grimmett, R. W. Warke, Friction stir
welding studies on mild steel, Welding Research, Vol. 82, No. 1, pp. 1s-9s,
2003.

[16] M. Nourani, Integrated Multiphisics Modeling, Testing and Optimization of
Friction Stir Welding of Aluminum Alloys, PhD Thesis, University of British
Columbia, British Columbia , 2014.

[17] C. M. Sellars, W. J. M. Tegart, On the mechanism of hot deformation, Acta
Metallurgica, Vol. 14, No. 10, pp. 1136-1138, 1966.

[18] C. Shu, B. C. Khoo, K. S. Yeo, and Y. T. Chew, Application of GDQ
scheme to simulate natural convection in a square cavity, International
Communication in Heat and Mass Transfer, Vol. 21, No. 6, pp. 809-817,
1994.

[19] H. Lomax, T. Pulliam, D. Zingg, and T. Kowalewski, Fundamentals of
Computational Fluid Dynamics, pp. 7-18, Berlin: Springer-Verlag, 2001.

[20] C. Vuik, A. Segal, Solution of the coupled Navier-Stokes equations, W.
Hackbusch, G. Wittum (Eds.), Numerical Treatment of Coupled Systems, pp.
186-197, Wieshaden: Vieweg+Teubner Verlag, 1995.

[21] A. Simar, A Multyscale Multiphysics Investigation of Aluminum Friction
Stir Welds, PhD Thesis, Department of Applied Sciences, University of
Leuven, Leuven, 2006.

[22] T. Long, A. P. Reynolds, Parametric studies of friction stir welding by
commercial fluid dynamics simulation, Science and Technoogy of Welding
and Joining, Vol. 11, No. 2, pp. 200-209, 2006.

[23] G. Mathers, Welding of Aluminum and its Alloys, pp. 12-68, Witney (UK):
Woodhead Publishing Limited, 2002.

[24] A. Fallahi Arezoudar, A. Hosseini, Optimization of friction stir welding
parameters of dissimilar AA5052 and AA6061-T6 joint for achieving
optimum microstructure and mechanical properties, Modares Mechanical
Engineering, Vol. 17, No. 7, pp. 20-30, 2017. (In Persian _..,ls)

[25] A. P. Reynolds, Flow visualization and simulation in FSW, Scripta
Materialia, Vol. 58, No. 5, pp. 338-342, 2008.

[26] C. A. Hernandez, V. H. Ferrer, J. E. Mancilla, L. C. Martinez, Three-
dimensional numerical modeling of the friction stir welding of dissimilar
steels, The International Journal of Advanced Manufacturing Technology,
Vol. 1, No. 1, pp. 1-15, 2017.

[27] A. De, H. K. D. H. Bhadeshia, T. Debroy, Friction stir welding of mild steel:
Tool durability and steel microstructure, Material Science and Technology,
Vol. 30, No. 3, pp. 1050-1056, 2014.

[28] D. Micallef, D. Camilleri, A. Toumpis, A. Galloway, L. Arbaoui, Local
heat generation and material flow in friction stir welding of mild steel
assemblies, Proceedings of the Institution of Mechanical Engineers, Part L:
Journal of Materials: Design and Applications, Vol. 230, No. 2, pp. 586-602,
2016.

263

&1 -10

[1] Friction stir welding-invention, innovations and applications, Accessed on 14
May 2016; https://www.twi-global.com/technical-knowledge/published-
papers/friction-stir-welding-invention-innovations-and-applications-march-
2001.

[2] R. S. Mishra, Z. Y. Ma, Friction stir welding and processing, Material
Science and Engineering, Vol. 50, No. 3, pp. 1-78, 2005.

[3] H. Wang, P. A. Colegrove, J. F. dos Santos, Numerical investigation of the
tool contact condition during friction stir welding of aerospace aluminium
alloy, Computational Materials Science, Vol. 71, No.7, pp. 101-108, 2013.

[4] T. Siedel, A. P. Reynolds, Two-dimensional friction stir welding process
model based on fluid mechanics, Science and Technology of Welding and
Joining, Vol. 8, No. 4, pp. 175-183, 2003.

[5] P. A. Colegrove, H. Schercliff, Development of Trivex friction stir welding
tool; Part 2-Three-dimensional flow modeling, Science and Technology of
Welding and Joining, Vol. 9, No. 11, pp. 352-361, 2004.

[6] P. Ulysse, Three-dimensional modeling of the friction stir-welding process,
International Journal of Machine Tools and Manufacturing, Vol. 42, No. 23,
pp. 1549-1557, 2002.

[7]1 R. Nandan, G. G. Roy, T. J. Lienert, T. Debroy, Three-dimensional heat and
material flow during friction stir welding of mild steel, Acta Materiala, Vol.
55, No. 12, pp. 883-895, 2007.

[8] D. Ghahremani Moghadam, K. Farhang Doost, A. Rastegar, M. Raezani
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 _..,)

[9] S. Fouladi, M. Abbasi, M. Givi, Friction stirs vibration welding and study
about the effects of its parameters on microstructure and mechanical
properties of Al5052 joint, Modares Mechanical Engineering, Vol. 17, No.
4, pp. 217-224, 2017. (In Persian .. ls)

[10] X. He, F. Gu, A. Ball, A review of numerical analysis of friction stir
welding, Progress in Material Science, Vol. 65, No. 1, pp. 1-66, 2014.

[11] R. Bellman, J. Casti, Differential quadrature and long-term integration,
Journal of Mathematical Analysis and Applications, Vol. 34, No. 2, pp. 235
—238, 1971.

[12] R. Bellman, B. G. Kashef, J. Casti, Differential quadrature: A technique for
the rapid solution of nonlinear partial differential equations, Journal of
Computational Physics, Vol. 10, No. 1, pp. 40-52, 1972.

[13] C. Shu, Differential Quadrature and its Application in Engineering, pp. 25-
68, London: Springer-Verlag, 2000.

[14] J. Hattel, H. Schmidt, C. Tutum, Thermomechanical modelling of friction
stir welding, ASM Proceeding of International Conference: Trends in
Welding Researches, Vol. 1, No. 1, pp. 1-10, 2009.

02 o )lasis 18 0,53 1397 )l (w30 Suilso i


http://journals.modares.ac.ir/article-15-3018-fa.html

