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Friction stir welding of accumulativeroll bonded single phase brass
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Abstract

Single phase brass strips with 2 mm thickness were severely deformed through 1 and 3 cycles of accumulative roll
bonding process (ARB). ARB process effectively increased the hardness, yield strength, and the ultimate strength of the
processed materials. The hardness of processed material increased from 95 HV in annealed material to 225 HV in 3
cycle ARBed material, and the yielding and ultimate strengths increased more than 5 and 2 times of the annealed
sample, respectively. Friction stir welding (FSW) process was successfully conducted on the annealed and ARBed
samples to investigate and compare the microstructure and the mechanical properties of the joints obtained in bead on
plate configuration. Microstructural observations showed that very fine dynamically recrystallized grains developed in
the stir zones (SZs) of all welded samples. Mechanical properties were evaluated by hardness and tensile testing.
Hardness test for the ARBed and FS welded samples showed that the hardness value decreased by 110 Hv in the
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resultant SZs. Results of tensile testing revealed that yield and ultimate strength of the FS welded ARBed samples 1.3
and 1.8 times are greater than that of the annealed FS welded sample.

K eywords. Severe plastic deformation, Friction stir welding, Single phase brass, Dynamic recrystal lization.

g ookl Pl Jltleg, was s £y Jlail 4l s &S
5opir om L s Sl S8k Jlesl oK
Il el s Jlos| s ol an 4 ssbeml (bl
o SShasl Sren S il b [958] s ann s
il el 6wl S s el i, S Olge
Ol B 5 ol e ool Wb ol
Sl bl i & e dile (3150 oS00
Oedie 51 (6ol a5 Al b Glosle IS 503 e e
wtle Cshaas 5 4 by, G50 ol Jlail e 5o
b Vsl b, Slol L FSW ayl s oS | o
o) 3 12-10] das e anv s ollas SO ol
Ll ) Jol s wblie S ol s bl
andllas 3550 et 35580 51 ey SIBSS 5 55 2 FSW

35S ol

Sl ploxil b, 9 3150 -2
B S ma oo O gy el Gl G
Ld g, 21007 20" 2mm® sl s (Cu-%33/8152n)
ol 4235 60 0l e 5 700°C  (slos 55 Laai el polas
el rexsd 355 s b o ladus Jlasl il s
Bl o 0 el ekl 655 o 3L o3lel Sles
s e G o o JW ol 2135 o
Sl oas L kgl pls) oy Al e sl b5}
el Oyl > adds 5 w4 GUI gles L S sl I
351 sl b el 9o s 5 Al Jlesl Lo S
Ss0 S et oS5 (1) s ] s by
L bol Glad g das o 0L 1) Guios cpl s eslaxa]

Ul 5 esb sl s LHIB 5V o 5l sl

andie -1
bl ol NG 055 & <=l_<_>=:.w\ Cod b (93l 4 olees
Rl oS s md daly ) Slad ol i
&l nj\.ﬁ\ (}3 4..:%) L' osle (&:ﬁw:\ LY J‘..L“"g;“ QLS_' 4.194\)
o3Ikl 2als b odaly ol b Sole 4 b5yl Se dal
S Al el S 5y Ll e 3l e f&’a"" &ls
alie o 1 pled 5 SO (b ol S b
O [4-1] das o s 35 Al b & L
Osb S Bl M5 Gl b i) (iS5 A0S
(SPD) s Sy IS8 i Jlasl sla s, s 32,
eSS 5 D b eyl cpl el &S L3l e
Sl e S, gkl 4 O coins glawls
e caoopl BNl b gl st 5 LI o &
Loolge & Cand W (St 5 plSouad w5
S[B] K8 e el 55 S glaosle il o
ol e Jlail Eoy il glaanl s &S =0l
- s5 5 6D d.:;'...\..ﬂ odels A.)'l‘ )\ 43\:).1) d}ﬁ J‘}ﬁ Jlzs
GOLLL e 4 2l wdige Blpe Sl ates ) Jlas!
ol e 5l VL S S cl lslag, Sl
03 3 uslh <=l_<...a o Ll Sl IS8 s Jlesd
355 3l G SUMLL p5d psm e IS s
so dlasl el s golitlu gy oV g 5Ll 5 esls OLES
S by ol [7.56] spi e YU sles of

@doms slaxsil 5 s Sle 4 osd K sladsl


http://iutjournals.iut.ac.ir/jwsti/article-1-300-en.html

[ Downloaded from iutjournals.iut.ac.ir on 2026-01-27 ]

51 49'554&5& ‘1399&‘::«»\4.‘: K] JL@. ‘14,&.& cr-:-:: dL.e “Nﬁ‘ 6)&..53’: 6)3\.'\3 K] r".\.ﬁ Aifﬁ ‘.\:a..e .\::-"3 K] dtﬂ‘ .‘a\:.v_.e

B S plend S5 -1 s

Cu Zn Sn Pb

Ni Ti,s ol Ko b

66/15 33/815 0/008 0/01 0/11

0/005 <0/002 <0/001

O3l vl s Wl (2) K5 s 2iS ladsas el

Loy gl -3

Sl ad Jltlagy 5o 5T aly 6 skl 3) UK
OLL 1y 3058 S asee shaie )3 odd et 355
Gl s sllag, 055 (Ken sl ol Aul s s e
JSC s 8 Jleel add gl g 5 il 5 ol gla 2
ol b lae e e 0l 1y s ol bl (Cal-3)
Silse s e s L sl gladils Bl sl g, IS
Sl @Bl 5o pe e pl ol wl S
5 ademe 5l oL e o J,j A o 3 oS den
Lo U ol Ol 0 2l 551 L solse o ails Al
[13] 5 e s

BIRS CL-“ el sl (C_BJ —3) Js=
ol e 3558 Gladisad (ND-TD amins) 3,5 ogr
S5 s Sl L3 ededS (glils Sl s e OLES
A3l e by ol s bl S lle sias 0L (TD)
[14]

shaws 5l b baY S pie fad 8 el ST Sl
S a5 Al e 3 sl 3l dm pd e 2SOOL 3y el
sl a8l 350 LY o Il ey o T 4 LaaY sl
Ol oo a0 b bl o S2ie fab S5k«
Shles blusy st 51 e [11A] sl ot
T R o P P o W TS ST PSRV [P SO
o3l Ll Jals [4] Wb e pals sy e il L
© by Ll e 355 31 e esle Sltlagy s s
Sy S8 el s 03 el sladls Gad S
[17-15] el s

s b i e (1) J<2) 175 mm
b e s Sl cg s 400 rpm i
Sldlas bl g S 55 100 mm/min
Tl p s Dope w B s Gladse ollen)
Slkes O (G55 p e 5 LA 0313 i p Sy slads
S Sl e et sl B8 S el A 5 Seli
Gl sy Gz 38 3 s 2050 bl
3oy sl il el 25l A o8 S S b
1y 3l o HoO 5 HCI (FeCls 1 oS 5 1 sl sl
iy o5 cblis ) pladisel Sl ol (a3

Ls 4 ISZ2201 5,1kl b llas 225 05050

12 mm

A

>
3
'
'

3mm

Loslanl )40 )‘j" )‘ 6‘5)‘)C_)19 ‘ng.&

9mm
i ? ¢ 9.8 mm N
B 10 mm
AN R=5mm
2mm

S sk ga el =2 S


http://iutjournals.iut.ac.ir/jwsti/article-1-300-en.html

[ Downloaded from iutjournals.iut.ac.ir on 2026-01-27 ]

49-55495&»4 c13ggbl:-3l3 9 )Lﬁ‘. cle)l.a..?a ‘r...f.& Ju ‘b|ﬁ| 6}&&3}: 6)3U5 9 r‘,l.ﬁ 4'.‘.)*:"' hers = &5 9 @Lﬂ bl?.uw 52

Advancing side

b

.M;,,;u?fw(c 5 mens 35 Al e (e d h ot 0 973 Kgles 5o o LT 2w Gs 3l ol 5558 Sltloyy, (il -3 s

Retreating side

i

ol il & ses Jlasl amb 5l gl i ps =4 S

530kl S KS s 6 el (K sl ses
JQUMUMJJ;@JQ&stJw)‘,@Q)F
O o) Skl s GRS 5 s JS8 i sles
aor ool o3 g wlie Wged aw Ha IS &5 bl 2
355 U L[13] Wlesls ance 55 1) gl laslitlo sy 4 50
b (G—S)Jg.z Sl s 5o als o3Il & 555 e adss (gl
|) )L:..ﬁ) w‘ ..L.:;Lsk;d Lh‘\.sj.‘u Ji'.'.b )‘ ‘)JC,\.:;)) ‘_5)‘5.&9-
o 3 (55 Ol 5 Ko ks los (8 s L Ol o0
Olpes &S S0l 5155 a5 ol 3,5 Glakged L3 o
S i Gles 5 e 25 CK-'*-“ 4okl o3 (85
Wl iy 3,5 a0 an b aiged 3 FSW > s
.C) ‘5‘)3..:14 CJJ L$ 4.5‘5.4;.’ w‘ BE) Ll .LJ;) S )‘5)‘54 )Lk.}'.ﬁ‘
Ch‘” 0 S S e b s e 3 (G)Ji..&.us
.5‘5..3& oud Jg":” La L;JUQ.A Mbkf‘ olis b (ND-TD) Cb.b
a3 3,585 130 @l 58 55 505 90 5l e S
cle w Sl bl anl il el T &gas 63 5es
o308 4= 3 il sdme Hul5 s Sl ladhy S

S sph e oked pomen [2058] 3l e 4l 4 oo

Jsl asad g e e Sl bl s (4) IS
S 3 pd e edad JSd an a5 L das e Ol | e
S St Sl PS8 s s alsls bl
S o 3 ed g 4l 3 gl e 3)ls ele 4 Il bu S
U (SZ) e5an plaze (oolotlagy 4l a5 555 00
2 (BM) b 55 5 (TMAZ) SOl e 5 Slas 5l e
5 iy sbals TMAZ e s 05,8 e K3 Jlail 4l
g e oo 2ST Jlesl (1S sl 53 gl B pees
S A3l o TMAZ axb 5L slacasiin i baals Suis
U5 i B Ladils Jlasl (258 03 BL Cle o
B e I e R o P
o 3y el Bl S 3 5as b s kb
wly 5B etlS glals jltle 5 SZ U js i b bl
sl Wl oo s 5 (6,8 IS8 Caw TMAZ U s

[19,18]
) e 355 Gladiged o35en 4l Jlrlug; (9) S
Oren S5 Aol p &S ol LISCET DlS s e Ol
hre g 035an 4l 53 | elie lajliilag, Sl

4._.)‘5\ &l aj‘.l.;‘ Y Mbkf‘ olis )l;'}) U‘i| GO IRPEEY


http://iutjournals.iut.ac.ir/jwsti/article-1-300-en.html

[ Downloaded from iutjournals.iut.ac.ir on 2026-01-27 ]

53

49-554:&..0 c13ggbl:-3l3 9 )Lﬁ‘. clA)L«z cr...f-& Ju cb‘ﬁ‘ 6}&&3}: 6)3U5 9 r‘,l.ﬁ 4'.‘.)*:"' hers = &5 9 @Lﬂ bl?.uw

MJ}}Jil?JAMLI

S0 (g 5 e 35 Al o S L sl (o

100 pm '
I || SR & ]

Sl 6 gad (il lessan g oltlo ), pslas =5 IS

250

4 1 cycle ARBed

200+ @ 3 cycle ARBed
@ Anncaled sample

150+

100+

Micro hardness, HV

50 -

0 T T

10

0 5 10

5
Distance from center, mm

ol (IS slaki sl Jrgx wade 53 B i s ged B S

Lo slaie Slolns s Sadle oa gla bl
ol bl S o3 ials Lt o 13 oS (550
03 e 5y [13] 55 e o3 pen 4l 5s e ialS
2 e Sl el S8l Dpen sl
ol Kos s BB e [12] el sas 218 5 sl
(05 e Do 4 dised d a3 (e Olje S o
3,5 Gl ge 55 (e 45 350 0 03 rmen Dl 0ld
Gl il 8L Al e S e 5l gt ol s el
Sz ol LE 4 by oL Jleasl 4 s,
U o essen 4l s s esle oS Sl ol 3,4
Sl s bl Sose a5 b S 15 S ol >

el el sl kS 5 LG Sl
BLES 1) agad ige (25,57 55 slaiome (1) I3
ke Sl e 5558 Ayl 3 el ST SIS s e
3 S ol Ll o3y a3l 1y T el o258

G s e d p de e S wsed 3 B
S Gles ke SRl 5505225 513D 6 s s
B S S I d e Jli Sy esle
390 Ll esle bl 5L S omte sla ool 5l asiie
O andlil 5 A b pl ol ey Golad Jlasl 5 STL
o sbalile jae gl hl il b e iy 5o b olel
5 S0 ek Jlesl b )b 5l a5 Sise 55
525 el Bl RIS Sl S s il als
slas [14513] b o il esle ool 5 v 4z
Sl g odd )5 ladised 5o (o Ol (e 155 L
53 Seblas oLl pis bl e JalS ol sl
53 0t 0 25 (5 5 Olgee e ol e 5 S ol aod
LS dhesl g8 b o b bbb il o halS oo
S W les O 53 ek sl la plel Slen


http://iutjournals.iut.ac.ir/jwsti/article-1-300-en.html

[ Downloaded from iutjournals.iut.ac.ir on 2026-01-27 ]

49-55425& ‘1399‘)\:..4.\5 K] )Lﬁ‘. Ja,l.«.: cr&.ﬁ dL.u “Mﬁ‘ 6)&::":.- 6)}\}3 K] c"lﬁ 4-1;-53 ‘.\:a..u .\::-"5 K] d\.ﬂ‘ .\\:.t..e 54

1000
aneal weld I aneal base ——
1 pass weld 1 pass base
800 3 pass weld I 3 pass base
=
=9
= 600
17/]
o
5 400 — =i
2 —
ZOOW \
|

0 20 40

60 80 100

Strainin %

(S Ogal 3 ol ol =T S

odaee 5k 5 ok Ll pladl B ol J L S~
[21] Wbl e als ICCERPPRE

ol 1 Ko gbass S 1y (8) S
Shead Lol wsed 53 canSs (S ol b llae s e
To edea 4l 5l edd )5 ladised 5o 5 4l 8 e
o3 e axU ltlag ) a5 das o 0L s, cpl ol osls
el a3l I (gt St Sl $5e0 55
ol 5,5 ladigas aly S jltlegy o8 cl Jb s
S eSS 5 els Ol IS i il 50 e sl
O gblie 5o syl sl ey £y enges 4
Gl 0 u;:)bfhsrwjﬂ ol S 5ot ol lad sal
[21]

-

S b (S o 3l ey S (sladi el )5 SLe slas -8 S5
ol T & 5es (<2100 mmvmin g5 50 s e 5400 rpM i

LS 355 g a5l (7 5 e 5 Al e G el (0

« 745 MPa 5580 MPa « ois [T 55 55 360 MPa
S 1 E P SRC VI PPV ISR
o 1030 2o €505 55 (ol Cpmr ool 4Bl 531
b O 25 [A] el eds 555 5 rens 3,5
R L el b el i el s bl S sdins
2303 5 5B 3 St JSE ek remd 3,5 Jo e sl
[13] i, S e IS Sltlags 53 e 3 s Oliee
e wedd Ll Wges (S5 glaene U il
S dsb sbasl doss S e Lol 23l
sy5 g 53wl eals DL s Sl RIS e s
Slags 03 G s Ol RS GRIBHL e
2 FelS 5 O S5 Sl el &S el w5 IS
L oS was e Ol pmen il ool o Ladisad
Ll oo oS b o alsdl OO 25 FSW gl 3 Jles!
Al enjen 4l s i b bl oS ISE @ by s
A Lol FOW sl 3 odd )50 sladipos 3550 53 Ll
33 S 1) e 355 sbaaised O A5 5 el
4t Ak pad 23S 5 ket oozl (ol 3y L Lol o
U8 s 4 e 5,5 Slakised Jhgr ol 5l o
S i § el ag 23S e il 13,
23 ek S Sl w e cowl sls ST slad sas

Sl e & W wul s el ooy e


http://iutjournals.iut.ac.ir/jwsti/article-1-300-en.html

[ Downloaded from iutjournals.iut.ac.ir on 2026-01-27 ]

55 49-5542“ cnggdu—«a’U K] JL@. ‘10)\».5 ‘V':”': JL-: c;}‘ﬁ‘ 6)&..‘2}9'- ‘5)3\;5 K] c_,l.ﬁ Aij.:a' A .\::-"S K] d\.ﬂ‘ A\:.w

[9] Emami S, Seeid T. Azari Khosroshahi R.,
"Microstructural evolution of friction stir welded SAF
2205 duplex stainless steel”, Journal of Alloys and
Compounds, Voal. 739, pp. 678-689, 2018.

[10] Sato Y.S., Kurihara Y., Park SH.C., Kokawa H.,
Tsuji N., "Friction stir welding of ultrafine grained Al
alloy 1100 produced by accumulative roll-bonding”,
Scripta Materila, Vol. 50, pp. 57-60, 2004.

[11] Topic I., Hoppd H.W., Goken M., "Friction stir
welding of accumulative roll-bonded commercial-purity
aluminum AA1050 and aluminum aloy AA6016",
Materials Science and Engineering A, Vol. 503, pp. 163—
166, 2009.

[12] Sarkari Khorrami M., Kazeminezhad M., Kokabi
A.H., "Microstructure evolutions after friction stir
welding of severdy deformed aluminum sheets’,
Materials and design, Vol. 40, pp. 364-372, 2012.

[13] Humphreys, F.J., Hatherly, M., Recrystallization
and related annealing phenomena, 2nd edition, Elsevier,
2004.

[14] Songa R., Ponge D., Raabe D., Speer J.G., Matlock
D.K., "Overview of processing, microstructure and
mechanical properties of ultrafine grained bcc steels’,
Materials Science and Engineering A, Vol. 441, pp. 1-
17, 2006.

[15] Kamikawa N., Sakai T., Tsuji N., "Effect of
redundant shear strain on microstructure and texture
evolution during accumulative roll-bonding in ultralow
carbon IF ged"”, Acta Materalia, Vol. 55, pp. 5873—
5888, 2007.

[16] S Chowdhury.G., Srivastava V.C., Ravikumar B.,
Soren S, "Evolution of texture during accumulative roll
bonding (ARB) and its comparison with normal cold
rolled aluminium—manganese alloy" Scripta Materdlia,
Vol. 54, pp. 16911696, 2006.

[17] Kim HW., Kang S.B., Tsuji N., Minamino Y.,
"Deformation Textures of AA8011 Aluminum Alloy
Sheets Severdly Deformed by Accumulative Roll
Bonding", Metallurgica and Materials Transactions A,
Vol. 36, pp. 3051-3163, 2005.

[18] Markushev M. V., "On the Principles of the
Deformation Methods of Grain Refinement in
Aluminum Alloys to Ultrafine Size: 1l. Ultrafine-
Grained Alloys', The Physics of Meas and
Metallography, Vol. 108, pp. 161-170, 2009.

[19] Lowe T.C., Vdiev R.Z., "The Use of Severe Plastic
Deformation Techniques in Grain Refinement”, JOM
Vol. 56, pp. 64-68, 2004.

[20] Park H.S., Kimura T., Murakami T., Nagano Y.,
Nakata K., Ushio M., "Microstructures and mechanical
properties of friction stir welds of 60% Cu-40% Zn
copper alloy", Materids Science and Engineering A,
Vol. 371, pp. 160-169, 2004.

[21] Sarkari Khorrami M., Kazeminezhad M., Kokabi
A.H., "Mechanical propeties of severey plastic
deformed auminum sheets joined by friction stir
welding”, Materials Science and Engineering A, Val.
543, pp. 243- 248, 2012.

S5 o -4

FE 5 mlS sprse Slalie 5 a4 s L
@uéﬁc&aﬂﬂ\j@xﬂm:)}j@\;dw\l{—l
Al e SRl S Jlesl s

S 2 SWhaol Ojer i wlp sl L -2
4=l 3 e LS el s 4 eld memd 3,5 Glad s
SLad gl (M‘j e s (M‘j S 03 5a
JJLL&JA[SD-L:JM:)}J

Aol 3 e Sl O (Sl b Jlesl -3
b ol 2 Sl (o Gladised 2 red 25
.:}nidanﬂ‘_;)l_ﬁi}g-dlﬂjdu&}@@w&w\

@\;.a
[1] Hoppd, HW., May, J, Goken, M., "Enhanced
strength and ductility in ultrafine- grained aluminum
produced by accumulative roll bonding”, Advanced
Engineering Materials, Val. 6, pp. 781-784, 2004.
[2] Lee, SH., Saito, Y., Tsuji, N., Utsunomiya, H.,
Sakai, T., "Role of shear strain in ultragrain refinement
by accumulative roll-bonding (ARB) process’, Scripta
Materlia, Vol. 46, pp. 281-285, 2002.
[3] Tsuji, N., Saito, Y., Lee, SH., Minamino, Y., "ARB
(accumulative roll bonding) and other new techniques to
produce balk ultrafine grained materials’, Advanced
Engineering Materials, Vaol. 5, pp. 338-344, 2003.
[4] Pasebani S, Toroghingad M.R., "Nano-grained
70/30 brass strip produced by accumulative roll-bonding
(ARB) process’, Materials Science and Engineering A,
Vol. 527, pp. 491-497, 2010.
[5] Valiev RZ., Zehetbauer M.J., Estrin Y., Hoppel
H.W., Ivanisenko Y., Hahn H., Wilde G., Roven H.J,
Sauvage X., Langdon T.G., "The innovation of potential
of bulk nanostructured materials’, Advanced
Engineering Materials. Val. 9, pp. 527-533, 2007.
[6] Hosseini M., Danesh Manesh H., "Immersed friction
gtir welding of ultrafine grained accumulative roll-
bonded Al alloy", Materials and Design, Vol. 31, pp.
4786-4791, 2010.
[7] Suna Y., Fujii H., Takadaa Y., Tsuji N., Nakata K.,
Nogi K., "Effect of initial grain sze on the joint
properties of friction gtir welded aluminum”, Materials
Science and Engineering A, Vol. 527, pp. 317-321,
2009.
[8] Emami S, Saeid T., "Effects of Welding and
rotational speeds on the Microstructure and Hardness of
Fricion Stir Welded Single-Phase Brass' Acta
Metallurgicasinica, Val. 28, pp. 766-771, 2015.


http://iutjournals.iut.ac.ir/jwsti/article-1-300-en.html
http://www.tcpdf.org

