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Microstructures and Mechanical Properties of Friction Stir Welds of Oxygen Free Copper
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*Dept. of Materials Science and Engineering, Pukyong National University, Busan 608-739, Korea

Abstract

The structures and mechanical properties of friction stirred welds of oxygen free copper(OFC) sheet were
investigated. Defect-free welds were obtained in a relatively wide range of the welding conditions from 1000 to 2000
pm, and welding speed from 500 to 2000 mm/min. The microstructure of the stirred zone(SZ) showed recrystallized
grains, and the grain size varied largely with the welding conditions. The SZ hardness values including those of all
the optimum welding conditions were slightly lower than that of the base metal, and increased with decreasing heat
input. The tensile strength of the all-SZ increased with increasing the hardness values. The Hall-Petch relationship was

confirmed between the yield strength of the all-SZ and the recrystallized grain size of the SZ.
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99.99 mass% Cu 01’}}(4‘}&—3 100 ppm ©jshHt F

A2E(Oxygen Free Copper, OFC) C1020P-1/
2HE A3l

FSWe 4F #H29 H= & Zdo/E(bead-
on-plate)$} I 2FH 2y 84S irh AEBEL,
H= & Zgole 4= 50 mm(w) X 100 mm())
9 A&, [ 2FH 27| L4804 100 mm(w) X
150 mm()H8 Aopiger 23S 9l A& AMES
Aok FSWE, ¥l 2 ZH0|EY] A5, NASHse
2 3HAste EY FALEE 500~2000 rpm, &4
&5 = 500~2000 mm/ming WM 4 2HRE
AREEITE 1 52 2uy) 83 949 24 F4A
£ IAAEEE 1000 rpme T EFA s, &3
458 500, 1000 ¥ 2000 mm/ming] 3 FFZ W
NAY. a8ln &9 &t(shoulder)d] AAL 12
mm, Z2H (probe)e] A7 2 Aol Z42 4 mm%
2 mm 3} olE FSW & Table 19 Y&
Wit

Aol M Holzi} m TR 22 4L A
ArL, X-A BaAE 2 2R3 Fo2 Frlelitt
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onf, ol AN FF 2 Z7)E Fig. 19 el
9t} AP L Ag2gEAdE 1.67x107 mm/s
B ARl deoA st zElm AR T

Table 1 Friction stir welding conditions for the bead-
on-plate and I-type groove butt welding

FSW conditions Bead—on.-plate Square grcfove butt
welding welding
Dimension of | 50(w")X100(1*) | 2 plates of 100(w")
specimen, mm X 2(t) x1500%) x2(t*)
Rotation speed, | 500, 1000 , 1500 1000
pm and 2000
Welding speed, | 500, 1000, 1500
00, 1000 and 2000
mm/min and 2000 | 200+ 1000 an

* w: width, 1; length, t: thickness
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Fig. 1 Schematic of tensile test specimens for the
FSW joints (a) and the all-SZ (b)
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Fig. 2 Surface appearances and X-ray radiographs of the OFC welds
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Fig. 3 Optimum FSW conditions for sound welds by
bead-on-plate welding
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Fig. 4 Typical macrostructures in cross sections
of the welds associated with the FSW
conditions
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(c) Advancing side

(d) Base metal

Fig. 5 Optical macro and microstructures in cross section of the welds at 1000 rpm-500 mm/min

(b) 1000rpm-2000mm/min

Y

(¢) 2000rpm-500mm/min  {(d) 2000rpm-2000mm/min

Fig. 6 Variation of microstructures of the SZ in
some FSW conditions
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Fig. 8 Variation of mean hardness in the SZ for
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different welding speeds with constant
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Fig. 12 Optical microstructures showing kissing
bond near back surface of the welds at
1000rpm-2000mm/min, low magnification
(A) and high magnification (B) of circular
region arrowed in (A)

(a)

(b)

Fig. 13 SEM microfractograph (a) and EDX mapping
of oxygen (b) of the tensile fracture surface
near back surface of the welds at 1000rpm-
2000mm/min

RAUTREMES 234 H19%, 20054 27

£ A 7dse Aoz HAdEHAT olRAE HES
37] Q3ld, JEAE o, (MPa)oll vlAl= AHY 2
7] d (mm)9] &l thdld Hall-Petche] A4S
AHg3le] ARSI Hall-Petch® BAAL 0, = 0
0 + kd ™% o2 JERoIAY | 71N, gE BEH )
Ao FERE, kv 2EHY S W= Hall-
Petch 32 Jehdtl. All-SZ9] JE72=9} AFHY
o] @Y|9ke}l BAE Fig. 149 Jdei¥en, Hall-
Petch®] @A & g2t A& ¢ 5 Ut a2
Zo= ojda g 99.999%Cud] Wd AHAPm
FAEA e, B AlA AR FaaE J
ky &2 933 Cud ol vlsle g E HE
BTt 0,9 ks, AR A7ETe 9fld,
Ae A 2o} BAZ A7 Aol 7|QIskE &
EF9l 9FHE JeEhlE Aoz Bagd ot
g FSW HHd #Me, Al 35 JAEFY SZ
dixe mukd oJsd FAdHe T3 AZEFHY 4dF
o nAYHUEE JAle AFYe] EARITE Hu
228271 g glom IR0] kol AT uHozA
3 o] Fvkete AoZ Adsia vt 1yzz B
AFolA] AREE FALF] Ao THYEEE 7t
Ae AZFYE = AAZF Tl FE3o8 EAst
o k7 Bt} & & Uil Aoz FEdET S79
Azt AAREe] A7) goe] BAE Fig. 159 Vet
Uitk o] Az oJaiwl, V%] E1E4E Aws)
ARAo g Frlske A4S Uehln Jew, SZ9
AR A|9} Axe] BAM YoMk 3T A
S vt A& st et OFCY
SZoMe] Axet Axe whEndbel] o3l A==

220 T T T T T T T

All-SZ of oxygen free copper
200 [~ Rotation speed : 1000 rpm —

180 —

MPa
T

Present

4 160 - -

2

1o o =" Hansen & Ralph 7]

120 |- —— ¢ ,=82+86d712 |
------ ¢,=95+50 d-12

100 ! ] 1 | i | 1 L 1
7 S 9 10 11 12

(Grain size) 772, d-1/2, mm~V2

Fig. 14 Relationship between the offset yield strength
and the grain size in the SZ

83



ool S

84
140 T T T T 7 T T T
% SZ of oxygen free copper
120 .
Z
g | a
S ®
% 1001 e .
%)
17
F | u
o
e
EE 80 © 1
- ] -
60— T
| —HV =47 + 304712 N
40 1 I 1 1 i | L 1 1 B
0 3 10 15 20 25

(Grain size) V2, d~V2 mm~1/2

Fig. 15 Relationship between the hardness and
the grain size in the SZ

AR A7) F2 dEITE RS Lgton, o]
£ A= Hall-Petchd] #4402 Held 4= et
4. & =2

FSWell 93t A2 E(OFC) AR 23 2 7]
ARde disid Ae Ax, v 2e 2L
AU

1) FSWell 93t F4tas F3Fe B9 3d&er)
1000~2000 rpm, H¥EEE 500~2000 mm/min
o vlwA 4L Yo FHPxUelAM HHg HAFRst
P

2) AT AL Y IASEr} HuA =d
500 rpm® ZZA o|=REY Alo|mor| 1FH
el FHZ FAHAH, HFEEY F7te HE
37k A8E B9

3) SZ= FSWel oj& s8AZ ] st A4
AZFPoE o]FoH Solth ol AMBFHY AV
£ FSW 239 93le aA #Haslged, #Hise
@9 2olde] Yol BE&5E B Y| AT
a2y B9 A3 vwsled FRY ZAF AjolE
Hols TMAZ 2 HAZE 933 34=R e 3¢
< YEpiQITH

4) A JFHE FAse FSW 2249 e Y
AA, Szol BE FHe ZAEC ot @2 g e
uiglon], Ax e d#o| AT E FUlehe 7
g2 VepAATh

5 APEEE WEAIZl 1000 rpme FER] o)
g AN P AT ot BE HRE AR @

84

< A2E Jehd SZolA sidsidth aElm H{E
7} 2000 mm/minE 7FF wE Aol AR
o|f oA 7|4 Byl #EEeH, o2 sl
AFA= = Astetnt.

6) AFEEE W3AZ 1000 rpme] BEHF-2 all-
Sz Wi AFAAAT | efetd, AFAEE EA
86~98% H=Z EAIG FARE g Jenided,
YJEATE F 74~85% 2 vlud e 712 vehigl
th, olE A=Y} YEAEE HIETI) IviEgee
g F7Rke AEE Jedey, o3d A Ax
X Arke} Xttt

7) FSWel €3 Baa%e| all-SzelAe d273E
& Axe AFEY A7) g&Eshe A3E JERI
on o]E FAE Hall-Petche #AXo=z AHed
T U

dAtel 2

B A= 2002¢9s 137 2AYESw 479 T
2| o] oJste] o] Fof FHom old TAE =YL,

P

re

1. W.M. Thomas, E.D. Nicholas, J.C. Needham, M.G.
Murch, P. Temple-Smith and C.J. Dawes, International
Patent Application No. PCT/GB92/02203 and GB
Patent Application No. 9125978.8, 6 Dec. 1991.

2. C.J. Dawes and W.M. Thomas, Friction Stir Process
Welds Aluminum Alloys, Welding Journal, Vol. 75-3
(1996), 41-45

3. C.G. Rhodes, M.W. Mahoney, W.H. Bingel, R.A.
Spurling and C.C. Bampton, Effect of Friction Stir
Welding on Microstructure of 7075 Aluminum,
Scripta Materialia, Vol. 36 (1997), 69-75

4. M.W. Mahoney, C.G. Rhodes, J.G. Flintoff, R.A.
Spurling and W.H. Bingel, Properties of Friction
Stir-Welded 7075 T651 Aluminum, Metallurgical and
Materials Transactions A, Vol. 29A (1998),
1955-1964

5. L.E. Murr, G. Liu and J.C. McClure, A TEM Study
of Precipitation and Related Microstructures in
Friction-Stir-Welded 6061 Aluminum, Journal of
Materials Science, Vol. 33 (1998), 1243-1251

6. O.V. Flores, C. Kennedy, L.E. Murr, D. Brown, S.
Pappu, B.M. Nowak and J.C. McClure, Microstructural
Issues in a Friction-Stir Welded Aluminum Alloy
Dislocation Cell Structure, Scripta Materialia, Vol.
38 (1998), 703-708

7. T. Hashimoto, S. Jyogan, K. Nakata, Y.G. Kim and
M. Ushio, FSW Joints of High Strength Aluminum
Alloy, 1st International Symposium on Friction Stir
Welding, 14-16 June 1999, Rockwell Science Center,

Journal of KWS, Vol. 23, No. 1, February, 2005



FSWol ol§ 445 49%e] 24 o

1A 44

85

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Thousand Oaks, CA, USA
Y.S. Sato, M. Urata and H.
Controlling  Microstructure andHardening during
Friction-Stir Welding of Precipitation-Hardenable
Aluminum Alloy 6063, Metallurgical and Materials
Transactions A, Vol. 33A (2002), 625-635

C-G Andersson and R.E. Andrews. Fabrication of
Containment Canisters for Nuclear Waste by Friction
Stir  Welding, 1stInternational Symposium on
Friction Stir Welding, 14-16 June 1999, Thousand
Oaks, CA, USA

C-G Andersson, R.E. Andrews, B.G.I. Dance, M.J.
Russel, E.J. Olden and R.M. Sanderson, A
Comparison of Copper Canister Fabrication by the
Electron Beam and Friction Stir Processes, 2nd
FSW Symposium, 26-28 June 2000, Gothenburg,
Sweden

K. Okamoto, M. Doi, S. Hirano, K. Aota, H.
Okamura, Y. Aono and T.C. Ping, Fabrication of
backing plates of copper alloy by friction stir
welding, 3rd International Symposium on Friction
Welding, 27-28 Sep. 2001, Kobe, Japan

K-S Bang, W' B Lee, Y"M Yeon and S-B Jung,
Study on Weldability of Cu (OFC) by Friction Stir
Welding, International Welding/Joining Conference-
Korea 2002, 28-30 Oct. 2002, Gyeongju, Korea,
522-527

L.E. Murr, Y. Li, R.D. Flores, E.A. Trillo and J.C.
McClure, Interaction Vortices and Related Microstructural
Features in the Friction-stir Welding of Dissimilar
Metals, Materials Research Innovations, 2-3(1998),
150-163

L.E. Murr, Y. Li. R.D. Flores, E.A. Trillo and J.C.
McClure, Microstructures in Friction-stir Welded
Metals, Journal of Materials Processing and Manufacturing
Science, 7-2(1998), 145-161

N. Oiwa, K. Tsuchiya, Y. Ishii and K. Ishikawa,
of Dissimilar Material Joining by
Friction Stir Welding (in Japanese). Preprints of
the National Meeting of J.W.S., No. 70(2002), pp.
194-195

H. Okamura, K. Aota and Y. Aono. Friction Diffusion
Welding of Dissimilar Material with Friction Stir
Method (in Japanese), Preprints of the National
Meeting of J.W.3., No. 71(2002), 442-443

M.W. Mahoney, W.H. Bingel, S.R. Sharma and
R.S. Mishra, Microstructural Modification and
Resultant Properties of Friction Stir Processed Cast
NiAl Bronze, Materials Forum, Vols.
426-432(2003), 2843-2848

K. Oh-ishi, A.M. Cuevas, D.L. Swisher and T.R.
McNelley, The Influence of Friction Stir Processing
on Microstructure and Properties of Cast Nickel
Aluminum Bronze Material. Materials Science
Forum, Vols. 426-432(2003),2885-2890

W.A. Palko, R.S. Fielder and P.F. Young, Investigation
of the Use of Friction Stir Processing to Repair and

Kokawa, Parameters

Development

Science

KEGHAMTIE 5234 D198, 20054 2H

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Locally Enhance the Properties of Large Ni Al
Bronze Propellers, Materials Science Forum, Vols.
426-432(2003), 2909-2914

T. Fukuda, Friction Stir Welding (FSW) Process (in
Japanese), Journal of the Japan Welding Society,
69-7 (2000), 560-564

G. Liu, L.E. Murr, C.8. Niou, J.C. McClure and
F.R. Vega, Microstructural Asfects of the Friction-
Stir Welding of 6061-T6 Aluminum, Scripta Materialia,
Vol. 37 (1997), 355-361

K.V. Jata and S.L. Semiatin, Continuous Dynamic
Recrystallization during Friction Stir Welding of
High Strength Aluminum Alloys, Scripta Materialia,
Vol. 43 (2000), 743-749

O. Frigaard, O. Grong, B. Bjorneklett and O.T.
Midling, Modeling of the Thermal and Microstructure
Fields during Friction Stir Welding of Aluminum
Alloys, 1st International Symposium on Friction
Stir Welding, 14-16 June 1999, Thousand Oaks,
CA, USA

K. Nakata, Y.G. Kim, M. Ushio, T. Hashimoto and
S. Jyogan, Weldability of High Strength Aluminum
Alloys by Friction Stir Welding, The Iron and Steel
Institute of Japan (ISIJ) International, Vol. 40
(2000), S15-S19

P.L. Threadgill, Terminology in Friction Stir
Welding: Revision 3, April 2002, p. 4

N. Hansen and B. Ralph, The Strain and Grain
Size Dependence of the Flow Stress of Copper, Acta
Metallurgica, Vol. 30 (1982), 411-417

H. Conrad, Grain Size Dependence of the Plastic
Deformation Kinetics in Cu, Journal of Materials

Science and Engineering A, Vol. 341 (2003),
216-228
K.V. Jata, KK. Sankaran and J.J. Ruschau,

Friction-Stir Welding Effects on Microstructure and
Fatigue of Aluminum Alloy 7050-T7451, Metallurgical
and Materials Transactions A, Vol. 31A (2000,
pp. 2181-2192

Y.S. Sato and H. Kokawa, Microstructural Factors
Governing Hardness in Friction-Stir Welds of Solid-

Solution-Hardened Al Alloys. Metallurgical and
Materials Transactions A, Vol. 32A (2001), 3033-
3042

85



