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Grain Refinement by Low Temperature Rolling and Subsequent Annealing Process

Yukichi Umakosui and Masaharu Y AMAGUCHI

Synopsis :

In the process of cold rolling and subsequent annealing of Fe-36wt9%Mn, Cu, Cu-0.03wt%P and Cu-1.25wt%Sn-

0.08wt%P alloys, the effect of rolling temperature on the recrystallized grain size and mechanical properties was
investigated. Cold rolling at 77K suppressed the dynamic recovery during rolling providing high stored energy which
gives a driving force for recrystallization. Fe-36wt9%Mn and Cu alloys having the grain size of about 1#m were obtained
by cold rolling at 77K and subsequent annealing. Additions of alloying elements which decrease the stacking fault
energy are effective in the refining of grains. Higher strength without loss of ductility was accomplished by the grain

refinement.

Key words : grain refinement ; low temperature rolling ; recrystallization ; nonmagnetic steels; copper alloys; strengthening ;

ductility ; stacking fault energy.
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Fig. 1. Electron micrographs of Cu specimens rolled
at 77K (a) and 295K (b).



Table 1. Effect of rolling temperature on mechani-
cal properties of cold rolled Cu and Cu al-
loys at room temperature.

. . Ultimate
Rolling Yield " < .
Specimen Teméaerature Stress Ei?g;lse MOI(‘g/a )t ton
(o]
K) (MPa) (Mpa)

Cu 295 379 385 2

77 490 505 2
295 446 461 1.5
Cu-0.03wt%P 195 489 492 1.5
77 567 574 1.2

295 611 616 2
Cu-1.25wt7g 195 666 673 17
Sn-0.08wt%P 7 705 720 13
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Fig. 2. Differential scanning calorimetric curves of
Cu-0.03wt%P alloy rolled at 295K, 195K and
77K. The heating rate is 20K/min.
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Table 2. Stored energy (AQ) in cold rolled Cu and
Cu alloys measured by DSC method.

Specimen ’I‘enklggll‘g%ure ( ]/An?ol) AQ/AQuosx

(K)

. 295 71 1

Cu 77 176 25

295 54 1

Cu-0.03wt%P 195 96 17

77 163 2.9

Cu-L 25wtsg 195 7 s

n-0.08wt% 77 117 2.3
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Fig. 3. Optical micrographs of Cu specimens an-
nealed at 635K for 10 min after rolling.
(a) cold rolled at 295K (b) cold rolled at 77K
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Fig. 4. Optical micrographs of Cu alloys annealed
for 10 min after rolling at 77K.
{a) Cu-0.03wt%P annealed at 598K
(b) Cu-1.25wt%Sn-0.08wt%P annealed at 648K
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Table 3. Mechanical properties and grain size of Cu and Cu alloys annealed for 10min after cold rolling at

various temperatures.

Annealing Rolling N @ Yield Ultimate .
Specimen Temperatume Temperature (zr:&n mS))ze (Sl\t/lrf)ss) Ten(sli\}IeP Sgress Elor(lgéa)tlon
a a
Cu 583 295 5.6 95 243 50
583 77 2.0 145 249 45
598 295 3.2 124 261 45
Cu-0.03wt%P 598 195 1.9 150 273 38
598 77 1.2 221 302 37
648 295 1.9 302 370 25
Cu-1.25wt%Sn-0.08wt%P 648 195 1.0 378 419 20
648 77 0.8 377 406 22
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Fig. 5. Optical micrographs of cold rolled Fe-36wt%Mn alloy.
(a) on the rolled surface for a specimen cold rolled at 77K (b) on the surface perpendicular to the rolling direction of a specimen cold rolled
at 77K (c) on the rolled surface of a specimen cold rolled at 295K (d) on the surface perpendicular to the rolling direction of a specimen
cold rolled at 295K
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Fig. 6. Electron micrographs of Fe-36wt%Mn alloy
rolled at 295K (a) and 77K (b).
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Fig. 7. Variation of micro Vickers hardness of Fe-
36wt%Mn alloy rolled at 295K and 77K with
annealing temperature. The alloy was an-
nealed for 20min at each temperature.
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Fig. 8. Optical micrographs of Fe-36wt%Mn alloy.
(a) rolled at 295K and annealed at 1023K for 20min
(b) rolled at 77K and annealed at 1023K for 20 min
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Table 4. Mechanical properties and grain size of
Fe-36wt2%Mn alloy annealed at 1023K for
20 min after cold rolling.

Yield Ultimate . Lo
Specimen Stress ’Iéegles;ISe Elon(g)g/atlon Grz(urin S)lze
(MP2) | (MPa) " *
A 162 351 ~25 7
B 316 514 ~30 1

A : rolled at 295K and annealed at 1023K for 20 min.
B : rolled at 77K and annealed at 1023K for 20 min.
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Fig. 9. Electron micrographs of Fe-36wt%Mn alloy annealed at 898K for 20min after cold rolling.

(a) rolled at 295K (b) rolled at 77K



L7257,  IARIRFEEM ORRRIS S H, FRIELM O Z
1L H<1080MPa b finsd T W EE R T Rk £ 2% 2 Ul
FAKIRIERE I T, 20HFEGLHEPRYET I L2 Y,
EE OFe-MnIFRitES 2455 2 L 2WRET H 2,

5. B

I

MEREPFHLERZ CASRT, L2y REEE?ThHE
IO S dh & L THEsR, $ia4 3 & 'Fe-MnIErEE
PEY EUF, 2RLDAEIIHOWT, BREKEMT, 2
BT X B RS SLLE 24T, RS RIigci I £ 5 Rl L%
KA, UTD& 5 R ERERERT

(1) 4% & FHRAE 2 BRI TIEELZEA, MIED
Bt TERI AT —IH T, Z2ORMEESTO
BIRIMAE X T 2 BREN N b BN T A 7o, KT & 5 EE
BN LR R R DD %,

(2)77TK\Z 34 A BARIBIERE 24T 5 &, BT O#)Y [E]4E
PHIFIA NS oY, BHSEOBFRIAL L TEHEHEINE
FNXF—12295KTEE LIz gL, f 2 i
DA, K2 SMEDOHAIFEEIET 5, '

(3) BARIE AN 7% D 2R INBA AL S LI X b, 205K T
B LI A e, L vty ER SR B,

() EB R ANV F -2 T35 2 EPHFS
NEP¥x L UISnEHMT 2 L, EALORET <Y HHIHI3 N,

81

FRAEIRAN L U 7ofoc @B DR 1 & 5 45 dwbiftim b

JEZEAN T2 & 2 HEAESROIBELINT 5, & 1oFRB KM=
FUEF—DE T, BN GORE, HERIELL, 20D
ROINOCDLRPEMT ALV FTIZn RO
WoAS SRL AR 6 4, EE kyER I NS,

(5)Fe-36wt%Mna& 2 77TKEEM T # 3 &, 295K T
MTULRBRCEAED s 1100 BEFDAL LT (112>
B b AL, B—» oSS E OREMBE»1EF o N5,

(6)FBEEOMNREML, EBREOMKT &3, B X
ZANF—DREL R LIZ6 L, ZDIHIEET Y O]
CEAEMEEOLA LI, BEABRCECTRED
REXBEL, SHbgib RT3,

(7)Fe-36wt%Mnd&& % 7TTK TIELR, 0B INEFAE &
WE R AT S L, 1 pmBROYE)—HGHE 213 65 &3k,
BefR IS 11 25295 K T AT 14, FoAS ahILE] 2247 - 7035 A1 ey,
¥124% (316MPa) (Z3¥md %,

X [N

FABKZ, HMNSSH gk L, 65 (1979), p.1598
dRE = [ERFE, SEAME— gk L4, 67 (1981), p.1795
A 45 ¢ HAEEF22H, 20 (1981), p.987

A. L. Titchner and M. B. Bever : Progress in Metal Physics,
7, ed. by B. Chalmers and R. King, (1958), p.247[New York,
Pergamon Press]

ER/NIES AHEER BATERFSVMRSHEME,
(1985), p.294

E. O. Hall : Proc. Phys. Soc. London, 64 (1951), p.747

N. J. Petch : J. Iron Steel Inst., 174 (1953), p. 25

W. Koster and M. O. Screidel : Z. Metallk., 56 (1965), p.585

1) 4 IE&E,

5)

6)
7)
8)

617 1



