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Strain-Induced Grain Refinement and Its Mechanisms during Severe Multi-Directional Forging

Taku SAaXAl and Hiromi MIURA

Synopsis :

Key words :

The evolution processes of new high-angle boundaries as well as ultrafine grains processed by severe multidirectional forging (MDF) are
studied in ferritic, austenitic steels and copper at low temperatures below 0.57,, (7,, is the melting point), and aluminum and magnesium al-
loys at high temperatures above 0.57,,, where dynamic recovery operates mainly as a restoration process. The structural changes can be char-
acterized by the evolution of deformation bands such as microshear or kink bands at moderate strains. MDF promotes the multiple shearing,
which results in the formation of spatial net of mutually crossed bands subdividing the original grains. This is a mechanical induced event
and so an athermal process. On the other hand, in large strain the fast operation of recovery processes accelerates the kinetics of ultrafine
grain evolution with increasing temperature at low temperatures below 0.57,,. In contrast, the volume fraction of new grains decreases in
large strain through hard development of deformation bands with increasing temperature at clevated temperatures above 0.57,,. The misorien-
tations between (sub)grains evolved gradually increase with increase in strain, finally leading to the development of a new fine-grained struc-
ture. Temperature effect and the mechanism of strain-induced grain formation are discussed in detail.

severe plastic deformation; microshear band; kink band, grain fragmentation; ultrafine grain; dynamic recrystallization; dynamic recovery;

continuous and discontinuous reaction.
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Fig. 1. Schematic representation of typical methods of

large strain deformation.
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Fig. 2.

True stress—total strain curves plotted over 15
MDF passes for a ferritic steel at temperatures of
573K and 773K.”

Fig. 3. Typical microstructures evolved in Fe-20%Cr

steel after MDF at 773K to total strains of (a) 1.6
and (b) 6.0. CA indicates the direction of forging
axis at the last pass.”
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Fig. 6. Relationship between (a) the average misorienta-
tion of strain-induced (sub)boundaries (8, or (b)

Fig. 4. TEM microstructure of microshear bands that the fraction of strain-induced high-angle bound-
cross the deformation substructures in Fe-20%Cr aries (HABs) (F,,,;) and the total strain during re-
steel after MDF at 773K to total strain of 1.6. (b) peated MDF of Fe-20%Cr steel at 573K and
is an enlarge):d microstructure in the portion out- 773K.” The data for an austenitic steel processed

lined in (a). by MDF at 873K are included in (a).”

Fig. 5. Development of submicrocrystalline structures in Fe-—20%Cr steel upon MDF at 773K to a total strain of 8.0.”
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Fig. 7. A series of stress—strain curves obtained during
MDF at 195K, 300K and 473K for pure (4N)
copper II(J)rocessed to various levels of cumulative
strain.&1D
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Fig. 8 Effect of MDF on the development of substruc-

tures; i.e. the (sub)grain size (d), the average mis-
orientation (@) of strain-induced (sub)grains and
the dislocation density (p? developed in their inte-
riors in pure (4 N) copper.'”
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Fig. 9.

Typical microstructure evolved at a strain of 6 for
pure (4N) copper MDFed at 195K.'" Note the
microshear bands intersecting and crossing high
density dislocation substructures. CA indicates
the final compression axis.
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Fig. 10. Relationship between flow stress and dynamic
grain or subgrain sizes developed in large strain
for pure copper deformed in a wide range of tem-
perature.'“"") The data of 195K is indicated by a
solid mark.

1 7475A1
T =490°C;
£=3x10"s1

====Ae=0.4
— Ae=0.7

e

~
~~.
~ao
L
~———
il L LT

True Stress, 6/ MPa
N
(@]

o 1 2 3 4 5 6
Cumulative Strain, ZA4&

Fig. 11. Typical true stress—true strain curves for Al alloy
7475 deformed by MDF of Ae=0.4 and 0.7 at
763K and at 3x107*s~".19
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Fig. 12. (a) A typical microstructure evolved at e=1.2 for
Al alloy 7475 deformed by MDF of Ae=0.4 at
763K (polarized light). (b) A SEM micrograph for
the region in lower left side in (a).'”
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Fig. 13. Temperature effect on the relationship between
average misorientation angle of strain-induced
boundaries and cumulative strain by ECAP for an
Al alloy 2219.'9
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Fig. 14. Typical OIM maps of a magnesium alloy AZ31
deformed to strains of (a) 0.1 and (b) 0.5 at 673K
and at 3X 107 s~ 117 Different grayscale levels in-
dicate the different crystallographic orientations
and the difference between neighboring grid
points 2°=0<5°, 5°=<0<15°, 8=15° are marked
by narrow white, narrow gray and bold black
lines, respectively. CA shows the compression
axis.
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Fig. 15. Schematic drawing of the development of (a) mi-
croshear bands at low strains and (b) subsequent
formation of new grains at the intersections and
along the microshear bands at sufficiently large
strains.”
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351212, MDFIZ Xk > CMSB A FE4 D HIAIZEEEIZHE
CT3RICMNSHBAIC LRI LSS, ZD0HIIMDF
DR LIZEDZROTAINMLABETH S (Fig. 3(b) &
H) . L7225 T, MDF ISR MR O 4 B IS8R &
BMIETH 3P, SEHEERBISEA X 5L LRGSR
R ET NIZH LT, HCPHED MgAEICx L TI3E T
DEBEIEEZMA AT ES BV, Thbb, MgAhEDERE
ETTidsy 2@MEO TR TR 2 DHEBIZEL, 2
U > THE XN 5 AR A Z D TZ D LE5AK
~NEALT B (Fig14)'", L7722 ->T, Mg& &I L T
MSB % ¥ » 7 #IZ& Z L, Fig15(a) DEFILZT T+
BTHY, BRFEOFREXPMMEOTAMLTTRET T
ZENBRTE S,

5. KUOTAHAMIMOBELEL

RKOFTAMLTEA SN2 E8HEBEN & & O AR LR
3, BUICIREESEL AL INTNEY, Lihs
T, HPRREAR ST 280 £ LEBMOMIZRIZEETH %
A, MAOBRTEZOFFMBIHIZZ Z CIdH T 5, 2
AR OB E LICBET 2 ZE oD IR E TOWH
RHERE2ZELHEZLD FOFEETa L 2IZRDED
It lwohsd, McsOMIMBICHT 250 HGREL
Bezs £ UBER (X—r) & OBk % 81k L T Fig.162VZ/R
T BX B (2), (b), (c) 1, BEOM LELHE, &
RE PSSR, AU ATARMHDRALRE L 7228 > TR
BB EESARIC I ZhRIET 28D TH 5,

(@) WE, EEMTICEREEROTA (e<1-2) T
AU BN IR IR T, dnf T SR AR — AR R ok
ATERHEIZAMLTHEL S, 722 TREROARK &K

» Normal grain growth
£ | ©) >
= Y77

=

g

,EE (b)

&z Stage 2

2 05

<

= —

£ @

=t

£

=~ 0

Annealing time, ¢

Fig. 16. Schematic drawing of effect of various deforma-
tion microstructures on the isothermal recrystal-
lization curve. The curves (a), (b) and (c) are for a
conventional strain hardening, a discontinuous
DRXed and a continuous DRXed microstructures,
respectively.?"
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