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Advanced Mechanical Properties of Bulk Metallic Materials through Microstructural Refinement
Using Severe Plastic Deformation

Zenji HORITA

Synopsis : Equal-Channel Angular Pressing (ECAP), High Pressure Torsion (HPT) and Accumulative Roll Bonding (ARB) are typical processing pro-

cedures of severe plastic deformation. They can reduce the grain size to well within the submicrometer range. This paper reviews principles

and characteristic features of the three major processes and summarizes recent studies reported on pure Fe and steels. Microstructural fea-

tures and related mechanical properties are introduced for each process. Important aspects in conducting each process are described, and

practical applicability and future development are discussed in terms of scaling-up and continuous operation.
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Fig. 1. Schematic illustration of ECAP.
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Fig. 2. Variation of equivalent strain, & with channel
angle, @, over angular range of @ from 45° to 180°
for several arc angles of curvatures, ¥, from 0° to
90°: strains are shown for single pass where N=1.
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Fig. 3. Optical micrographs of Al-3wt%Mg-0.2wt%Sc
alloy after 1 pass with arc angles of ¥=0° and
¥Y=90°.
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Fig. 4. Definitions of three orthogonal planes X, Y and Z in
ECAP.
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Fig. 5. Four major processing routes for ECAP.

Fig. 6. TEM micrographs and SAED patterns in three or-
thogonal planes of pure Al (99.99%) after process-
ing through route BC in ECAP.
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Fig. 7. TEM micrograph and SAED pattern of pure Al
(99.99%) after processing with @=135° to strain
of ~5.
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Fig. 8. TEM micrographs of 0.08% C steel after (a) one,
(b) two and (c) three passes together with associat-
ed SAED patterns; solid lines in (a) and (b) are
traces of {110} planes.
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Fig. 9. Variation of (a) 0.2% proof stress and UTS and (b)
elongation to failure of 0.08% C steel with equiva-
lent strain; data shown after ECAP and after CR.

pressed plate

Fig. 10. Optimum ECAP procedure for processing square
plate with rotation about Z axis.
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Fig. 11. Schematic illustration of HPT.

Fig. 12. Definitions of r, 8, and ¢ and shear deformation
introduced during HPT.
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. Slippage fraction plotted against imposed pressure
for pure Al, Cu and Fe through revolution of 1/4
at rotational speed of 0.5 rpm.
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Fig. 14. Appearance of disc (left) and ring (right) samples
of pure Fe (99.96%) after HPT for 1 revolution.
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Fig. 15. Vickers microhardness plotted against distance
from center for disc and ring samples of pure Fe
(99.96%) processed after various revolutions.
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Fig. 16. Vickers microhardness plotted against equivalent
strain for disc and ring samples of pure Fe
(99.96%) processed after various revolutions (all
data points shown in Fig. 15).
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Fig. 17. Variation of (a) ultimate tensile strength and (b)
elongation to failure with equivalent strain for
some selected disc and ring samples of pure Fe
(99.96%).
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Fig. 18. TEM micrographs and SAED patterns of pure Fe
(99.96%) for (a) disc sample after 1/4 revolutions
with £€=2.2, (b) disc sample after 2 revolutions
with €=18.1 and (c) ring sample after 2 revolu-
tions with £=122.4.
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Fig. 19. Schematic illustration of ARB.
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Fig. 20. Rolling force per unit width of sheet during ARB
of IF steel processed at 773K.
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Fig. 21. TEM micrograph of IF steel after processing by
ARB for 6 cycles without lubrication.
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Fig. 22. Plots of 0.2% proof stress, tensile strength, uni-
form elongation and total elongation of IF steel
after processing by ARB for 6 cycles without lu-
brication: Tensile tests at RT.

Fig 21 i IF§ & 773K IZNELL 55 6% 4 )L ARBI
TLzEE (HYUOTATEE) O TEM MR THR O I
EBREL-EDTH B, FEAFAIHO AR5 X
0, RIS SR O E XK 200nm & MM 2R TV 5,
FHERATIZ ST, Zh 5 DRSS ORI R A EIZ A
AL LTV BZ EHBE IZ X 3T 55960, 08T F4E
BZ 773K TI0minMB XN TWBE Z 26, BRI
HEL, HPTORA LR TH WA, Zh T8 RN
SRR E B,

Fig.22 133 3EERER % 1T » TR 7= 515REBE , 0.2%1t 17,
WO, B KU U E A s 0EBIcTay b LG
DTHDHD, 1947 NLBCHEBIZRBISHML Z0H%IE
RAZITHEM L CRIFMEIE DL . SIRMEIZ7H 4 2 Ltk
{2910MPa & & D HIRMDBEEDIFL L E KB, —7,
BRI DRI & XFHEEIZ 1Y 4 2 BRI KR & BV D 3R A

605 NI



I 606

$% &8 Tetsu-to-Hagané Vol. 94 (2008) No. 12

H, BN E L, BEHOCE Y1 2 L EORmE
EBIZRAIZEAT B, ZOfEAENE, FDECAPRHPTD
BREFLUTHY, £72, TLI=ZTLARETHEL LT,
BREREMEUT, EAXOTAMBFE LSRR TH 5.
ARB TIIBRfFDEERE 4 EFH T 5728, ECAP X HPT
BIZHARTERAMRE Y, B, EEEOA D Ol W,
Mz aA4 55— 7va4 5 —%28FOBREL, XL
Uy TORIDEFTYM L C28D a4 5 -1 FhZFh
2 M)y TEBERDS, RICEESAEKEZXE, 73
47— REEOM TRELER VA YT 7 v v v 7%
L= BAEET Y, The@E+Z ok niigity
BIHET D BV,

5. HbHJIC

IO MOBEROTAMIL 72+ 2 & L TECAP, HPT,
ARBOREM AT v AKITODWT, FIE, Mk, ¥
e, BES, ERAMAEOBEAY» S RIEDITFER %
L7z, ZO&S B3D2OEARVCTAMLY v+ 2 L5t
{2 %, MDF (Multi-directional Forging)®”, TE (Twist Extru-
sion)®®, CEC (Cyclic Extrusion Compression)®®, CGP (Con-
strained Groove Pressing)®”, RCS (Repetitive Corrugation and
Straightening)®®, STSP (Severe Torsion Straining Process)®” 7&
EZROTat 28RN Th5, H@§THE£Z5
EMTIZ K> THHERBPEDLL BN & Th b, Hilk
EXOFTAMLY v 22 BT 556, MLICX Oy
FIRBAETH 5 5803HA Shiul, EXOTADNS
e E 2B, ARTIX, & il o MEREL A xR
WRART2 A BERO AIZIEER 20K+ 0 57 I 68 & AT RE T
& 289, KA DREIE LAY M & & &, FIEVE A
U CREFRESFEBR L, #72 MRS EHTE 3
ARt D B, X 61T, AR L &R T s b o E
BRGHIFETE S, KIRTIIMEIT L A» 720, BEXO
FTAMILIZHES KEDERTRIEDOBEA TEE I H LR
PRI N TN B, EXOTAML Y v+ Z L EERH
EHEACE R U 728 7= AR e B A 2 4fie L T8
HHEI NS,

AR [EEMTOMBRE] (F5  BAE BEEAK
Wikt REEIZ) OEHO—RELTELDEDTH S,
ZOEI BHEOES ANV Z LIIRH#TEIE LS
12, IEREEH B TAYN—D 4L L DHWEN»D
BEAEREMS TE L ICDEDHEEET 5.

X B

1) VM.Segal, VI.Reznikov, A.E.Drobyshevskiy and V..Kopylov: Russ.
Metall., 1 (1981), 99.

P.W.Bridgman: Studies in Large Plastic Flow and Fracture, McGraw-
Hill, New York, NY, (1952).

Y.Saito, N.Tsuji, H.Utsunomiya, T.Sakai and R.G.Hong: Scri. Mater.,

2)

3)

32

5)

6)

8)
9)

10)

12)
13)
14)

15)
16)

17)
18)
19)
20)

21)
22)

23)

24)

25)
26)

28)

29)

31)
32)
33)
34)
35)
36)
37)
38)
39)

40)

39 (1998), 1221.

R.Z.Valiev, Y.Estrin, Z.Horita, T.G.Langdon, M.J.Zehetbauer and
Y.T.Zhu: JOM, 58, (2006), No. 4, 33.

Y.Iwahashi, J.Wang, Z.Horita, M.Nemoto and T.G.Langdon: Scri.
Mater., 35 (1996), 143.

K.Furuno, H.Akamastu, K.Oh-ishi, M.Fukukawa, Z.Horita and
T.G.Langdon: Acta Mater., 52 (2004), 2497.

M.Kamachi, T.Fujinami, Z.Horita and T.G.Langdon: Mater. Sci.
Forum, 447448 (2004), 477.

J.Park and J.Suh: Metall. Mater. Trans. A, 32A (2001), 3007.

Z Horita, M.Furukawa, M.Nemoto and T.G.Langdon: Mater. Sci.
Technol., 16 (2000), 1239.

Y.Iwahashi, Z.Horita, M.Nemoto and T.G.Langdon: Acta Mater., 46
(1998), 3317.

K.Oh-ishi, Z.Horita, M.Furukawa, M.Nemoto and T.G.Langdon:
Metall. Mater. Trans. A, 29A (1998), 2011.

Z Horita, K.Kishikawa, K.Kimura, K.Tatsumi and T.G.Langdon:
Mater. Sci. Forum, 558-559 (2007), 1273.

S.D.Terhune, K.Oh-ishi, Z.Horita, T.G.Langdon and T.R.McNelley:
Metall. Mater. Trans. A, 33A (2001), 2173.

K.Nakashima, Z.Horita, M.Nemoto and T.G.Langdon: Acta Mater.,
46 (1998), 1589.

R.Z.Valiev and T.G.Langdon: Prog. Mater. Sci., 51 (2006), 881.
Y.Fukuda, K.Oh-ishi, Z.Horita and T.G.Langdon: Acta Mater., 50
(2002), 1359.

Z Horita, T.Fujinami, M.Nemoto and T.G.Langdon: Merall. Mater.
Trans. A, 31A (2000), 691.

M.Furukawa, Z.Horita, T.G.Langdon: Mater. Sci. Eng. A, A332
(2002), 97.

M.Kamachi, M.Furukawa, Z.Horita and T.G.Langdon: Mater. Sci.
Eng A, A361 (2003), 258.

Y.Saito, H.Utsunomiya, H.Suzuki and T.Sakai: Scri. Mater, 42
(2000), 1139.

J.-C.Lee, H.-K.Seok and J.-Y.Suh: Acta Mater., 50 (2002), 4005.
G.J.Raab, R.Z. Valiev, T.C.Lowe and Y.T.Zhu: Mater. Sci. Eng. A,
A382 (2004) 30.

R.Z.Valiev, 1.PSemenova, E.Jakushina, V.V.Latysh, H.Rack,
T.C.Lowe, J.Petruzelka, L.Dluhos, D.Hrusak and J.Sochova: Mater.
Sci. Forum, 584-586 (2008), 49.

F.Wetscher, A.Vorhauer, R.Stock and R.Pippan: Mater. Sci. Eng. A,
A387-389 (2004), 809.

A.P.Zhilyaev and T.G.Langdon: Prog. Mater. Sci., 53 (2008), 893.
C.Rentenberger, T.Waitz and H.PKarnthaler: Mater. Sci. Eng. A,
A462 (2007), 283.

M.Kai, Z.Horita and T.G.Langdon: Mater. Sci. Eng. A, A488 (2008),
117.

M.T.Pérez-Prado, A.A.Gimazov, O.A.Ruano,
A.PZhilyaev: Scr. Mater., 58 (2008), 219.
Y.lvanisenko, A.Kilmametov, H.R6sner, R.Z.Valiev: Int. J Mater.
Res., 99 (2008), 36.

M.Umemoto, Y.Todaka, J.Sasaki and I.Shuro: Mater. Sci. Forum,
584-586 (2008), 493.

Y.Todaka, J.Sasaki, T.Moto and M.Umemoto: Scr. Mater., 59 (2008),
615.

I.V.Alexandrov, K.Zhang, A.R.Kilmametov, K.Lu and R.Z.Valiev:
Mater. Sci. Eng. A, A234-236 (1997), 331.

V.V.Stolyarov, Y.T.Zhu, T.C.Lowe, R.K.Islamgaliev and R.Z.Valiev:
Mater. Sci. Eng. A, A282 (2000), 78.

A.R.Yavari, W.J.Botta, C.A.D.Rodrigues, C.Cardoso and R.Z.Valiev:
Scr. Mater., 46 (2002), 711.

J.Sort, A.P.Zhilyaev, M.Zielinska, J.Nogués, S.Surifiach, J.Thibault
and M.D.Bar6: Acta Mater., 51 (2003), 6385.

Z.Lee, FZhou, R.Z. Valiev, E.J.Lavernia and S.R.Nutt: Scr. Mater. 51
(2004), 209.

W.J.Botta, J.B.Fogagnolo, C.A.D.Rodrigues, C.S.Kiminami, C.Bol-
farini and A.R.Yavari: Mater. Sci. Eng. A, A375-377 (2004), 936.
E.Menéndez, J.Sort, V.Langlais, A.Zhilyaev, J.S.Muiioz, S.Surifach,
J Nogués and M.D.Baré: J. Alloys Comp., 434—435 (2007), 505.
Y.Kusadome, K.lkeda, Y.Nakamori, S.Orimo and Z.Horita: Scr
Mater., 57 (2007), 751.

T.Tokunaga, K.Kaneko, K.Sato and Z.Horita: Scr. Mater., 58 (2008),

M.E Kassner and



41)

42)
43)
44)
45)

46)
47)
48)
49)
50)

51)

52)
53)

54)
55)
56)

57)

735.

T.Tokunaga, K.Kaneko and Z.Horita: Mater. Sci. Eng. A, A490
(2008), 300.

S.Erbel: Met. Technol., 6 (1979), 482.

I.Saunders and J.Nutting: Met. Sci., 18 (1984), 571.

Y.Harai, Y.Ito and Z.Horita: Scr. Mater., 58 (2008), 469.

Y.Ito, Y.Harai, T.Fujioka, K.Edalati and Z.Horita: Mater. Sci. Forum,
584-586 (2008), 191

K.Edalati, T.Fujioka and Z.Horita: Mater: Sci. Eng., (2008) in press.
K.Edalati and Z.Horita: Mater. Trans., (2008) submitted.

K.Edalati, T.Fujioka and Z.Horita: Mater. Trans., (2008) submitted.
K.Edalati, Z.Horita and T.G.Langdon: Scr. Mater., (2008) in press.
Y.Todaka, M.Umemoto, A.Yazaki, J.Sasaki and K.Tsuchiya: Mater.
Trans., 49 (2008), 7.

Y.Todaka, Y.Miki, M.Umemoto, C.Wang and K.Tsuchiya: Mater. Sci.
Forum, 584-586 (2008), 597.

Y.Ito and Z.Horita: Mater. Sci. Eng., (2008) in press.

G.Sakai, K.Nakamura, Z.Horita and T.G.Langdon: Mater. Sci. Eng.,
A406 (2005), 268.

Z Horita and T.G.Langdon: Scr. Mater., 58 (2008), 1029.

AR, JEHEN A, 47, (2008),98.
RPN, WAFG  AASEEFSHREANDFHEME,
HEARK2E, (2008), 490

Y.Saito, H.Utsunomiya, N.Tsuji and T.Sakai: Acta Mater., 47 (1999),
579.

33

58)

59)
60)

61)
62)

63)

64)

65)

66)

67)

68)
69)

70)

RN LIZ & %730 & M ORI L & et b

N.Tsuji: Severe Plastic Deformation, Nova Science Publishers, Inc.,
(2005), 543.

Tsuji, R.Ueji and Y.Minamino: Scr. Mater., 47 (2002), 69.

X.Huang, N.Kamikawa, N.Tsuji and N.Hansen: ISIJ Int., 48 (2008),
1080.

FEEF 2961263

O.R.Valiakhmetov, R.M.Galeyev and G.A.Salishchev: Fiz. Met. Met-
alloved., 10 (1990), 204.

B.Beygelzimer, D.Orlov and V.Varyukhin: Ultrafine Grained Materi-
als I, ed. by Y.T.Zhu et al., The Minerals, Metals and Materials Soci-
ety, Warrendale PA, (2002), 297.

J.Richert and M.Richert: Aluminium, 62 (1986), 604.

J.J.Park and D.H.Shin: Ultrafine Grained Materials II, ed. by Y.T.Zhu
et al., The Minerals, Metals and Metraials Society, Warrendale PA,
(2002), 253.

Y.T.Zhu, H.Jing, JHaung and T.C.Lowe: Metall. Mater. Trans. A,
A32 (2001), 1559.

K.Nakamura, K.Neishi, K.Kaneko, M.Nakagaki and Z.Horita: Mater.
Trans., 45 (2004), 3338.

M.Murayama, Z.Horita and K.Hono: Acta Mater., 49 (2001), 21.
Z.Horita, K.Ohashi, T.Fujita, K.Kaneko and T.G.Langdon: Adv.
Mater., 17 (2005), 1599.

T.Fujita, Z.Horita and T.G.Langdon: Mater. Sci. Eng. A, A371
(2004), 241.

607 I



