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Grain Refinement and Ductility Improvement
by Hot Extrusion Using a Heteromorphic Die with Small Holes

Kaho Tomital*, Toko Tokunagal*, Munekazu Ohno? and Kiyotaka Matsuura?

LGraduate School of Engineering, Hokkaido University, Sapporo 060-8628
2Faculty of Engineering, Hokkaido University, Sapporo 060-8628

It has been shown using an Al-4.0 mass % Cu alloy as a demonstration material that hot extrusion with the use of a specially—
designed die, which is called a heteromorphic die, leads to grain refinement and improvement in ductility. The heteromorphic die
consists of two plates and one spacer. One plate is called a strain—giving die and has six holes of 5 mm in diameter, while the other
plate is called a shape-giving die and has one rectangular hole of 9 mm X 15 mm in side length. The spacer separates these plates
at a distance of 10 mm and gives a space between them. The Al-Cu alloy billet was hot-extruded from the strain—giving die into
the space between the two dies to produce six thin bars, and all the six bars passed together through the shape-giving die to
become a thick rectangular bar. The rectangular bar produced by the present extrusion was tensile-tested at room temperature
and the results were compared with those of the un—extruded billet and the bar produced by a conventional hot extrusion using
only the shape-giving die. The elongation of the specimens made of the billet, the bar extruded by the conventional method and
the one extruded using the present heteromorphic die were 21, 35 and 57%, respectively. The largest elongation found in the sam-
ple extruded using the present heteromorphic die should be due to the fine recrystallized grain structure in that sample. It is sug-
gested that the recrystallization is induced by a large strain generated in the present heteromorphic die due to the friction at the
large contact area between the die hole wall and the alloy. [doi:10.2320/jinstmet.J2014052 ]
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99.99% Al ¥ 99.96% Cu % FEHZ KK T8 L, HEE 45
mm OAERA VT PEIEE L. ATy FITHL,
530°C, 2 BFfOBMALAE %47 - 7%, 200°C, 2 BFfORE
BHALER 24T - 7o AN TRTIC R RVALEE 21T - 7o PR, 0
MR F 2T S8 5 C & TR TRICK T A& 2
HT57-0TH5.
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Fig. 1 Schematic illustration of hot extrusion equipment.
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Fig. 2 Schematic image of dies: (a) a strain—giving die, (b) a
shape—giving die, (c) a spacer and (d) a heteromorphic die,
(The diameter and height of all dies are 45 mm and 10 mm,
respectively).

A ZADFHM%E Fig. 2 10R”d. BNEX A AFEL5mm O
Rw6O2FLTED (@), BFEXA AIZIE 9mm x 15 mm O
HIVORIP 1 OFENT S (D). EBLLDOX A ADES 4 10
mm s> T, INb 200K A ARfNn7s v ko4
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EBFEXA X EBETA ZORARBIZIZIER L CTH D,
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FOHRKANBPOROONZLEEL L TIN26 THS. —
77, FRHIC X AWTAFEZ LE OB I+ 528G & L
THEONAAHENTR) TIIN 2% THAH. BEX A A
DOROFEEZH LN T 5720, BHNEFA AZEE T
WZA ZADHRIZ LB LI E L TT - 7. fiE—Emn
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440 kN TIT o 72 DT, T AEEIIEL XA 2 L5
T3 0.25mm-min~!, BB X A ADAKIC L HHHH TiE 10
mm-min~! F B o570 LaH- T, il S -BICER
TR SN LMPHZEOM TRELDT, TORBOHE
PP S8, FHBICBGLIE L 2R L HE L GH
HEONGE LT 2FD, BB AMEM B XUV v T
B A 490°C OIF TR 2 ISR T A Z LiIC k> TR XA
A & UBERE & Lot AR L, % ok
LI L 7.

COXEDITIERL 723URHO R L C, MR B & 5 5RaR
BafT - 7o, MBIl T3, Wmae T A —#K T
1500 % THFEE L 7812k £E 100 nm O 7 )L 3 FBFEEH] % H
WORREE 21T\, 1% 7 vy BEKBER T v 57 L Tip
B, WAEBAMERIC L AR REE 1T - 7o, sIRABRICBIL
T, TAVHEMLELZ BT, KRB OEFHmAME
FHia e ab L5217 —VES 86mm, E& 20
mm, 1§ 6.0mm OFRBKFZTHHL, BRICBWTIZBEA
ANy FAE—F 8.6x10-3mm-s~! D5 T ERKRA T -
7o IXRTORFHCH L 2N ZFhN 2 BT ORBRATV, H
Btk AR L7z, ks, 5IERBRT OBRIUCHZD, EX9
mm O AEFHM %8 S FITE 4 551 5 XD S HRH
HAMTOHL, EEHEET 2 KT ThRifo 2 K4
BHL /.

3. EERHERLIER
3.1 fAMBIRER

Fig. 3(a) I3 &¥ % 4 A3 UM O BT 20k 2 K5 TR ¥
LABERHERLTWA. CZIRIBEMFELT A ZAD 6 DDR
POMHINTEL 6 DOHBAFEDOOLN, TRENDE
RIC3HO XD ks R on%. Fig. 3(b) & (c)id, Fig.
3(@FICFA LI B) & (C) DMy % & CTHhE L kT
BThHYD, TNENRIL D XA A0 LRI N-fHIBOF
T A RL T 5H2, EHLOFKGITIER L XD Aafb i
M E > T 5. —F, Fig. 3(a)h TR O N/ IR
OFRAMICBAL TiE, B)/(O)DEERE D) EL TZxDH
fEBE% Fig. 3(MITR L7z, ZOFH Tk (B) R (C) D&H
BB & AR TR MM A% Ron b 00,
RENTVT BB PY & B R T E R Uk A 5 > T\ 5.
FoEMEFE T AEROMICITAB A R 7x <, HiEE
BOMBIIEICES L TW5b. $T74abb, BNEX A AR
Z DR OFLE % KB L CERPZFIROL D D & F oM ke
AL S®BH, BEMTIES 7 R & 72 - T
5.

Fig. 4 \CRUR OMEWTE E DR sz =" 3. (a) I3 H
Bov Ly b, (DREREL A ADOHTIE L -AiE, (o
BEBAA ATHHL/cABOMEMTH 5. ULy OB
R, BAARZHAETVES A FEIEAD Cufmbric
FOAEUERBHEMBTH L. CTNEelBT A ADLTHH S
HE, —HTHBEMCLIDE /DI BERNPA BN
25, T ENC AR L 72 100 pm (F & ORLK 7n R TS Sk
%< o> T\w5b (Fig. 4(b)). THICK LEBBXA A% H W
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Fig. 3 Microstructures observed on a cross section of the rectangular bar extruded using a heteromorphic die. (a) Full picture of the
cross section at a low magnification. (b), (¢) and (d) High magnification pictures showing points (B), (C) and (D) indicated in Fig.
3 (a), respectively.

Extrusion direction

Fig. 4 Microstructures of Al-Cu alloy: (a) sample before extrusion, (b) sample extruded with the shape—giving die, (c) sample
extruded with the heteromorphic die.

T L7256, 2SI THMARSREI DFHRE20pum O DX A AR E@BA RIS O/NS IRl - T S h
FEF W7 & 7 - 72, (Fig. 4(0)). bbb, ()& TV ThsH. COLE, NSEIROEFERE AR
(C)DHEITIRE Y v F OWIHRE & #l S W /- ABROKIERK,» OX A AROHEEIZRL ThHDT, 1MHDOZ A Aki#b
LRELON AL /PTOMIRZIFRAL TH 5P, BETI L EEICH 2% DML a2 T 50, 2HEDOZ A Ak@b &
DRELER XDHICZT 2720, 2EICHEESRARE SCEEREE RO TIIEROBINE LN L O & Aint
Licdor#gRsns. Jhid, BETEE Ly FHMAAR 5. ZHCL22bH 57 Fig. 4(c) OMMD 2RI 7% -
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Fig. 5 ICRIRABRIC B I )-Elif R4, YL v b
MOWK L 21% ThH o 72, BIEX A ATHET L&
BXETHO/ . BPXAATHHLIZLDIIIHICKE
MO RRL, ZOMIESTRICEL . BWIEXA AL 5
HHAMIC KT AEEOR EIL, BV y FRICH > 2Rk E
DEFEERMEAHEREOERFED D & THEE INFEL B
IN//2DHTHY, BT A AL HHEMICES T 5357
L IEVE DA IS A X A RO — Mo 72 HTH S
LHEZE NS, —HTHIRMSICERY S &, B LT
WIZE VY FHMARLGE L, BB A A K HHM RS
7> - 7. Hall-Petch BIIC L/ o e F o=
XA AL HMBM AR EREATRT LR THEINS
7, Fig. 5 O5ERBERIICNEKLTWAE. COFRKNE
LG, fHEEOECIC L DM OBRARRREOE W%
Bo7o. bbb, BEBEXA AT X AE T oEsT
DI=HOICS AEED 0.25 mm-min~! & #EL, —HFREFA
AZDENZ L AHHTIE 10 mm -min~! TH - 7=/, KR
FHCIXH 2 B OERD 5. BT A ZHEMIE D 2 K
M9 - EMBYFOHICE ANz T, Z ORNCEE LR
BHFCRIVIILL 2D EE 2. — OB X A A3
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Fig. 5 Results of tensile tests at room temperature for the
billet and as—-extruded samples.
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HA TN L2 R T - 7o 7o DI TRFOE D E
FLTWebhD I N/Z. £/, By FMAERES
RL7cDIE, Fig 4@ ICA O/ LD ITBBICEA L 723t
mEERELE OHIZ L b0 LTI NL. Thez, R
T4 A4 23 & A U BVBIE A b OFKHT & 5 2 TRBE S
— L7 BT, BEAMBLSES U5 IERARE T 7.

3.3 BEEH—AMOB/EIR

V'l oy M EBIE X A AHHM O Z N Z hic 490°C-2 Ky
MOBMI BN L T L, MBS R % Fig. 6
IR, By T, By (Fig. 4(a)) & T
HREDBEEL ThI»Iichnk-> T4 (Fig. 6(a)). B
T2 A AR M TIEBGLERFHIZ &S 72 0\ O FES AR 23 2
TORELTEY, /B MmAHICk C - 7R an»
CEnD, BEMIZET LEIERICHBEIN/IEADNS
(Fig. 6(b)).

3.4 BREH—HFO55RAR

Fig. 7 ICBBEEH—H R OF IRABRER 2R 3. 2o
BIMZEOVY VY B ERIEZ A A OB 5D HIC
WL 722, TN TLaRBREL A ZHM OMU R L&
WMHEZRLTWA. $hbh, BEE A AMHM OEN /it
PE, B OBRLIC &5 O Tld7s < Bl T — 70k b
BIZEABLDTHLZ EPPELP LT -T7c. —FFIRBRSIC
BALTid, by Mo, BIEX A AN CIITIZRRE &
oo e, B A ZAHEMIETENG LD O EWEARL
T 5. SRR CTH 512 b b 6 FHRE K
BFRE LT, AP THEZES NS 10~100 um B O R EE
PR CIIRAEEDZEALICHR L THRE D ST E S 2L e C
LABAHD, TLAUTOIDICEAABORENFE Z BN
B TV DU AEEOBHEHIC B TA11) +<100> D
TEBMARSRET A EPMONTE DD, FiomT
BOPESISE THMERPE S - 7284, TR RRLE00>T5 6L
BRI EDPMOENTWAD. TOFREMBA00>EAHRKIT
BERTAL26T I ERAREINTE DY, RERBRIC
B HEEZ A ZFEM OEBEZ T L5 L0 LHEAS
N5, Tz, EEHABOMBICLVMENMELS kb & XTI
HHEPEL 7B EbHESINTEDNY, TNIEAHERER
ERETS.
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Extrusion direction

(b) annealed extruded sample with the shape—giving die.
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Fig. 7 Results of tensile tests at room temperature for an-
nealed samples and extruded sample with a heteromorphic die.
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FEORRB LUOBBE R — L 7B & A A A RO
BRLZENENFig. 7008k L T\ 5. Kb % n z
TR XA AWM OF | REE L, BEX A A & O
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D, CHIERRUIIC L ATHEIEATEL TnWbEEZS
N5, AHEICEEL Th, FFRIELIEIC L D HFPICETL T
TW2300, THICEWEESRL TWwb. ChHDORER K
0, B A ZFHEMIC L TR A N2 A C LIc k-
TEIEE: - ERE A & DIERTEA T LB LN LT -7z,

3.6 B A ACL HHERRHBAMED A N=X A

3.1 TH TR X DI, BELA AW/ HHICE
WS ZE L S HME L 22BN & L CiE, &4 AOWmE
BrOLABLONLAPTOMILERTII /AL, X4 ARDMH
FROHERE 2 ONS. $7abb, ¥4 AR%EHE-> TV
v PR IN A L &, XA AREEmREY LV v M OEE
ICEDEEMAEOY L v FHAEIC AMERFEEL, O
EEOERBIZINTOIA ZAROEFHBAESPREVITELE
WeEZLNL. FNOZRIPX A AT, WU R
I CREFEORE X A A L0 b RELELZT, £
DIzDICTIAEFRIC L ABAIEE S RZEL 2D LR S
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Extrusion direction

Fig. 8 A microstructure of the aging—treated extruded sample
with a heteromorphic die.
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Fig. 9 Results of tensile tests at room temperature for aging—
treated extruded sample with heteromorphic die and as—extrud-
ed samples.
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Fig. 11 Initial meshes of the billet, the 6-hole die and the container; (a) whole image and (b) enlargement of the billet and die.
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(2)
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e

CCT, o XWEILT), el3E, TIHEE, ¢ 3TEEE®F
L C\w4. Fig. 11 [CAWFE CTH /2 FEM @Hre 7 L %75
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3.7.2 4R
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7D EFR LRI A ATHEINTERY 2% 1ICHMSL, B
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W (), (0, (IFEFNZENARDME, RO, [OFEH
EAMEMHOERICRIIETHELHET 2 BN THRIISHh
7o KX cidenzn(@e X2 A A, (b)FLEFD 6 74
A4, QQIIARFAZA, (ZARTAALES L&
B, Fl, XT7UYVIZHORIIE 10mm & L, NEICHER
2T Twino.
3.71.3 EREH

PR &4 & 2 A AL B LU &4 & a v 5 PIEE
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FRBUC IR bE\V b D% FORGE O 7 — % X— 27 b #EU,
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Fig. 12 Die designs for the simulations; (a) 6-hole die, (b) 6—
centered-hole die, (c¢) 11-hole die and (d) triangle-hole die,
(All dimensions are in mm).
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O, UTICEERROFE® Y I 2 V—Vva VL

HREA X" ARG ORI F A AT L % B ORS dR BRI L & k(b 189

Table 1 Implemented friction conditions.

Coulomb friction coefficient, #  Shear friction coefficient, 7

Low 0.075 0.15
Medium 0.15 0.30
High 0.40 0.80

(2) #1 REAEHTOERREOZE

HA A LM A SO OB M O SEIC Y
DED B 5.2 Bhpwiihd 5720, BEEGREA Table
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TIE$TNTFig. 12@) TRLIC 6 REA AWz, 56n
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LED X212, AR TREST 58 Z A A kA8 H
TiCkBWTid, Bp0omLRLIOELAHAX A ARDORER
DREWC EICEIDHHMERIIHEINAEDPKEL L
D, ZORER, SRINTIC X 522875 & 8538 K R ORI
BLUGHAL, S HITIEHESGEEOMME— AR D,
FHBEOMEIAE WM EIGREEZ R L 72 b D L BRI NI,

4. #

il

KPR TIEERIA A A DRIZREIG T A A% AT
Al-Cu &4 OB AT\, MM OMBKREIZR S JU5]
RABRIC & 2B EE O EZ T - 7. FBRA L TICEY
T 5.

(1) —MEI7TF A A% B A TR 1 7 s
MIZE Y& 72, ThERURPTMTRE R SRS A
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Fig. 13 The distributions of equivalent strain after extrusion of 10 mm with (a) and (b) 6-hole die, (c) and (d) 6—centered-hole
die, (e) and (f) 11-hole die and (g) and (h) triangle-hole die. Figures (a), (c), (e) and (g) show the cross section of the extrudates
directly above the die, and figures (b), (d), (f) and (h) show the longitudinal section of the extrudates, which passes through the cen-
ter of the die. The average equivalent strains were measured on the observed cross sectional plane.
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Fig. 14 The distributions of equivalent strain after extrusion of 10 mm with various friction conditions at the interface between the
metal and the die; (a) and (b) low friction, (c) and (d) medium friction and (e) and (f) high friction conditions. Figures (a), (c) and
(e) show the cross section of the extrudates directly above the die, and figures (b), (d) and (f) show the longitudinal section of the
extrudates, which passes through the center of the die. The average equivalent strains were measured on the observed cross sectional
plane.
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