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Study of Microstructure and mechanical properties of pure commercial
titanium via combination of Equal channel angular pressing and Extrusion
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ARTICLE INFORMATION ABSTRACT

Original Research Paper There has been much interest in recent years in improving material properties by grain refinements
Received 30 November 2016 using severe plastic deformation (SPD). With applying severe plastic deformation to metals, the
Accepted 02 January 2016 structure changes and nanostructure is produced. In this study, ultra-fine grained pure titanium is

Available Online 18 January 2017 fabricated by combination of Equal channel angular pressing and Extrusion process in different passes

(1, 2, 4 and 6 pass). ECAP and Extrusion processes were carried out at 400°C. Then, mechanical and

S%V(‘;"’ glrl‘f:t microstructural properties of UFG pure titanium billets produced by the combined process of ECAP and
SPD extrusion process were examined and the effect of passes on mechanical and microstructural properties
ECAP. was investigated. The results showed that mechanical properties were improved significantly. Ultimate
Extrusion strength increased up to 941MPa, in the best state, while for initial sample it was 505MPa, in other

Mechanical properties words, ultimate stress increased about 86.3%. With this combinational method, ultimate stress increased

about 60.8% for 1 pass sample, 78.8% for 2 pass sample, 86.3% for 4 pass sample and 80.8% for 6 pass
sample rather than initial state. In higher passes the rate of increase is reduced due to the grains size
saturation. Hardness increased from 81.85 Hv to 216.65 Hv. In other words, hardness increased 164%
from initial value. Further passes of the process only have a minor effect on increasing of billet
hardness. Scanning Electron Microscope also revealed that brittle fracture took place in all samples with
shallow dimples.
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! Sever Plastic Deformation (SPD)

2 Ultrafine Grained (UG)

3 Equal Channel Angular Pressing (ECAP)

“Tube Channel Angular Pressing (TCAP)

®Equal Channel Multi-Angular Pressing (ECMAP)
®High Pressure Torsion (HPT)

" Accumulative Roll Bonding (ARB)

8 Repetitive Corrugation and Straightening (RCS)
9 Cyclic Expansion Extrusion (CEE)

454



O 9 wss )”l.ain

I ST 9 sl JI3as91) JUIS H3 HUikd uS 5 3T rd Sl gy SIS Palld Eusliss SSlse Golsd 9 YL sasllae

Fig. 2 Internal view of the used ECAP die
ooliwl 5,90 SO B A3l sles 2 JS&

|
i
l 10 mm
|
|
N
e Lo
l
| |5 mm
|
|
. l
T R ‘r
Fig. 3 Schematic illustration of the used extrusion die

o oaliial (3 ST B 51 Sslads (slas 3 JSCib

Osel olSws 3l s el 3 sl 5 seheo 30 &S elis)l L S
b 03linwl 0.001 5™ 15,5 &5 b T plinn 52 asS

639 BT sllio -3-2
Sl sladiges (S8 ot Sl ol 6yl ba gy SlpdS (o) jslaiens
lwoslal 5lam g ad oo ghaie (Jul plrl 5l ead 039581 g
B (emip S 659 DSwg S by (S 5 i o Sieslin)
035 ghite ()] Tz 9908 5 (39 mS] sy Cuz o Lbaised S
o )lods b bylS pes IS 51 oolanul b Sjookin Sliles wias
Jsboes 5l osliiul 5 (Sl Lidder B2,k 5l Ladigas e b ploxil 4000
b Jslons 3l doaigas lislogs ) 53l lS0T (gl waing 5 (g3luoslal Lol
s i3 lon, pgtas [25] ws eslanul 1 Jgue 5o Ty oled oS5
b aiad 4 s oanpsd 4 e 8555 s Sen 3l ooliial
cads) Glaails 5 onds ylie s o3l (e alimdlo B o3l B3] g2
Oolite S5, 5 Sielshiee Wom At JB golia waa sleal
Dged SaS | bl o 50 was slaails
o3liul 3,90 gl Jslone Slasiin 1 Jguar

Table 1 Specifications of the used etching solution

e 5ld (il b w0 75 ghais o (205 L) 55 03951 w2
Pl 2 03epS) L B cdndy plal e plea (59, p (il @
Gl 58 izmen 09 patiie SOl el e plnl 5l e aslad (SIS
an (gedes 4253 400 sLed) 057 (3951 515k a9
Sy g peeST dy Cand ol Cuje aS ol eolaul (SO a3 aledl )
wopd wad S8l g pSel g JSD i ln e sl eolad
g 42,0 400 (slos o SOl an T (haghy (ol 50 g Jsb sk
@ ols Liagh 5l edeliasots gl a5 ab samliv Colgsy .cd )5 all
plsl Jle 5l (S 09 i slagiegn @i b el BB (ogthas 55k
Pl & ooy odle ol hash )0 oSl Sl aw (s ST anl
51 oolicial Cysgame oSl B o yyz a5 Cel ) VL Sl
S97y dui S8l g LS Sl s oS HhaB g by Job b ok
Sl St b o gl s ol as oy OISl I sl
A8 (359 STl s 5 WS (o0 Sl ) (aU 5B 5l 55,50 a8 | anlad
Rl askad Job anl ) cnl 0l )3 a5 wiile) oo (U soslal 1) ]
A5 cnl 5355 3)ly 4 3l K8 (Basb 4 g b oo ralS T LB
maxkd oy Bas &S Lol 58 pol agh 50 e SO B 3 oS
Gl g v il Calnl ol Gl celie o5 e Le 5 kS L
I 090 (Soe e Sl g leS s 0 (SzS Jlad iz 05
0397551 Al b a9 2005 S80I e e 10 5aS @y (glaakad ]

0wl yio dee B 4y o] s

=2 SygesT -2
03951 9 (SQ) Golume sl gl JUIS 5o HLid-1-2
L2 95 ol Al weiles ez ) alocde (g nl Ol 5
pgeas o oolel can] ) plol jglitedy o Lo 70 Jsbo 5 yia Lo 10 s
ol (1 Sl jo el dspie 2SS 50 sals eolatwl SOOI LB
(1) Gakasly 4 bl b 15 ol Qs P=0°4 @=90° (JB slo el )b
Pt dzhad @ ol Jlesl (155 il 3 S Py @ bl 4> o
D Gblsy cnySasS d1l a o g s9d oo sailag, askas Lalite o oo
uLAJb sp.ul.‘.u &.AS)‘ S9) 2 O QLLJL"U BN ool oolaiwl llug
—gdedse S lgy 3 B ojlgs g el Sl el jglaiea
Syse izl aBisles] saises 4 layl [24] oz ooL&.‘;...Jl‘%_éJy
5 gmmalos a2 30 400 glos 0 (Wl 6 94 2 1 o SOl ploul b caxlas
SRS 52 595 g ol Cosoty kB0 o o 10 oy ey b
9 417)4 \_ga 5 &QUMW Ga= 0 400 él.oé ul.o.b 5 u)j):\.mag‘ nlﬁdu}.ou
w85 plosl (Caas 4 Hlad il L) wus p0 75 glaie o S L

o 03,91 3 S [0 ooliiwl 0,90 (yjeymS] CIB gadE g gl

R

S8 o -2-2
694 2.1 ;0 00s Sl Slakad 1 2iS yge;] (saiges 4 S sasldl jo
) el el ) 525 8 S el stigei & 5 235,5 hdol
(S g3l o gl eud (59 5nST G g (eme ol Ol
e slotisas 31 s 3 Sl ol (seSeshalshiten

H,O HF HNO; @LM L oole
88 2 10 (Qo,0) lade
2SANTAM

455

1 MoS;

1 opleis 17 0531396 (12355 8 ()0 Suile wdiao



Ve 9 adtuSis ygabis 09 pausT 9 Solune JI3&3915 JUIS )3 Hliid S x5 AisTrd )l Gug BILES YR Euiliss SElSe olss 9 HliaLw sasilas
900 (ST R 42
800 555 0593 ln eslin Gladisad S (lie (0,5 (ateie jsliiea
00 0397551 G 5 &Sl slacily 5 00l U lacdy ) i e

T gt o33 )5 il g bdiged plaw (gjlwoslel jlas 5wl las oul

z s3] il 5 28,5 plal S5 (s g Sos oS 5l eolial L

%,: 500 25 4l 10 ankd (g5, azin G855 Loy 5 p Tk 1 Jlosl )b (lie

Z 400 sl 00 (6 S0l Cslis Jobo yo alais 6 0 it
300 . . .

200 e 9 G955 5Sng S0 a3l gl (5 Sl -5-2

......... 6 pass 5 oad GiiS gejl sladigel CenSl pol SRen (ow)n jslaied

100 R S SUNY S| BTV L JICN SR S S I LGP

’ 0 005 o1 015 02 025 2 355 ez line s Sl e ol 13 03 ol g, G5

Strain 00,5 oolaswl cdgelS 30 (6,1 5Ly peu Sl 5 yesil 5 o L (4 JSo

Fig. 5 Stress-Strain curve for ECAP performed samples with specific
number of pass

O ool Sl b oass SO wlakad (gl 13,8 i loges B U

1000
900 |
800 |
700 F
g 600 |
= 500 f
& ‘
& 400
[ 0 pass
300 ffF -0 1 pass
[ —+—-—2pass
200 f ———-4pass
......... 6 pass
100
0 1 1 1 1 1 1
0 002 004 006 008 01 012
Strain

Fig. 6 Stress-Strain curve for ECAP and Extrusion performed samples
00l (59 ymaS | g SOl Slakad gl 25,8 kS loges 6 S

oibesl sladiges gann 3l sdalimsny SilSe polgs 2 Jgus
Table 2 Obtained mechanical properties from all experimental samples

Sbojl oy o

B e Sy

o e MY

24 505 341 (adg) o) ool b O
19.2 620 440 S b1
173 719 528 Sl o 2
20.4 921 682 Sl ool 4

22 840 605 Sl o 6
124 695 506 s ol Ly 0
11.2 812 600 s Sal i 1
104 903 693 e Sl Ly 2
115 941 711 s+ &) ok 4
12 013 655 s+ oSl b6

1 oplai 17 0551396 (13355 8 ()0 Suille i

o g b -3
S 39031 31 ol cawody (SuilSo ol -1-3
Sl sladised 59, » S Ggasl plaml 5l easliwssay (slalagel
B Sl 5o oad g reST e 9 oSGl slodiged 55 S )5 ol
2 Jgoz 50 dadiges aed 5l odelimony SolKe (olys g ol Sgpina
G )0 S9zse poal 4 Lo abd 59, p GSUl plnil bl ond S 50
f@JL&: ol 4y a5 2) alolas 4y Ly 5 00,5 o aildy, aslad guny
10 [26] wlbise (mall 5 aloviul daails yad 31, b atenl Gy
(aily jin ol 5y 9) eSOl Gla Wl olaws Liolidl L5 s llas
2l il ol g pebed plSocl

K

o, =0y +— @
y 0 Vd

K 500 qpels pllociul oy daasls Sl ojlaild (358 (salal, o
caly ol yo cuily axg Wb aldl sie ool 4 by slacul
035 5y by e oo S0 g le 5, Sesli 20 g I iSasS
IS s lahy, paee 5o 27] Wb palS alouial daails
sl 5l e oo 1 sl 1iegils 20 51 155550 ails (gojlasl cayaudy Sy
\SM&)LJ J&..J)M.u JLo.Cl L cos (3% o)ls.a u;‘ Ly 6‘)’ C.:JLB
m o oz bails §ie 50 Jsloe lapsl daails gojlul malS fes ol
5 e olml el lagsl ol s aboe (mali8l oole alSoriul § wigds

Fig. 4 Used SEM devices
oolaul 5,90 SEM olSiiws 4 JS&

! Fractography
2SEM

3 Hitachis

4 Hall-Petch relation

456



O 9 wss )”l.nh

gjg).i'au.\'l, 9o HI3A391) JULS O HLind S )5 J.A.\T)S)lw o= ua]l'; raul.u.» e vHivy uol,'a,)l.'i';l.w Saslloo

> S GlsS iy oo ol A5 Wog o2 4 Syop Job obsl ws)e
S0 2oy0 75 el sy b (3 5ST planil b (Sl (plgs o gl
s s 2y i sls o 371 5 Sl il 6 stiged
oiogthe Jlo ol b o ladiged plo (o )0 (P diged 5l o andl)
may ol Cesoay ond (59,81 5 ST o 4 skl sl (S el
i 5 5 ol B sty & Sasp o] Jsb obsjl asys 45 ek
ol (39S T g oSUl ol 4 gankad o s 1) ol 5 ke plSouil
el Aol 5 JSl Ko 711 4 341 51 ol oSl a5 0 oslice
els b alie JB (polyr (r tonm) JSWLKS 941 4 505
860 5 795 e ol R g peked 25 L) S WS )l eulis
Sylas sl 059,00 a5 59 ([32] 0o )3 10 Job absjl wo s 5 JIwbiKe
pin a5 yolie Gls 5 ay,F 6yl el Lol ol 5,08 laciliay]
) 0ah 5 S 5 oSl ol 8 (stigei 18 ol Sl oy sl
oSl Wy oo (3ls VL ogls wo)s 5 035 2 WS il i
235 T 6l el sl >

Pl lion (il (29, b ol gl 3l edelCumasy olys o i
Oe g yedVy a5 Cudy cpl 40,8 dolie (Ylae ple o ol
2542390 LB o (B 3 ()l Al il (0ges Sl L [12]
s 221 0y (98Tl b g 5 (gl 4250 450 sloo
WLl coad GGl el B saise (59, 2 e (Mo TS (rexs dhaite
5970 a4y JISalSe 460 5380 5l a5 4y 1, e plSomial 5 walud L5
428 5l Jsb obosl sy ey JI5 bz o aile p JKWLIK. 1050
S i 53905 S ] 32 18] 1 Sy 0,08
059581 pLl b s 5 ogandas 4230450 (glos 0 5 (Wl 5 )0 (gl
B stigas 535 5 U (o 255 glae s 2815) Gb slos 55 3
708 45 202 5l 1, aeles oSl wgle,s winudly o oSy b
oz s by JELIEe 791 4,202 511, e plsirial 5 JISaliSe
ol iBgh 50 iy 3o )0 107 4,445 5l Job shojl ws e (Shs S
@ S Soml Golie Jy S @l 5l e plloial g Gliee
TSl 5l dny 35 (559 5T 5l madg 45 092 S cpl @ p G 992 eV
bl 1) saze Hels g (Slocid,s g48g Jleizl a5 59y 00,5 ool
Cebls azgi b aldl g Vb g9 )1 jo (Slivlyyuen JLaS &Sl el
S575 35 Caze (al 5ol o ol 5 b & 3l Giag, s
4 0y yed¥y g Kb I 51 68 Job obojl aoye Sl e a5 clils
4 W35 edalie wad (5e5aST g Sl b 4 aiges 0 AS 60k
Jobes (gms g ol 9 0,5 Cdl as,0 115 4, 24 5l Job obojl as o
20 L ply ol pas pesd cpl Glie SOl g jea¥y )5 0 a5 wo 0 125 L
Dy do 0248

T S g i —2-3
Sliwly 10 5,505 (B, (yge;] plxl 5l aa sowliiwods slaloges
v 3 SG) Gladiged 9 T S o il SOl slediged Culxs
odelCasddy iBew das xSile 5 ol Sgaiia 8 JSi 50 0dds (59 kS
69y 2 ol plnl bl 00008 7,0 3 Jouz )0 dbdisel sden (slp
a by g 00,5 o0 allog, ashd (gan (E3u ;0 S9zge pgal 4 Lo skl
a8 Yo g el By yae 5w lp gl ol 4 a5 (3B) saloles
1 [26] sl oo ual ) 1o s daails ad o, b B i o o

457

il 1 plSoctal (Jds e 4 g ot la ploal &S o e Ml
oole plSoinl (il 33l el ailogy, 358 dlge ;o a5 (6,500 oo .aims
et bl JS8 s gl ol | (e 55 s
aalys Gl waz glaailss e g JB Gl olral i gge S
odle (Do (i (Bl 4 e 03l )3 e ol (ooled S92 23l
Sy S8 Glat) o Sslivlsane jLis vgmg oD wales
2 1y oS (oo Wil als 5y 598 olge plSorinl (al33) )0 (cogee (MBS Wy
Sy e o JB glalr S 6T (Sliilgyae i jsas
slal> o b plral 358 Sl cpl )3 .28l salys (lH3 Sadl
Bed oo WS b bl Bis anlyb g Sgbee plml w4 J
ol e (8,5 £ daplral Bis anTd pad aS b ol
[28] &b s

Sosess @l slogbs, 5l K 4 Sl wnlp el G
3909 B8 50 oad S5 Vo 4 L dadiged (59) p (Conl Bad Sl
by als Sblize Jsbo obajl auoys 5 il plSoxial 5 S5 Gollas
AWl askd 5o Al (8 JS8pis (S el gl el om0 S
o5 Saly b slaaile; o g Wgd o 00niST (Jsb Sz 50 laails g widl o
IS 4 Lo I [20] 09 o Jsb obosl o yo il el a5 05,5 o JS
oy Js slidl plSouiul 4 088 oo cdalin 2 5 1 slaul 0 5
dlisee slabes 3 Sldlas frizan ol 03,5 oy malS Job sbs;l
33 emalies (6ol slaws (ool Jsl ol plosl 5l s a5 cenl ols e
a0 oSl b i a5l e o)l ey laails ud carsS Cus
ORIl el a5 Wigd po sty wo b g plojes el 5 Jsb olisl
Slge 2ol 5 [lslon, (SSen dSene b sl b sl e o)
IS @ L) w8 sseline 3 pols iagy o [20] ol 5y slasly
ol & s Sl oo g Jsbo 0b3jlao)o 00 6 5 4 lagsly )3 B
B L4 alul jl o [3130] anle olaimgh & lo o a2 51 gla
adgl ojlol & diey adl) Lugende 453 200-450 sles o Sl Wb
5 Sl Sl 5l esle (Al wilis 59, » (GSU) el e 5 Al
A aS 0l oasline o pols hegh 50w, e glidl a4 ails (o3l
obojl oy pgar 4) (Sl elet g byloges (S Wl 6 54
el 5l am baaigas Lslogn ) polad & Ly 5 5 Wl oo o0 & (Jsb
654 sl ;o bals o3l (el oad 03,50 aslsl j5 48) LS
2 gLl Sl vgzg (S ailas Gl (Ken &5 09 o0 4 Su35
4 s%ged 5 ol 6 saiged plioiial aSinl cde Jy 0926 Wby Jlo>
b Seidly JS i p3lSe i 5l (A6 Sl oo 08 a8 b
sl plojen 13U (od gLl ails o3l 4 (o 9 aalls (ol i,
sl S b\.._fljs o gedas (a0 400

ol sladiges (59, 2 GiarST plxl b 6 US4 Ly 5 el o
ol dbdigel (gaen (gly a5 W0 S canlive w gl pls sdiges g 0nd
Pl et Jlgy ol &5 05 oy (RalS (Jsb obosl wojs (Jg il
39 ails (50,8t ploul b 15 09 [132] slo gy alive o Sl
ol 45 00 5 oyt o0 Lo plral S8z g o JouniS sk
Ded o Job sbojl o,y als g plSoul il el sl

5 ploeinl jlade (b 6 94 sladiges ;o a5 b cnalin 6 JSo 4 Ly

! Strain Hardening

1 opleis 17 0531396 (12355 8 ()0 Suile wdiao



U 9 cadusis Hglis I ST 9 sl JI3as91) JUIS H3 HUikd uS 5 3T rd Sl gy SIS Palld Eusliss SSlse Golsd 9 YL sasllae

P 45 Jo 5 599 209.9 HY Joleo 45) wel Cewdds (S o s 240
plxl 5l as a5 wd csalie yizen (05 81.85 HV adgl pls (gaslad 200

u——l—’_‘\*\‘_’-‘
Ll Jlade G 4 aww, Jb jo e Jlade calize o by jo SO
a8 S & Ly 55 8b3 3V slogly o o Slyis o Sliga sy £ 160 - —+—0Pass
) e —#— 2 Pass
ool diz gladisel (glp (S jlade a5 alh saslie (s ST pll £ o0 —m— 4 Pass
Alr g Loyl pls gashad (e (Jy <8l Ml (o lade sk (S % —— 6 Pass
059 5ST 9 Sl Wb 4 gankad (sl (S ke o yiday (olgdye b 80 * 23 + * —e
e (gankad e oS J> )0 09 216.65 HV Joles 45) ael Cawods 00
40 . . , , .
{54 B1.85 Hv 4. Jy| 0 05 1 15 2 25

Distance from center of thickness (mm)

i 8ol gl -3-3
O e : & Fig. 7 Vickers hardness number plot for ECAP performed samples with
Gl (Jlezms Gesd 4 e G5 ey 5l sseliwssdy pglas specific number of pass

08 539,5nST e 5 SG) ladiges 59 S 0 sl Sul (sladiges Do ook Sl L oud KU1 el (61 55805 (e sae Jlaged T S0
el 350080 10 S o

ools i ghaie ;o oSl anld > 5o b3 lun, Sl 9 JSS “

- oo e 45 pshailan s e L Ty syme s Sges gLl 45 sud 200 - -

el gl LSl y b Sglicte SlS Job (b 5l dmy diges JLiSlugy, 02 = N . + - *
a5 piie ons | oslBsd y3dy 4 oud LSl slaises sla sl 5o % 1007

ToSle JUsSTiSa Jslo b ol 4o 533 glopiams dgmeS o] e £ 150 —+—0Pass

i 386 S s 3 bl 5 sliys oy o 38 il E L

WSl ol slass il b el sspie 9SS 40 a5 jebilan oS e 80 1 —5— 6 Pass

ol a0 glnl Gl 4 ol Wb j0 g 0ad 1SS ails (sojludl 0 . . . . X

olasy Gl b oS wloads 5y o> 4 p ez b yo eails Koo o jle o 0 0.5 1 15 2 25

Distance from center of thickness (mm)

Fig. 8 Vickers hardness number plot for ECAP and Extrusion
performed samples

oad (yjg ST g ol Slabad (gl 5,505 (o das jloges B S

inlosT sladiges 5l oanlcnsdy sy S (p:Sile 3 Joua
Table 3 Obtained average of microhardness from experimental samples

35y (g See S (ke o

(Hv)

81.85 (adg) o) ) Lok, 0
196.06 Sl o 2
209.91 S ol 4
206.51 Sl o 6

172 OisreST+ oSl ol 0
207.3 s+ Sl ol 2
216.65 S+ Syl ok 4
2128 iasieST+ oSl b 6

(aals i Gab ) 9) oSl ol slaw Gl L T JSo sl
H doails opfilia g0l d (3) selolan o ol aily Lialisl i

Fig. 9 Optical microscope photos of ECAP performed sample in (a) 0 ;
pass, (b) 1 pass, (c) 2 pass, (d) 4 pass and (e) 6 pass K 3)
1 (o) ool 0 (@l jo o0ds (Sl gaskad 5l (5,55 sSg S ol 9 S H = Hy "'ﬁ

B @4 )2 @b 55 51 Gl 4 dabad e SOl ol b a8 0l oamlin 7 S 4 Ly
oads oSGl b 4 gankad 1> a5 5 5bay oy adgl pl gankad jo T L

Qs oole 4 Joy)a 6‘.&5;}4[; K’j HO ‘ksu"’i“

Twining
2 Hep

1 oplai 17 0551396 (13355 8 ()0 Suille i 458



O 9 wss )”lail

Q},)MI, 9o HI3A391) JULS O HLind S )5 .\.h,_T)é Il ) = ua]l'; rnul.us e vHivy oal,';, Jlal sasllbo

Fig. 11 SEM obtained fractography photos of ECAP performed sample
in (a) 0 pass, (b) 2 pass, (c) 4 pass and (d) 6 pass
30 oo oSGl sanhad (glp plislowl 5l edaleissn (6, Kcasls pglas 11 Sl

o 65 b4 (@ ool 2 () (b 0 (Al

Sloyax g (Ron g lisle 3525 LeS paal ol ol oads ools lis
@l a cage A5 ALl o0 05 Sl (ot il 4S Ceul Gee oS
i boji> onl 6pSiaz 5 JSE &5 sl l cils g o
(D) 11 JS8 adlyon S5 S8ty e g 185 pla L g8 Solas
o GSL e ) cSleSh it by (1S Ll yd olml LS
O st eSS 5l (B0 g ee pgal (al 5SS g3y Bk o
ol ool gy UK ek S o sy s 5 4y 45 bl Lo i
Wl boji Ap b (ol CnSl a5 3580 Sl el plSe
DS 9031 Sl mhaw (55958590 a5 4 (9) 9 (@) 11 S iy
ool 35 o jsbolen amss ol |y ead oSl ol 6 5 4 (cladigas
Ol (Jlosl (255 (8,5 Gliee ol Sland [l L ol sgpte iglas
Gl L 6955 ez Gl el oad 03538l (605 Az g 008 g

459

Fig. 10 Optical microscope photos of ECAP performed sample in (a) 0
pass, (b) 1 pass, (c) 2 pass, (d) 4 pass and (e) 6 pass and then had been
extruded

100D el O (Gl o o ool galsd 1 5,5 wsSmg Koo sl 10 JSid
008 39 28T (s 5 G B () 5 L 4 () b 2 (@) b

Sl sla el iali8l g 09 ges oas ails (o3l jo (6,8l s (b
O MalS slaails pids b ;o el g laaily ol (Ken 10 LS
@S pgai 10 S8 el osalie BB (LS slagal 4 cos
[y 0ad 3951 G 9 (e by Sl L) CSO) sladiges JLSlujy,
Mls g bl ol dgpie JSE ol 4o a5 jsboles tams e lis
a8 Bileads 1) (6,08 A bails el essl sgzg adgl LSl 5l oglite
Lid g oged samlin 1) o JLsbagy) Gl ool )8 5Ss Soo b 500
S sy Glpcwl Cogy BB Wleals sy (Res jebb 4y a5 bajls

el Telslg 5 3 mliars] Sl 4 5L ks,

S oSy e 90jl byl IS Consd gl -4-3

95
st sl Pl b otugy G @sSg Se I aslllae ol o
Sl g ab ooliiul RIS 305 sbdigel CenSd mhaw gl
adgl gloaiged lp CenSh @il g9 GRS g alio b gatedgw
11 S5 el Casoay ouds oSl (ol G5 5 ol ez cooly 99 (el
o9l ledigal cuSs ghe Sl stugy (9 S See sl
11 S amo e Ginled |y YU sbos o oad oSyl 5 (o5 alyl LS
oains lis & adlie sl Pl shiges S s 4 bigyye ()
Siloe feg;Se0 052 o b BoepS 5 jommend (slaoyi Loy cunss
(D11 S 55 oad oSl (b 2 (seged ;3 CenSit mhaw (3915890

1 opleis 17 0531396 (12355 8 ()0 Suile wdiao



O 9 wss )”l.nh

gjg).'i.m.\'l, 9o HI3A391) JULS O HLind S )5 J.A.\T)S)lw o= Qall'; raul.u.» e vHivy uol,'a,)l.'i';l.w Saslloo

995 Sl 5l (Sl el b (oig) 0958 098y See pglai -5

YR v&.a‘ ‘_ghbdd}a.; e d,o.cpf L.gl_s‘bo).é> S¢>9
b el (5970 G 9 GOl b 4 gl (S ols> 6
Slp ojapel &5 09 5 WS o)l il ele b oamlia LB oo
polic 6lls 5w gyl el Ll oyl 0,5 il o jlas

355eST 5 oSl ol 4 sises 1) sl Sl s (gl pae o5l
Wlgs oo (0,0 65V gl wuoy0 5005 2 0y )T 0Blid iz 5 4S) ouds
D05 0 S gl mlid sl 95 0

&x»-5
[1] P. S. Roodposhti, N. Farahbakhsh, A. Sarkar, K. L. Murty,
Microstructural approach to equal channel angular processing of
commercially pure titanium—A review, Transactions of
Nonferrous Metals Society of China, Vol. 25, No. 5, pp. 1353-1366,
2015.
[2] S. H. Hosseini, K. Abrinia, G. Faraji, Upper bound analyses of
novel backward extrusion, Modares Mechanical Engineering, Vol.
14, No. 15, pp. 369-376, 2014. (in Persian _.,:)

[3] K. Abrinia, S. Orangi, Investigation of process parameters for the
backward extrusion of arbitrary-shaped tubes from round billets
using finite element analysis, Journal of Materials Engineering
and Performance, Vol. 18, No. 9, pp. 1201-1208, 2009.

[4] A.S. Mohammadi, M.M. Mashhadi, G. Faraji, The effect of pass
numbers over microstructure and mechanical properties of
magnesium alloy of AZ31C in the tubular channel angular
pressing(TCAP) at temperature of 300°C, Modares Mechanical
Engineering, Vol.15, No.1, pp.126-130, 2015. (in Persian _.,is)

[5] K.P. Mashhadi, M. Zadshakouyan, G. Faraji, Optimization of
geometrical parameters of equal channel multi-angular pressing
process, Modares Mechanical Engineering, Vol. 16, No.2, pp.275-
282, 2015. (in Persian _..,ls)

[6] A. Farhoumand, R. Ebrahimi, Analysis of forward—backward-
radial extrusion process, Materials & Design, Vol. 30, No. 6, pp.
2152-2157, 2009.

[7] W. B. Bae, D. Y. Yang, An upper-bound analysis of the backward
extrusion of tubes of complicated internal shapes from round
billets, Journal of Materials Processing Technology, Vol. 36, No. 2,
pp. 157-173, 1993.

[8] V. Shatermashhadi, B. Manafi, K. Abrinia, G. Faraji, M. Sanei,
Development of a novel method for the backward
extrusion, Materials & Design, Vol. 62, pp. 361-366, 2014.

[9] N. Pardis, B. Talebanpour, R. Ebrahimi, S. Zomorodian, Cyclic
expansion-extrusion (CEE): A modified counterpart of cyclic
extrusion-compression (CEC), Materials Science and Engineering,
Vol. 528, No. 25, pp. 7537-7540, 2011.

[10]Y. Iwahashi, Z. Horita, M. Nemoto, T.G. Langdon, An
investigation of microstructural evolution during equal-channel
angular pressing, Acta Materialia, Vol. 45, No. 11, pp. 4733-4741,
1997.

[11] M. A. Ranaei, A. Afsari, B. S. Y. Ahmadi, M.M. Moshksar,
Mechanical and Electrical Properties of Commercially Pure Copper
Deformed Severely by Equal Channel Angular Pressing, Modares
Mechanical Engineering, Vol. 14, No. 15, pp. 257-266, 2014. (in
Persian __..,5)

[12] V. V. Stolyarov, Y. T. Zhu, T. C. Lowe, R. Z. Valiev,
Microstructure and properties of pure Ti processed by ECAP and
cold extrusion, Materials Science and Engineering, Vol. 303, No. 1,
pp. 82-89, 2001.

[13]D. H. Kang, T.-W. Kim, Mechanical behavior and microstructural
evolution of commercially pure titanium in enhanced multi-pass
equal channel angular pressing and cold extrusion, Materials &
Design, Vol. 31, pp. S54-S60, 2010.

[14] G. Raab, E. Soshnikova, R. Valiev, Influence of temperature and
hydrostatic pressure during equal-channel angular pressing on the
microstructure of commercial-purity Ti, Materials Science and
Engineering, Vol. 387, pp. 674-677, 2004.

[15] S. Semiatin, D. DeLo, V. Segal, R. Goforth, N. Frey, Workability
of commercial-purity titanium and 4340 steel during equal channel

1 oplai 17 0551396 (13355 8 ()0 Suille i

el aseie o lgss (518, o 3 g ko yas a8 o3l suas

& 5 donii -4

boealls pulis [Lslogl 5 alon, 38 slocds ol egh o
059551 5 (GSD) glums Jloagly JUI 5o jLed (oS 5 by, 5l osliul
LS‘)" 400°C (5"““"}3 6[.@\3 BN (u.:l.a 6 9 4231) s LSLQL)"L‘ Slaws BN
5 90,5 Sy (g ST g sl Sloasly JUIT o jlid wnl go e
oy @Slon, 5SSl oy i Ol saalllae 4 s
3 am 03T bl 5B 4 S gl sl aalllan ol 5ol asloy
lan )5 039S 5L s sl 5 0S4y (S el 2 el
Dy g A Cand ] Coie a5 wd eolatul (SOl anTE sl
USNVRCE S U NI CYF U NIEIC PSR e
ol iagh 5l saelumsds zlh 4 ol saalie Colgiy oy Jsb obsjl
@l (Fr o ot Slgiesh @l b Wl BB (oolhe 55k 4
5l o I jlee del Cowddy Gud ol 0 4 oo

a5 00,5 sanlive (idgh cpl 5o ol slgiiuy (iali ol plel L -1
sl s 2y ity sls o 3] 5 o ok 6 siiges
oiogthe Jlocnll oy ladises plo G 5o (5 e 5l an il
Cawddy 08 u)ﬁM‘ O g uSo‘ uala 4 64.&]0.9 LS‘)" ‘éu&n ua‘?
3 5 ol 6 stises & ooy BT sk sbogl aoys 45 is by el
5 Sl ool 4 gaxkad ren ozl |y Sl g peded plSoiul o yiieo
5 JSLLKe 711 4 341 5l ol plSoxil 45 0l samlice o0l (4595
a8 5 Al B ol e JSWb5e 941 44 505 51 ol plSouinl
5 186.3 b ez /788 _ubgs /60.8 sgum> y0 (Wb Sy o 1) eols
ol E s prels Jds ols sl cals axkad a4y o 7808 1, by ies
D 095 gldl as ay o 5 aails ol 5, Y sla Wl o plSoial
S b ool Ghagh )l edslcwods (ely: p e amslie L -2
Ao alinl Gl Liegh j0 a5 o8 cdalin (e Slllas
(Jsb obojl as e cdl e aS el el 05 00,5 oy il sollae
5 ol ol 4 saigal )3 A sba g ey Sliked @l ) S
do, 115 45 24 51 Job obosl suoye a5 00 )5 cdalice il (g S]]
iy B 2% 0 45 A 10 125 L Jolas (6,38 s (pl 9 0,5
g2 20y 248 920 b ply a5y i (0l e

il 381 (lakamdo LB o5lail 4y oS 5 a1 8 alonil 51 e diged iSew -3
b B laie .28l Golj8l g 5aS ey Lo glo by 5l s g
Sgas ialial el anl 8 ol adlyys cdl iul38l 5509 81.85 adyl lade
D91 FpS S Gl Jlade gas sl o s 5 S 157164
o3l (ST by slass mal38l L oS 0g cnl LS 35Sl mls -4
sy ey 355 Ll o & oz ol 55 5 00 5SS als
A8 by ol Gl b aS wald o 4 ez b o baash
oXed 5 g5 oSSl sla el (a3l g o ces oayd wls sojlal yo (s il
@ adgl Lo 5l Sglite Sl (5 Lo 48 o samlive o o 39 S|
o9 295wy San b S0 a5 Wogr 0l ) (5,084 oalo g 09 ool S99
“lss! e 4l JlSlep, e (owyn Sln Wogs Sug, JB
29 el g o

460



O 9 wss )”l.nh

gjg).'i.m.\'l, 9o HI3A391) JULS O HLind S )5 J.A.\T)S)lw o= Qall'; raul.u.» e vHivy uol,'a,)l.'i';l.w Saslloo

8186, 2011.

[25] M. Shirooyeh, J. Xu, T.G. Langdon, Microhardness evolution and
mechanical characteristics of commercial purity titanium processed
by high-pressure torsion, Materials Science and Engineering:
A, Vol. 614, pp.223-231, 2014.

[26] A. V. Sergueeva, V. V. Stolyarov, R. Z. Valiev, A. K. Mukherjee,
Advanced mechanical properties of pure titanium with ultrafine
grained structure, Scripta Materialia, Vol. 45, No. 7, pp. 747-752,
2001.

[27] M. P. Phaniraj, M. J. N. V. Prasad, A. H. Chokshi, Grain-size
distribution effects in plastic flow and failure, Materials Science
and Engineering: A, Vol. 463, No. 1-2, pp. 231-237, 2007.

[28] H. Torabzadeh, G. Faraji, A review of the production of ultrafine
grained and nanograined metals by applying severe plastic
deformation, Modares Mechanical Engineering, Vol. 16, No. 6, pp.
271-282, 2016. (in Persian .,1)

[29] Y. Xirong, Z. Xicheng, F. Wenjie, Deformed Microstructures and
mechanical properties of CP-Ti processed by multi-pass ECAP at
room temperature, Rare Metal Materials and Engineering, Vol. 38,
No. 6, pp. 955-957, 2009.

[30] D. Gunderov, A. Polyakov, I. Semenova, G. Raab, A. Churakova,
E. Gimaltdinova, Evolution of microstructure, macrotexture and
mechanical properties of commercially pure Ti during ECAP-
conform processing and drawing, Materials Science and
Engineering: A, Vol. 562, pp. 128-136, 2013.

[31] Y. Chen, Y. Li, J. Walmsley, S. Dumoulin, S. Gireesh, S. Armada,
Quantitative analysis of grain refinement in titanium during equal
channel angular pressing, Scripta Materialia, Vol. 64, No. 9, pp.
904-907, 2011.

[32] K. Hajizadeh, B. Eghbali, K. Topolski, K. J. Kurzydlowski, Ultra-
fine grained bulk CP-Ti processed by multi-pass ECAP at warm
deformation region, Materials Chemistry and Physics, Vol. 143,
No. 3, pp. 1032-1038, 2014.

[33] D. H. Shin, I. Kim, J. Kim, Y.T. Zhu, Shear strain accommodation
during severe plastic deformation of titanium using equal channel
angular pressing, Materials Science and Engineering: A, Vol. 334,
No. 1, pp. 239-245, 2002.

461

angular extrusion at cold-working temperatures, Metallurgical and
Materials Transactions A, Vol. 30, No. 5, pp. 1425-1435, 1999.

[16] V. V. Stolyarov, Y. T. Zhu, I. V. Alexandrov, T. C. Lowe, R. Z.
Valiev, Grain refinement and properties of pure Ti processed by
warm ECAP and cold rolling, Materials Science and Engineering:
A, Vol. 343, No. 1, pp. 43-50, 2003.

[17] P. Luo, D. McDonald, W. Xu, S. Palanisamy, M. Dargusch, K.
Xia, A modified Hall-Petch relationship in ultrafine-grained
titanium recycled from chips by equal channel angular pressing,
Scripta Materialia, VVol. 66, No. 10, pp. 785-788, 2012.

[18] P. Luo, D. McDonald, S. M. Zhu, S. Palanisamy, M. Dargusch, K.
Xia, Analysis of microstructure and strengthening in pure titanium
recycled from machining chips by equal channel angular pressing
using electron backscatter diffraction, Materials Science and
Engineering: A, Vol. 538, pp. 252-258, 2012 .

[19] R. Y. Lapovok, The role of back-pressure in equal channel angular
extrusion, Journal of Materials Science, Vol. 40, No. 2, pp. 341-
346, 2005.

[20] I. H. Son, J. H. Lee, Y. T. Im, Finite element investigation of equal
channel angular extrusion with back pressure, Journal of Materials
Processing Technology, Vol. 171, No. 3, pp. 480-487, 2006.

[21] X. Zhao, X. Yang, X. Liu, X. Wang, T. G. Langdon, The
processing of pure titanium through multiple passes of ECAP at
room temperature, Materials Science and Engineering: A, Vol. 527,
No. 23, pp. 6335-6339, 2010.

[22] X. Zhao, X. Yang, X. Liu, C. T. Wang, Y. Huang, T. G. Langdon,
Processing of commercial purity titanium by ECAP using a 90
degrees die at room temperature, Materials Science and
Engineering: A, Vol. 607, pp. 482-489, 2014.

[23] A. Jager, V. Gartnerova, K. Tesar, Microstructure and anisotropy
of the mechanical properties in commercially pure titanium after
equal channel angular pressing with back pressure at room
temperature, Materials Science and Engineering: A, Vol. 644, pp.
114-120, 2015.

[24] S. S. Dheda, F. A. Mohamed, Effect of initial microstructure on
the processing of titanium using equal channel angular pressing,
Materials Science and Engineering: A, vol. 528, No. 28, pp. 8179-

1 opleis 17 0531396 (12355 8 ()0 Suile wdiao



