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Experimental investigation of the effect of temperature in extrusion process of
ECAPed nanostructured Titanium
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ARTICLE INFORMATION ABSTRACT

Original Research Paper Today, many researchers focus on proposing severe plastic deformation (SPD) methods due to the
Received 27 January 2017 superior mechanical and physical properties of achieved ultra-fine grain material. In all SPD methods a
Accepted 14 February 2017 large strain is implied without any substantial dimensional change of work piece to generate UFG and

Available Online 03 April 2017 even nanograin (NG) materials. Equal Channel Angular Pressing (ECAP) is one of the most successful

Keywords: techniques for industrial applications. Using a long and thin rod is limited in ECAP process .In the

SPD present study, a combined process composed of ECAP and Extrusion processes is used on Titanium

ECAP grade 2. Titanium is extensively used in aviation and other industries because of its high strength to

Extrusion weight value. Using the combined process leads to production of long length and thin nanostructured

Titanium ) rod. The main goal of this process is evaluation of the temperature in Extrusion process on

%ﬁgzgfj:epmpemes nanostructures Titanium rods. At first, Titanium rods were processed for 4 passes by ECAP process at
400°C and then they were processed by Extrusion process at 5 different temperatures including 300,
350, 400, 450 and 500°C. The result showed that the best mechanical properties achieved for the
specimen were extruded at 300°C. Strength and hardness were severely improved. Also, the
microstructure was very homogenous and refined. The mechanical properties of titanium grade 2 after
combined process were equivalent to titanium grade 5 which is used in medical applications and is
expensive.
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Fig. 1 Schematic illustration of the ECAP facility showing the angles @
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5 Repetitive Corrugation and Straightening (RCS)
7 Cyclic Expansion Extrusion (CEE)
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Fig. 2 Internal view of the used ECAP die
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Fig. 3 Schematic illustration of the used extrusion die
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Fig. 4 Prepared samples for tension test from extruded specimens at
certain temperatures
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Fig. 6 Used SEM devices
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Fig. 7 Stress-Strain curve for ECAP performed samples with specific
number of pass at 400 °C
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Fig. 8 Stress-Strain curve for ECAPed and then hot Extruded samples
at different temperatures
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and b) 4 pass ECAP performed sample

ool 4 asdad -0 Jgl pls aahad —al 5l (6590 a8y S pglas 11 ST
OM\_AEI‘

! Twining
2HcP
3SEM

58



O 9 (5 )Ll Soxo

Sl e &g 0 b dulss Hals 3 galls @uiliss 93g pawST )3 Led il 2azS )2

O g JEwbKe 787 4y 341 51 cadsl pls cdl 4y Cos diges pabd
Pl b anslio BB olsm ool a5 s, JSLIEe 1027 4505 5 s
Sl esalmna (SlSe plym 4 Ly iz 0525 5 ()b puiles
arys 400 5 350 clales 45 ondiyis S| e 5 oSal sladiges
polsS Sl @ Rl wSlg oe baaises (al &S a0 svaline ugeads
AL 5 W S gl

Slade g Gl Job sl we s jlade ()39 ST sles (Al L -2
az 0 500 (slos ;o oudiyig S| o aS g by il GialS plSoul
5 (sl o5 505 51 oy i) Jobo sliagl oy i sl o5 e
42,0 300 slos )0 0ui g ST Aiges g digad (o 4o plSoriwl (s yieS
L Job sbajl ooy (058 5 (2l 5 pebed plSoital (n it ol 5 (20ls
by ldiges plu o

s b ol Limgh 5l sdslcwsa Loled op i dwolie 5l e -3
9 7l gladiges j3 pol> Amgh o 45 ab edaline Gedey Olidd
Sl 31,5 il 4z )3 400 5350 300 (slales )3 ouy3s ST s
oLl aoye Cll i a5l red gy 00,5 oy iali8l gslhe w0
e 5 S tigai 5 8 5 ysboty 103 iy Slallle s J) e Jobo
9 e Pl (ylo 02 45" ugandis 420 400 (slod ;5 o9 finS]
oo 5 (JIblSe 941 5 711 (i @) o5 (elio VL ol el
Al diges 4y Cad Job Gl as e il psllae Job sbojl wsye
15 a5 125% L Jolee 28l cmy ol 5 0,5 <l 11.5% &y 24% ;I 4l
595 24.8% §20% L plpy oy a S8l e SOl g peaVy ikgh
g fpS pol g 3 Job sbajlas s Sl enl by

ladaxde LB ojlasl 4y oS 5 a8 plosl 5l Gy dged e Hlade -4
G0 Bl g aia 55 ST slos falH b i Jp L il
3 038059 ST e 9 G0l G ) (e e (i &S (5y5b
e GialEl 18206) 5Sus 231 L s o5 il ax s 300 sles
e 9 SS9l diged 50 (o e (n S g (gl pls Sl 4 S
145) 5,509 201 L plyy g of,F c6le ax,0 500 glos ,o 0udyie xS
S 50 cnl el cansdy (adsl pls s 4 Cod B inl3El oo
515,55 8185 adsl als axked s oS 3

5 onslcussay plglosl 5 5355 w5 Sen nglad sy 5l o 5
S len, <SGl ol 3 slol 51 g a5 0l cdnlie baiges Lisloj,
o 5o el ey (Ko 5 alloj; 598 (5)lle 53,5 Ty i Aiged
628 g See polal D (Neal 5 wlocid)s adsl ps > o a5
5450 400 350 300 (slos 5 15 ouiyis S| epe 5 oSl lodigas
ot sl ol g wloj, 358 MalS osle a5 34y T sLoS oI, 5le 500
EReal g bl ol ol cow (w05 Lo GlPl e og
e Baigad [LSlag, 50 05 sl b abeailyjpe o oad jlsls

&lp-5
[1] 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.
[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 _..,:)

59

ol ke 3l e &5 plaasls 5 ool 5lasl o Lgs el AT 9ed oo o
oS 5 03,5 Tk ojbgs wisg 4l alS Gata byl ejlul (S
o e - -2 . \ . M . .n IR

S e ol S Lan; 53 oS Al b (pladils; e digd oty
S99 S i oyl lais 3 18 Yelw‘ gl slails e & yalre ;0 g Wyls
Cov S oladiges 5 ansdS Sldlas ;0 ol 5 o5 loaygly b baails; e
Cowl ALils 09y Wog 48T 18 wudh Sy IS s glaanl 3
Gl 55 slBes USS i w51, JUsSTiKe Jlsle L lils s [37]
slales o oulyig S| lodiges !y b osldss sl Ll ‘.\Sélt;e
ol Dgliaie 05 b Al

5 agn Gl U (B3 Slapien dlass Lo Gl L
oy Amel 53 g 3sdiee plml 638 e by Soel, eedss
asdS Slalllae 0gd o 5SzgS oyl sligy 5 0okl 5lisl 508 oelBss
138] wlosls oylas 1 31 cnl g

4753 300 (slos )3 0o T s 5 ol Aiged A @ azsi b
Glales ;5 00l (55,8 sladigad o o | plSoeal oy g o T il
At Dged (nl 5l S8 omin biens plslpl pslad ls alide
Shls Ggai s o lii 1y of 5 il a0 300 sles )5 0uli g ,5nS]
Pl ol ol Sl e olss 5 g, Sl 5 oSan 5L
Sy azglz ol JlSln) (rea @ bgpe (S g (825

Y w . N N - . .

5 sorlos! Sl 5l e wal s yge JEElen, » i
25 eslizul “pll s

S 5 domis -4
G Al i gl 5 sy, g clabd 2l tags s
15 () s ey JUS 55 b oS5 g, Sl oslisnl L2 0, 8
400 350 300 cles 5 45 o5 yjsyinS] 5 8,5 il 4z 0 400 (gloo
3 S ol e e o o3 s 315 5 500 4 450
O3S oot @l ) (B w85 18 addllas 5550 gl 5 3L,
Hlog & jle del Cawody axlllae

oS 0 osalie tagh cal 1o eadiole snS5 wul b plasl 5l o -1
a5 400 slos ;o SOl b 4 plosl b plSocil 0oy <> o e o
O gk 4255 300 (slos ;5 05 (359 05T ploxl G 5 Gegenales

Fig. 14 SEM obtained photo from ECAPed and then hot Extrusion
performed sample at 300°C

05951 G 9 8ol aalad Sl ol inddy g 3 98y o g 14 JS
o8 il az ;0 300 gles ,o onip 5

! Low angle grain boundaries
2 High angle grain boundaries
*EBSD

‘TEM

4 o pleids 17 0951396 D85 iR Swlle wiiie



O 9 (5 )Ll Soxo

Pl g &g 03ub Audes YA LW 9L ol eailins U39 )5S S Lod 3l ()35 (w32

[22] 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.

[23] W. Pachla, M. Kulczyk, M. Sus-Ryszkowska, A. Mazur, K. J.
Kurzydlowski, Nanocrystalline titanium produced by hydrostatic
extrusion, Materials Processing Technology, Vol. 205, No. 1, pp.
173-182, 2008.

[24] K. Topolski, H. Garbacz, W. Pachla, K. J. Kurzydlowski, Bulk
nanostructured titanium fabricated by hydrostatic extrusion,
Physica Status Solidi (c), Vol. 7, No. 5, pp. 1391-1394, 2010.

[25] Sh. Nikbakht, M. Eftekhari, Gh. Faraji, Study of Microstructure
and mechanical properties of pure commercial titanium via
combination of Equal channel angular pressing and Extrusion,
Modares Mechanical Engineering, Vol. 17, No. 1, pp. 453-461,
2017. (in Persian .. s)

[26] 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-
8186, 2011.

[27] 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.

[28] 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.

[29] 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.

[30] 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 ..,

[31] 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.

[32] 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.

[33] 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.

[34] 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.

[35] Y. Zhang, R.B. Figueiredo, S.N. Alhajeri, J.T. Wang, N. Gao, T.G.
Langdon, Structure and mechanical properties of commercial
purity titanium processed by ECAP at room temperature, Materials
Science and Engineering, A, Vol. 528, No. 25, pp. 7708-7714,
2011.

[36] 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.

[37] F. J. Humphreys, P. B. Prangnell, J. R. Bowen, A. Gholinia, C.
Harris, Developing stable fine—grain microstructures by large strain
deformation, Philosophical Transactions of the Royal Society of
London A: Mathematical, Physical and Engineering Sciences, Vol.
357, No. 1756, pp. 1663-1681, 1999.

[38] D. H. Shin, I. Kim, J. Kim, Y. S. Kim, S. L. Semiatin,
Microstructure development during equal-channel angular pressing
of titanium, Acta Materialia, Vol. 51, No. 4, pp. 983-996, 2003.

4 o )lasis 17 093 1396 5 (oo Suille wdito

[3] K. Abrinia, S. Orangi, Investigation of Process Parameters for the
Backward Extrusion of Arbitrary-Shaped Tubes from Round
Billets Using Finite Element Analysis, Materials Engineering and
Performance, Vol. 18, No. 9, pp. 1201-1208, 2009.

[4] H. Haghighat, P. Amjadian, A generalized velocity field for plane
strain  backward  extrusion through punches of any
shape, Meccanica, Vol. 48, No. 9, pp. 2099-2106, 2013.

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

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

[7] 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.

[8] 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.

[9] 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.

[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] 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.

[12]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.

[13] 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.

[14] S. Semiatin, D. DeLo, V. Segal, R. Goforth, N. Frey, Workability
of commercial-purity titanium and 4340 steel during equal channel
angular extrusion at cold-working temperatures, Metallurgical and
Materials Transactions A, Vol. 30, No. 5, pp. 1425-1435, 1999.

[15] 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.

[16] 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, Vol. 66, No. 10, pp. 785-788, 2012.

[17] 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.

[18] R. Y. Lapovok, The role of back-pressure in equal channel angular
extrusion, Materials Science, Vol. 40, No. 2, pp. 341-346, 2005.
[19] I. H. Son, J. H. Lee, Y. T. Im, Finite element investigation of equal
channel angular extrusion with back pressure, Materials

Processing Technology, Vol. 171, No. 3, pp. 480-487, 2006.

[20] 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.

[21] 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.

60



