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Effects of O and Al Addition on Twinning Deformation in Titanium

Genki TSUKAMOTO, Tomonori KUNIEDA,
Masatoshi MITSUHARA, Hideharu NAKASHIMA
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Active twinning systems during compression deformation at temperatures from 25°C to 700°C
were investigated using SEM/EBSD techniques in order to clarify the effects of oxygen and aluminum
addition on twinning deformation in titanium. Four twinning systems have been confirmed in
commercially pure titanium, Ti-0.2mass%0O and Ti-2mass%Al under compression at 10% strain. The
addition of oxygen suppresses the activity of all the twin systems at 25°C, but only slightly above 200°C.
On the other hand, the addition of aluminum suppressed the activity of only the {1122} twin. It is

supposed that the suppressive effect of the oxygen addition is mediated by thermal activation processes
such as diffusion and lattice vibration, while that of the aluminum addition is brought about by the

suppression of <ct+a> slip.
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Table 1 Chemical compositions of the investigated titanium

(mass %)
0 N C Fe Al Ti
CP 0.043  0.003  0.004 0.029 - Bal.
0.20 0.187  0.003 0,004 0.012 - Bal.
2Al 0.066 <0.003 0,003 0015 2,0 Bal.
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Fig. 1 (a-c) Optical micrographs and (d-f) inverse pole figures of
compression direction in the each starting specimens. (a, d)
CP specimen, (b, €) 0.20 specimen, (c, f) 2Al specimen.
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Fig. 2 Temperature dependence of true stress at strain of 10%
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Table 2 Twinning systems observed in the present study;
the disorientation and common axis of each
twinning system are also shown.

Twinning system Disorientation  Common axis

{1012}<1011> 95° <1120>
{1121}<1126> 35° <1010>
{1122}<1123> 64° <1010>
{1011}<1012> 58° <1120>
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Fig. 3 Crystal orientation distribution maps of compression direction and twin boundary distribution maps of CP specimens compressed by
10% strain at (a) 25°C, (b) 100°C, (c) 200°C, (d) 300°C, () 400°C, () 500°C, (g) 600°C, (h) 700°C. Black, red, yellow, blue and
green solid lines in twin boundary distribution maps, indicate high angle grain boundaries and {1012}, {1121}, {1122}, {1011} twin
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Fig. 4 Crystal orientation distribution maps of compression direction and twin boundary distribution maps of 0.20 specimens compressed
by 10% strain at (a) 25°C, (b) 100°C, (c) 200°C, (d) 300°C, (e) 400°C, (f) 500°C, (g) 600°C, (h) 700°C. Black, red, yellow, blue and
green solid lines in twin boundary distribution maps, indicate high angle grain boundaries and {1012}, {1121}, {1122}, {1011} twin
boundaries, respectively.
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Fig. 5Crystal orientation distribution maps of compression direction and twin boundary distribution maps of 2Al specimens compressed by
10% strain at (a) 25°C, (b) 100°C, (c) 200°C, (d) 300°C, (€) 400°C, (f) 500°C, (g) 600°C, (h) 700°C. Black, red, yellow, blue and
green solid lines in twin boundary distribution maps, indicate high angle grain boundaries and {1012}, {1121}, {1122}, {1011} twin

boundaries, respectively.
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Fig. 6 Dependence of length of twin boundary per unit area on
temperature of deformation under compression with 10%
strain. (a) {1012} twins, (b) {1121}twins, (c) {1122}twins and
(d) {1011}twins
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Fig. 7 Schmid factor of the twinning systems formed under
compression with10% strain at (a) {1012} twins, (b)
{1121} twins, (c) {1122}twinsand (d) {1011}twins
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Fig. 8 Dependence of Schmid factor (average value after subtracted by

standard deviation) of twinning systems under compression
with 10% strain. (a) {1012} twins, (b) {112 1}twins, (c)
{1122}twins and (d) {1011}twins
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Fig. 9 Variations of fractions of dislocation species with temperature

of deformation under compression with 10% strain.
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Fig. 11 TEM image of {1122} twin tip in the deformed pure tita_nium.
(@) and (b) are under the two-beam conditions of g = 1120 and
g = 0002, respectively. <c+a> dislocations are visualized in

().

BRI, WERSER OIS ) BL OO T HERE T 5 729D 12
<c+a>IEMLANEENT5, Ll Fig. 9BILeLH 12,

2AIM DEIL TOEIE Tli<c+a>finN AT EA ETE B TX
RN, ZOT, SRR ThD<cra>IRAL NG 8 T& e
WeDI{U1 22308 IR o b mila iz eE 2 6h
Do

4. $&

T 5 OMEBEFFRIE T ORMB L CAI RN O
HEEZPONICT D70, KSR R 20umD TH#A
#iT 22| Ti-0.2mass% F X OV Ti-2mass%Al % 25°C i b
700°CETORLPHITIS T HL I ML 72 B 1hE B 325 M
fREFAL , LT O A2,

(1) FH~DODFENML, 100°C LLFTO{LI0T23 3
{11210 {11223 EA DT A 2 ikl 3~ 2 23, 200°C
PLETOLI0T23 R b2 {10 TL I Sk OTE R 13 B 3%
R/

(2) FH2 ~OAIDFNINE, {11223 OT % K & <
Hil3 228, EDEFEPORERIUTHEVEE L2 h o
7=

B2 35

(3) IEBMRNIFE~DOWRMOEEITH EVFEOL N h o
725, ARINCEY | iR T <c+a>Hafz M7l L 200°C
UL ETomEsE @b,

(4) OWIMIZE AR INHNIZ, FNHE THRBI L BV o
BRI LR Z L TEL TV, —F L ANCED
{11223 BIZh BRI T | <c+a>#afr DIz L0 AT
T,

& F X®
[1] A. A Salem, S. R. Kalidindi, and R. D. Doherty,

“Strain hardening of titanium: role of deformation
twinning,” Acta Mater., vol. 51, no. 14, pp. 4225—
4237, Aug. 2003, doi:  10.1016/S1359-
6454(03)00239-8.

[2] Y. B. Chun, S. H. Yu, S. L. Semiatin, and S. K.
Hwang, “Effect of deformation twinning on
microstructure and texture evolution during cold
rolling of CP-titanium,” Mater. Sci. Eng. A, vol. 398,
no. 1-2, pp. 209-219, 2005, doi:
10.1016/j.msea.2005.03.019.

[3] Y. Murayama, K. Obara, and K. Ikeda, “Effects of

Deformation Twinningon the Deformation Behavior

May

of Textured Titanium Sheets in Plane Strain
Compressive Tests,” Mater. Trans. JIM, vol. 32, no.
9, pp. 854-861, 1991, doi:
10.2320/matertrans1989.32.854.

[4] Y. Murayama, K. Obara, and K. Ikeda, “Effect of
Twinning on the Deformation Behavior of Textured
Sheets of Pure Titanium in Uniaxial Tensile Test,”
Trans. Jpn. Inst. Met., vol. 28, no. 7, pp. 564-578,
1987, doi: 10.2320/matertrans1960.28.564.

[5] Y. Murayama, K. Obara, and K. Tkeda, “Effect of

Textured
Commercially-Pure Ti Sheets under Plane Stress
States,” Mater. Trans. JIM, vol. 34, no. 9, pp. 801—
808, 1993, doi: 10.2320/matertrans1989.34.801.

[6] H. Sasano “The Effect of
Deformation Twinning on Mechanical Properties of

Twinning on  Deformation of

and H. Kimura,

&alpha;-Titanium Alloys at Low Temperatures,” J.
Jpn. Inst. Met., vol. 41, no. 9, pp. 933-939, 1977, doi:
10.2320/jinstmet1952.41.9_933.

[71 A. Fitzner et al., “The effect of aluminium on
twinning in binary alpha-titanium,” Acta Mater., vol.
103, pp. 341-351, Jan. 2016, doi:
10.1016/j.actamat.2015.09.048.



36

(8]

[]

[10]

[11]

F & D BB FEIHLITT 0 BL O Al B

P. Thompson, D. E. Cox, and J. B. Hastings,
“Rietveldrefinement of Debye—Scherrer synchrotron
X-ray data from Al ; O 3,” J. Appl. Crystallogr., vol.
20, no. 2, pp. 79-83, Apr. 1987, doi:
10.1107/50021889887087090.

T. Ungar and A. Borbély, “The effect of dislocation
contrast on x-ray line broadening: A new approach to
line profile analysis,” Appl. Phys. Lett., vol. 69, no.
21, pp. 3173-3175, 1996, doi:
10.1063/1.117951.

T. Ungér, J. Gubicza, G. Ribérik, and A. Borbély,

“Crystallite size distribution and dislocation structure

Nov.

determined by diffraction profile analysis: principles
and practical application to cubic and hexagonal
crystals,” J. Appl. Crystallogr., vol. 34, no. 3, pp.
298-310, Jun. 2001, doi:
10.1107/50021889801003715.

P. G. Oberson, Z. W. Wyatt, and S. Ankem,
“Modeling interstitial diffusion controlled twinning
in alphatitanium during low-temperature creep,” Scr.
Mater., vol. 65, no. 7, pp. 638-641, Oct. 2011, doi:
10.1016/j.scriptamat.2011.06.049.

[12]

[13]

[14]

[15]

Z. Liu and G. Welsch, “Literature Survey on
Diffusivities of Oxygen, Aluminum, and Vanadium
in Alpha Titanium, Beta Titanium, and in Rutile,”
Metall. Trans. A, vol. 19, no. 4, pp. 1121-1125, Apr.
1988, doi: 10.1007/BF02628396.

J. Li, X. Li, M. Yu, and M. Sui,
mechanism of {10-12} twin with low Schmid factor
in hexagonal close-packed metals,” Mater. Sci. Eng.
A, wvol. 791, p. 139542, Jul. 2020, doi:
10.1016/j.msea.2020.139542.

S. Jin, K. Marthinsen, and Y. Li, “Formation of {11-
21} twin boundaries in

“Nucleation

titanium by Kinking
mechanism through accumulative dislocation slip,”
Acta Mater., vol. 120, pp. 403-414, Nov. 2016, doi:
10.1016/j.actamat.2016.08.042.

N. J. Lane, S. I. Simak, A. S. Mikhaylushkin, I. A.
Abrikosov, L. Hultman, and M. W. Barsoum, “First-
principlesstudy of dislocationsin hcp metalsthrough
the investigation of the (11-21) twin boundary,” Phys.
Rev. B, vol. 84, no. 18, p. 184101, Nov. 2011, doi:
10.1103/PhysRevB.84.184101.



