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Table 1 Total and formation energies of y-TiAl based alloy

systems

System E/eV E%eV
So(Tij»Al,) ~19924.8222 -0.4562
S(Tij»Al,, Zr) ~21148.1323 ~0.3984
Sy(Tij ZrAl,,) ~19602.6192 ~0.4483
S5(Ti;»Al; Mn) ~20520.9930 -0.4134
S4(Ti;MnAl,,) ~18973.9478 -0.3994
Ss5(TijpAljgZrMn) —21744.6701 —0.3709
S¢(Ti;;MnAl;; Zr) —20197.8357 —0.3658
S4(Ti;  ZrAl; Mn) ~20198.8972 ~0.4100
Sg(TijpZrMnAl,) —18652.2265 —0.4116
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Table 2 Geometrical properties of y-TiAl based alloy systems

System  a/A blA c/A R VoA
S 8.4665 5.6328 8.1939  1.0269 390.771
S, 8.5988  5.7429  8.0940  0.9986 399.698
S, 8.5341 5.6724 82158 1.0212 397.719
S 84739 5.6463 8.0788 1.0113 386.541
S, 84138 55912  8.1681 1.0297 384.254
Ss 8.6630 5.7439  7.9091  0.9682 393.554
S 8.5402 5.6949 8.1018  1.0064 393.950
S, 8.5317 5.6846 8.0808  1.0050 391.910
Sg 84725 56215 82369 1.0311 392311
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Fig. 2 Axis ratios of y-TiAl based alloy systems
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Table 3 Elastic constants of y-TiAl based alloy systems

System C;;/MPa C;p/MPa Ci3/MPa Cs3/MPa Cyy/MPa Cg/MPa
So  210.7271 41.2906 88.6213 154.9454110.5623 39.4339
S; 209.8096 44.1794 96.3953 158.4027105.5647 24.2480
S, 208.9617 52.4484 95.2358 150.5960112.8195 46.0394
S;  176.6242 58.5780 82.3686 160.2310101.4706 25.6315
Sq  188.252145.2228 79.5964 152.2824103.5006 42.7349
Ss 195.9213 58.1203 91.1144 151.3484 99.1623 25.6932
Se¢  186.8558 43.3764 92.6540 132.1887 97.0293 11.2815
S;  190.8312 65.4153 90.3068 162.0456103.8956 22.0119
Ss 199.8271 56.4690 83.3281 153.3824106.2179 39.0780

R4 p-TIAlFEG SRR FIERTR LA
Table 4 Elastic modului and their ratios of y-TiAl based alloy

systems
System B/MPa G/MPa G/B B/G
So 112.607 75.970 0.675 1.482
S 116.885 69.812 0.597 1.674
S, 117.151 76.042 0.649 1.540
S; 106.679 65.059 0.610 1.640
Sq 104.180 71.572 0.687 1.456
Ss 113.765 64.992 0.571 1.750
Se 107.030 59.549 0.556 1.797
S, 115.085 65.806 0.572 1.749
Sg 111.032 72.993 0.651 1.536
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Fig. 4 Band structures of y-TiAl based alloy systems: (a) So(TijpAlp); (b) Si(TijpAl;Zr); (¢) Se(TijiMnAljZr); (d)
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Table 5 Overlap population in Sy and S; systems
So(Ti2AlLR) Si(TiAlnZr)

Bond Overlap Bond Overlap
population population
Al—Ti(1-8) 0.13 Zr(A)—Ti(1-8) —-0.18
Al—AI(1) 0.65 Zr(A)—AI(1) 0.56
Al—AI(2) 0.37 Zr(A)—AI(2) 0.40
Al—AI(3) 0.65 Zr(A)—AI(_3) 0.56
Al—AI4) 0.37 Zr(Al)y—Al4) 0.39
Al—Al 0.37-0.65 Al—Al 0.31-0.66
Al—Ti 0.13 Al—Ti 0.11-0.18
Ti—Ti 0.12—-0.14 Ti—Ti 0.13-0.22

F 6 Zr Fl Mn XA p-TIAL K R S Al S, [ 8 B AT fa 4
Table 6 Overlap population in Zr and Mn co-doped y-TiAl
system Sg and S

Sﬁ(Ti”MnAIHZr)

S7(Ti11ZrA111Mn)

Overlap Overlap
Bond . Bond .
population population
Zr(AD)—Ti(1) —-0.25 Mn(AD)—Ti(1) 0.06
Zr(AD)—Ti(2) —-0.16 Mn(Al)—Ti(2) 0.06
Zr(AD)—Ti(3) —-0.13 Mn(A1)—Ti(3) 0.07
Zr(A)—Ti(4) -0.20 Mn(Al)—Ti(4) 0.08
Zr(AD)—Ti(5) —-0.22 Mn(A1)—Ti(5) 0.08
Zr(A)—Ti(6) —-0.28 Mn(Al)—Ti(6) 0.06
Zr(AD)—Ti(7) —0.18 Mn(A1)—Ti(7) 0.06
Zr(A)—Mn(Ti) —0.06 Mn(Al)—Zr(Ti) 0

Zr(AD)—AI(1)  0.40
Zr(AD)—AI2)  0.58
Zr(AD)—AI(3) 038
Zr(AD)—AI(4)  0.58

Mn(Al)—Al(1) 0.36
Mn(Al)—Al(2) 0.51
Mn(Al)—Al(3) 0.37
Mn(Al)—Al(4) 0.51

Mn(Tiy—Al(1)  0.13 Zr(Ti)—Al(1) 0.05
Mn(Tiy—Al2)  0.10 Zr(Ti)—Al(2) 0.06
Mn(Tiy—AI3)  0.12 Zr(Ti)—Al(3) 0.06
Mn(Tiy—Al4)  0.14 Zr(Ti)—Al(4) 0.07
Mn(Ti)y—Al(5)  0.13 Zr(Ti)—AI(5) 0.09
Mn(Tiy—Al(6)  0.13 Zr(Ti)—Al(6) 0.09
Mn(Tiy—Al(7)  0.16 Zr(Ti)—Al(7) 0.11
Mn(Ti)—Ti(1)  0.21 Zr(Ti)—Ti(1) 0.05
Mn(Ti)—Ti(2)  0.21 Zr(Ti)—Ti(2) 0.05
Mn(Ti)—Ti(3)  0.24 Zr(Ti)—Ti(3) ~0.14
Mn(Ti)—Ti(4)  0.24 Zr(Ti)—Ti(4) —0.14
Al—Al  0.31-0.66 Al—Al 0.31-0.66
A-Ti  0.05-0.20 Al—Ti 0.10-0.20
Ti—Ti 0.05-0.23 Ti—Ti 0.08-0.20

A Ja B % A2 -0.14~0.05, LSS A o B 2 BRI
HWER T RESMARECEOAKR, G615, JRTH
EERAEHOON K, G . TR
AR SRR, HENTIAR S, h e E g R, A
PEAS LK

gr bprid, RS &Y T A B AR
Zr B(F)Mn 5L, REAEA G 3L s o 5 AR 4
JE A G, R RIRSE TG, SRS T A
AT, 10T G a v I G & AR, XL
TR 25 SRRl L | S AR LU R 23 B 5 R — BT

3 #ig

1) Zr s{CRHMn B (B B A7 45 2% n] DA i 2
P-TiA A SR ARMHILL, FEADEAR Si(TinAl,Zr),
S3(TiAlMn),  Se(TijMnAly,Zr) M1 S+(Tij ZrAl;;Mn)
PR LL A I Wk, LT 1 BB OLR,
me AR AR R A4 5 2% B AR I ARk i — 3. XL
BRGNS MAARREA DT R XA R ]
WKL AR 52 P b 23 ST 1 TR AL (R 12, (H L Ze Jii 7
(RIEE 4 3. Mn J5UT- (K 5500 A 4

2) ENBARE RN BRI e
e e, RWENHARENRER SN, EK b
SR LA 1. BB G UL, Mn il TR AL R
T 1 Ze WSET AR TR T, SRS LR
AIDUAHEAEE: BB, Ze 3 734X Ti
JRF-, 1 Mn BERERFR Ti SR, tREERR AL ST

3) Hhith. SRR LG BoRAR Sy, Sz, S Al
Sy HARUFIGEYE . X NIRRT -TiAl B A 44
PEFROE T B HE, WoR T 5.

4) REAT SRR R R, 3 NI A R S,
Se FI S; #RHAT AL & Jg 3 itk o X R TR S
EETHE S 58, RIWH Ze 8i(R)Mn 3% 4x
JE LG p-TIAL AT 55, ReA L i Lo
SREEFRC, &mBtas A aRalng, $m T s mlfrmy
Bk, XA T A SR G A A

REFERENCES

[1] KUNAL K, RAMACHANDRAN R, NORMAN M. Advances in
gamma titanijum aluminides and their ~manufacturing
techniques[J]. Progress in Aerospace Sciences, 2012, 55(12):
1-16.

[2] CLEMENS H, MAYER S. Design, processing, microstructure,



2316

PR R AR

2016411 H

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

properties, and applications of advanced intermetallic TiAl

alloys[J]. Advanced Engineering Materials, 2013, 15(4):
191-215.

WANG Ji-giang, KONG Ling-yan, LI Tie-fan, XIONG
Tian-ying. High temperature oxidation behavior of Ti(Al, Si);
diffusion coating on y-TiAl by cold spray[J]. Transactions of
Nonferrous Metals Society of China, 2016, 26(4): 1155—-1162.
WU X H. Review of alloy and process development of TiAl
alloys [J]. Intermetallics, 2006, 6(10/11): 14—22.

VEORERR, 2 B, WG, BUERRE, JER. Ti-Al $mElf
BN RS W SRR RED). B R R A R R E S TR,
2007, 12(6): 330—-336.

TAO Hui-jin, PENG Kun, XIE You-qing, HE Yue-hui, YIN
Zhi-min. Research advance on brittleness of Ti-Al
intermetallics[J]. Materials Science and Engineering of Powder
Metallurgy, 2007, 12(6): 330—-336.

KARTAVYKH A V,

STATKEVICH 1 I, GORSHENKOV M V. Microstructure and

ASNIS E A, PISKUN N V,

mechanical properties control of y-TiAl(Nb, Cr, Zr) intermetallic
alloy by induction float zone processing[J]. Journal of Alloys and
Compounds, 2015, 643(S1): S182—S186.

IRNAYEV R M, IMAYEV V M, OEHRING M. Alloy design
concepts for refined gamma titanium aluminide based alloys[J].
Intermetallics, 2007, 15(4): 451—-460.

BARLL, BAZ. $5E Ti-47AL1-8Cr-2Nb 5 4 IR R ¥ 1 I
JCAH BRI, AT 48 A%, 2008, 18(10): 1750-1755.

XIAO Dai-hong, HUANG Bai-yun. Superplastic behavior and
microstructure evolution of as-cast Ti-47Al-8Cr-2Nb alloy at
lower temperature [J]. The Chinese Journal of Nonferrous
Metals, 2008, 18(10): 1750—1755.

SRARTE, TEGWE. p-TIAL FE <5 s 0 8 1 JRUBE 280 I R B
WEERFIE T M SC R[] A (w22 4, 2015, 25(2):
338-343.

SU Ji-long, LIAN Xing-feng. Relationship between intrinsic
characteristic sizes of elastic property and plastic property of
y-TiAl based alloy[J]. The Chinese Journal of Nonferrous Metals,
2015, 25(2): 338—343.

B SE, R, AR, MO, R B, MRINAh. SioxhE
Nb-TiAl 15 24 ZU S B PERE AT R[] I 2k, 2015,
51(7): 859—-865.

YANG Liang, GAO Shu-bo, WANG Yan-li, YE Teng, SONG
Lin, LIN Jun-pin. Effect of Si addition on the microstructure and
room temperature tensile properties of high Nb-TiAl alloy[J].
Acta Metallurgica Sinica, 2015, 51(7): 859-865.

QIU C Z, LIU Y, HUANG L, ZHANG W, LIU B, LU B. Effect
of Fe and Mo additions on microstructure and mechanical

properties of TiAl intermetallics[J]. Transactions of Nonferrous

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Metals Society of China, 2012, 22(3): 521-527.

Fitgse, TR, OO, AT SRICRB AN TIAL G &
JIVERERISEIA[T]. PIFR AR, 2016, 65(7): 1-9.

WANG Hai-yan, HU Qian-ku, YANG Wen-peng, LI Xu-sheng.
Influence of metal element doping on the mechanical properties
of TiAl alloy[J]. Acta Physica Sinica, 2016, 65(7): 1-9.

BFEW, R, X3, BhESE, RERER, EAM, S
FHIE T RBFST Ze R Nb 78 TIAL & 4 47 h 0]
FE 1 € 2 2741, 2000, 10(6): 796—799.

HUANG Yu-yang, WU Wei-ming, DENG Wen, ZHONG
Xia-ping, XIONG Liang-yue, CAO Ming-zhou, LONG Qi-wei.
Behavior of Zr and Nb in TiAl alloy investigated by positron
annihilation technique[J]. The Chinese Journal of Nonferrous
Metals, 2000, 10(6): 796—799.

RRYD, R, WA, R, Bedif, W15 2. Zr B
B2 p-TIAL [IARGE AN CE P T ST I]. ThREM BL. 2014,
45(19): 19149-19154.
SONG Qing-gong, YAN Hong-yang, GUO Fu-juan, XU
Ting-yao, KANG lJian-hai, HU Xue-lan. An investigation on the
stability and thermal property of p-TiAl doped with
Zr-substitution[J]. Journal of Functional Materials, 2014, 45(19):
19149-19154.

RRY, ZREM, B, BHA, W52 PR Ze &
LB A% y-TIAL & ST i TP BRI, ey
R. 2016, 65(4): 244-252.

SONG Qing-gong, QIN Guo-sun, YANG Bao-bao, JIANG
Qing-jie, HU Xue-lan. Impurity concentration effects on the
structures, ductile and electronic properties of Zr-doped
gamma-TiAl alloys[J]. Acta Physica Sinica, 2016, 65(4):
244-252.

ML, T, R, s, LRER, B b dInE
X TiAL <8 AL & P22 AR I SE D). R IR 2 e 4R,
1992, 23(3): 296—-302.

QU Xuan-hui, HUANG Bai-yun, LU Hai-bo, HUANG Pei-yun,
KONG Xiang-yan, QIAN Yuan. Effects of Mn-addition on
twinning deformation in TiAl intermetallics[J]. Journal of
Central South University, 1992, 23(3): 296—302.

MR 2 P, FDER, BIHEZE, AN, KO8R L1e-TiA
B EY Mn, Nb SR PR s ie
224, 2005, 25(5): 15-19.

CHEN Lii, PENG Ping, LI Gui-fa, HU Yan-jun, ZHOU Dian-wu,
ZHANG Wei-min. First-principles study on electron ic structure
of L1,-TiAl intermetallic compound alloyed by Mn or Nb[J].
Journal of Aeronautical Materials, 2005, 25(5): 15—19.

e, 1R B, BIRA, R Ti-Al RH T % Mn 15
Xt TiAL ZMETE RSE A [T). By AR @A R RS S TR,
2010, 15(2): 102—-109.



#2611

RIKY, % Ze FI(E)Mn B854 p-TiAl G S0 7 i

2317

[19]

[20]

[21]

[22]

(23]

[25]

[26]

LI Yan-feng, XU Hui, XIA Qing-lin, SONG Zhao-quan.
Influence of Ti-Al electronic structure and Mn-doping brittleness
TiAl; at room temperature[J]. Materials Science and Engineering
of Powder Metallurgy, 2010, 15(2): 102—109.

WA, RSB G YM]. Kb T Tk AR
AL, 1998.

HUANG Bai-yun. Intermetallics of titanium aluminides[M].
Changsha: Central South University of Technology Press, 1998.
NOVOSELOVA T, MALINOW S, SHA W, ZHECHEVA L.
High-temperature synchrotron X-ray diffraction study of phases
in a gamma TiAl alloy[J]. Materials Science and Engineering A,
2004, 371(1/2): 103—112.

SEGALL M D, LINDAN P J D, PROBERT M J, PICKARD C J,
HASNIP P J, CLARK S J, PAYNE, M C. First-principles
simulation: Ideas, illustrations and the CASTEP code[J]. Journal
of Physics: Condensed Matter, 2002, 14(11): 2717-2744.
RRY), ZRK. 72 Ag,TiS, 1" Ag ¥t —
YA S R RE R MR ST T (0], A AR AR, 2008, 57(3):
1823—-1828.

SONG Qing-gong, JIANG En-yong. Study on the structural
andenergetic properties of two-dimensional ground state of
Ag'ion-vacancy in fast ionic conductor Ag,TiS,[J]. Acta Physica
Sinica, 2008, 57(3): 1823—1828.

KONG F T, CHEN Z Y, TIAN J, CHEN Y Y. Methods of
improving room temperature ductility of TiAl based alloys[J].
Rare Metal Materials and Engineering, 2003, 32(2): 81-86.
JIANG C. First-principles study of site occupancy of dilute 3d,
4d and 5d transition metal solutes in L1, TiAl[J]. Acta Materialia,
2008, 56(20): 6224—6231.

MOHANDAS E, BEAVEN P A. Site occupation of Nb, V, Mn
and Cr in y-TiAl[J]. Scripta Metallurgica et Materialia, 1991,
25(9): 2023-2027.

SONG Y, YANG R, LI D, HU Z Q, GUO Z X. A first principles

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

study of the influence of alloying elements on TiAl: Site

preference[J]. Intermetallics, 2000, 8(5): 563—568.

SPEIGHT J G Lange’s handbook of chemistry 16th

ed[M]. Boston: McGraw-Hill Professional, 2005.

KAWABATA T, TAMURA T, IZUMI O. Effect of Ti/Al ratio and

Cr, Nb, and Hf additions on material factors and mechanical

properties in TiAl[J]. Metallurgical and Materials Transactions A,

1993, 24(1): 141-150.

PABST W, GREGOROVA E. Effective elastic properties of

alumina-zirconia composite ceramics-part 2. Micromechanical

modeling[J]. Ceramics-Silikaty, 2004, 48(1): 14—23.

PUGH S F. Relation between the elastic moduli and the plastic

properties of polycrystalline pure metals[J]. Philosophical

Magazine, 1954, 45(367): 823—843.

FU C L. Electronic, elastic, and fracture properties of

trialuminide alloys: Al;Sc and ALTi[J]. Journal of Materials

Research, 1990, 5(5): 971-979.

WANG Q Q,ZHAO Z S, XU L F, WANG L M, YU D L, TIAN

Y J, HE J L. Novel high-pressure phase of RhB: First-principle

calculations[J]. The Journal of Physical Chemistry C, 2011,

115(40): 19910—-19915.

CARLSSON A E, MESCHTER P J. Relative stability of L1,,

DOy, and DOy; structures in MAI3 compounds[J]. Journal of

Materials Research, 1989, 4(5): 1060—1063.

XU J H, FREEMAN A J. Band filling and structural stability of

cubic trialuminides: YAls;, ZrAl;, and NbAl;[J]. Physical Review

Series B, 1989, 40(17): 11927-11930.

. y-TiAl 1 Nb Il Mo & &AL 308 (145
P JRIFIC[T]. MIERAEAR, 2007, 56(5): 28382844,

DANG Hong-li, WANG Chong-yu, YU Tao. First-principles

R, ESE, T

investigation on alloying effect of Nb and Mo in y-TiAl[J]. Acta
Physica Sinica, 2007, 56(5): 2838—2844.



2318 R 4 A AR 20164F 11 H

Investigations on ductibility and electronic property of
Zr and (or) Mn doped y-TiAl based alloys

SONG Qing-gong" 2, YANG Bao-bao', ZHAO Jun-pu', QIN Guo-shun®, GUO Yan-rui', HU Xue-lan

(1. Institute of Low Dimensional Materials and Technology, College of Science,
Civil Aviation University of China, Tianjin 300300, China;
2. Sino-European Institute of Aviation Engineering, Civil Aviation University of China, Tianjin 300300, China)

Abstract: 8 kinds of y-TiAl based alloys doped with Zr and (or) Mn were investigated with density function theory. The
geometric structures, formation energies, elasticity modulus, band structures and overlap populations were analyzed. The
results indicate that these systems possess energy stability and can be made with experiment at certain condition because
of their negative total energies and atomic average formation energies. Zr and (or) Mn doping can change the axis ratios
(R) and elastic moduli ratios (B/G) of the § systems. It is forecasted that systems of Ti;;MnAl,,Zr, Ti,Aly,Zr, Tij Al Mn,
and Ti;ZrAl;;Mn possess good ductibility for their axis ratios are close to 1 and moduli ratios are close to 1.75, which
provides theoretical support for improving ductibility of y-TiAl based alloys. Based on the obtained electronic properties
and overlap population, it is argued that the doping of Zr and (or) Mn can make the decrease of covalent bond intension
and the increase of metal bond intension, resulting in the improving mobility of the crystal face, which is propitious to the
improvement of the intermetallic ductility.

Key words: y-TiAl based alloy; Zr doping; Mn doping; ductibility; electronic property; first-principles
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