50 6
2021 4F 6 H

wmRERMBS TR
RARE METAL MATERIALS AND ENGINEERING

Vol.50, No.6
June 2021

mb RT3 p-TIAl &€& HFE R NAY
MR IEIRITR

& ome 120 W Y, A+ & L2,

1,2 % 12
& S R8st

Hi# R

(1. = HBTORY, HIR 22/ 730050)
(2. BRIt B HE A=, Hol 224 730050)
(3. Hilt&sEh.0, Hilr 221 730030)

OE: TGRSR R T SRR R - TIAL & 8 2 MR R ASRAT NIISER, FIF Voronoi 771 AL 2 & p-TiAl B,
KT8 577 AU R Sk e NS [ o RO T B TR R R, A5 B R RS BB -IR B 2R, IR T3 1 7 Aok R
T o-TiAl ITEE . 2R E M. Bk RSN T 9.9 nm B, ok ) SBE R I H X Hall-Petch 5 5R,  A7A5 A1 TS B L F
MR AR IEARTY, W TR SR .. BEKRS KT 9.9 nm B, @R RS ST S Hall-Petch 65, f AR
BICREMB, A E SRR AP . 5158, AT p-TIANE IR AR s B R A AR R, R B0 il

oA 4% 85 K4 E 5 AT ) IR B B P9 2 A3 RO A R N A LRSS, TR SR 7 I L) A 51, W IR DT TR ) 5t

PEYRSZ LR o

KR SRR p-TIAL GUKIBR; 7122 ERE; 73 7728

REASES: TG146.23 XERFRIRED: A

X EHS: 1002-185X(2021)06-2052-09

p-TIAl & BEARF N EEREE . PUFEE. s
TLEE ST, %PE (4 glem®) TR TARIEA 4 (8 glem®),
Hoaf MR R i R, X R S L TE R A A S A
A E KRR AT, SR, 50 5B 2 R S R
R B . Tk, EXFp-TIAl &4, BFREA]
W RMAETTE . EMRALN A& EE—E
FEEE e T p-TIAl &M ERB M, HKIBAEAS
B HalF Petch) ik 51 4 J& B4 4 i) i IR 3 2 B 53
RS BN 4 K, B Hall-Petch (H-P) 8. 3
FIXFPK R, AR ILANAL 502 [F B 32 5 4 o
FBBYEM EEF B, FFARWET, -TiAl & 418
B R R BN T AR e T, d kL RSE XS p-TiA
HEW R BRI . T Ah, MR RS E kR
FHEE MR SR, Rk, MBROW A BT 9-TiAl =
TR 9 M 22 1) DR R A X A 7 AL B — b e

MEHER N RE N B AR T 7 WA R A2 T HL
il 2 I SEES CANE T AOWEE 78, M 990K R R 2
FM R R D1 Re A ) TR, il Skxd 4
BERTH AT IR, ] DA B8k fr -8 FE i 28, I SR
RIS M 1R RE, st p e RS, Wi A

ks H#A: 2020-06-27
E£EWE: EXBEARIFHESE (51865027)

oA B AL AR S . [ N A2 T K R R D 4
S TIAL 2 4 (B AL B HEAT T R IR 7E B2, Kk
Bl Al S B RS S TR p-TIAL 197725 M R AT Bk B
WL SRT, AR ERRIG A B, BB, HRBERA
BF 5 MORHEE SO R BE R S TEHLER . 43 13l 7 2
1 JIWF 50 b HZE SO R BE R A8 AL ER (1975 28 B4,
BE s LIS Sk 55 HE A I FE FE I R, 9 A% S JE ILFS K
bR R R A (S B L R B A R R, 4
K R4 T Bh 3 5 B BF T8 R0 e B D 5 Ak
NP T AR L [ 071, Fan 45181 T gy
KRB AUE 98 T o R~ X £ ek AR T ML £ 5
WL 4SRN 7E R R B B U AR T
JRI o P B P AR Y, L4 T IR 45 A IRTE I Sk R 7
SRR RSN A FEE I AR R K, T A TR B0 47 S H-P
% . Zhao 2SI A A R R S 10 2 AR EAT T 40K
FEIRER BB, R I/ LB 1 22 5 A A B 1 N S
AR T RS, ELBUR RS R IR T R
B 7 3465 11 P9 A54% . Huang 275 BT 4 730 172
BT R 9 T SR 2 R ORI R, R
LI 7 nm BLR IR H-P 6 R, 245k R

ey WM, 55, 1995 4EAE, midAE, ZMEETREHLE TREZEEE, Hl =/ 730050, E-mail: ca010061995@163.com



EE:

BN SRR p-TIAL B <6 7722 PERESE IR 4K TR AT A

* 2053

T 5nm I, R R o S RN s, 3 LR )
SRR RIS YRR KT 5 nm I, EIR G 1
SN AL R, ST ORI R R, B
I ot G T A% 9 AE A A B K . B4k, Zhou 48
I 8K IR 4 T3 1 ST T T ok R R AR
% B 12 PR B B, R IUAELE 3 AR IR A ok
RSFIX IR 2 Fil 5t Sk R~ iX 3 A KRR T A
[FIH H-P 56 2 HLAE B 2 AR T AR LA B 25

i L AT L, TS A 3 Al
SB . 3E YK IR 5 T30 1 S BT 5 o R
B L AR T BL AR A3 5 M B B SR . AR BT 9 X
p-TIAL £, WF 5 SRR SF R H AR R R 24 P g
GRATR, BB S T B ARG K R R, AR
SRR ST 9-TIAL (OB -B0 R M2 B -TR 5 2
LR FEAL AN S R ) A AT R AT, 05 SRR
SEXF p-TIAL TEAS AL A1 7 2 M BE () 52

1 EESEH

1.1 =BT
1 93K FH Voronoi J735:H1 Atomsk M5k 37
2 i p-TIAl PR IR IR 7 730 /1 A A, A B A4
RPN 24 nmX 24 nmX 24 nm, {15 863 796 & 1.
WL T [F)— Ak RS 7 FpAS[R] ok <), Bl 4.0.6.0,
8.1. 9.9. 11.8. 13.9 1 15.6 nm, X y-TiAl Jy2#1k A
FAR T AL ) s, I A ok ROSE O /I T o el AR A
R b G oR AR A R AE ORI . FEARHT i, {0E
Tk 5 L R SR AR AN [ R R T B, R
JSF d FERin e RATFAHAN (D SkERIR.

6v
=7 1)

A, v IR n 2R, HE By 7~400.

z
-y
TS

=

" Newton layer
. Constant temperature layer

- Bounding layer

El1 p-TiAl YUK SR T3 Jy
Fig.1 Nanoindentation model of y-TiAl

BT & NIA B S SRET, FikERT
FEr 242 5.0 nm BIERTE & WA 15 Sk CRa A% & $oh
0.3566), JEkEFHN 92 394, &R F AT s T
y-TIAL FTLL MD B4 e Skl 0 A NI . B o 45
A IR EFEE ), 4R AER ) R T is
o4 W iE B o, A wis sh oy R A
Velocity-Verlet B[] F1 4 B3, 1H IR 2 326 R SRR L
REFAAS, W52 [ 2 FEAR R LABK 1b i R 3 72 3
R . BERL x Fy J5 [ R R A 5 A DA B
D7 B RSE RO BRI SR, EIR 17 (z 7 D) >R L BRI
FEULAS PR ) 5 Sk B Ak 32 1T (¥ IR T 12 3

IR R, JE T R 2 AR s, B
oR 0 T B R A SR RS A R . AL AT 3
ARFEEGET Al Ti B C, EAM 5% 352D i T
Fik AT JBF 2 BIMER 77, HESkZ&NIE, Bril 2
W% C-C J ¥ 2 [mBI1EH 77, Lennard-Jones (LJ) i
oWl ke dtiig C-Al R C-Ti Z AN A AR, ik
A TR,

GECRGITS

L, e NABHAE, o N PHEEE, ro NENTES,
AT P P T R BSAG 2.5 % . R 2 T4l
B 51 WERORHEFRRE, B2 DIERORR G AL, AR
S 1 R,
1.2 EREMIERE

S NIA RSk FE AR BRI 0.7 nm, @ KT K=K R
THEREFRE B, RIRAT, KA L
ITRRE R ME, FHTEFRSE RS (NPT R4 H
Nose-Hoover #4815 7E 293 K Fath ¥ , 5th #2 i 5] 400 ps.
ARG TG (B 2 BiR), B sk /ME B e /g
B Bl o BEAULIN B) 25 K Ufs, Jz /N T B S5 40 K Bk R
T2 AR . K 50 m/s 18 & 8 E 3T IEIR,
JEIRREE 3.3 nm, HAEIEERE 0.1 nm ids% 1 k&,
DA 5 B A TE X B R IR R R % iR AR b e B ) S A
WSH; MIE B R KIRIER, LR Y46 7 &
HBEAT EI AR

# 1 Lennard-Jones HEH S

Table 1 Lennard-Jones potential function parameters used

in simulation
Parameter alnm eleV ro/nm
C-Al 0.2976 0.315 0.744
C-Ti 0.3759 0.0314 0.9398




e 2054

WA e MRS TR

%50 %

—3.776
—3.784
—3.792}
—3.800
—3.808

(“\«w

/\MMIW
~3808¢ PZZMN_....__
Sl [

-3.832}
—3.840
—3.848}
—-3.856 &

——d=4nm
—— d=6nm
—d=8.1nm
——d=9.9nm
——d=11.8 nm
——d=13.9nm
——d=15.6 nm
L

0 100 200 300 400
Time Step/ps

Total Energy/ X 10° eV

B2 B RROSRE H AS J)  R R ST B s R R A i 4R
Fig.2 Total energy evolution of substrate with different grain

sizes during relaxation

JESkENFEAR, p-TiAl ¥ RABHAR, MR
TEEHE R L S5 . o ARG S EEAL
KR OVITORSI AT WAL B A 43 B 40 T30 J1 2 B 5
IR A A, 12 F 3t AR 43 A v (common
neighbor analysis, CAN)2If7 4 4 BT : (dislocation
analysis, DXA)PHR BB i 5 7 (25 M A28 . 78 Bk
ML FE b, R4E CNA 3R B 3K 57 7 454,
Hr gt Jgi-F o feo 454, A JRTN hep 450, A
IR TR ok, B2 hep AR
(TB), M2 hep JEFARER N Z 45 (SISF), WJZ hep
JR 7 v E] SR gk — = foe 4549 R AR AR A B = 4 (SESF)

2 HREUE

2.1 HE-REMZ%

AN fORE RS 22 8 9-TIAL & S R4 K IR T Y
B -R 2R i 3 FoR . TERRE AR, IR SN
R e Sk 5 HARAETEW 5] T, IR J) N IER R 3k
SREAIEAEHRF S, B 3 AT, A kT -IE h 4k
G 4 AP B . BB, RSk SRR . IO,

—d=4.0nm :
5000 4-gom X
- ——d=81nm b
'c 400 [——d=9.9nm
I
< ——d=11.8nm
% 300 F——d=139nm
2 200 ——d=15.6nm
Z
2 100F
o
-
0
-100 |

0 5 10 15 20 25 30 35 40 45
h/X0.1 nm
B3 p-TIAl G B AEQK IR T 1A -1 L ih 28
Fig.3 Load-depth (h) curves of y-TiAl alloy in nanoindentation

JEIR 3 o0 6, A AR 5 R Sk ARAE R 51 7. BB 1B
JE Sk ENFEAR . Bl RN TR 3G n, B4 Bl 2 3
K, HIEBIRLMERR. EHRREYVGEM B, kA
BT, SRR AR IR IR A K M R
REEDY 1.5 nm B, BE A4S e X 380K & AR B 8 1 o 28 4
FEAR BT -TR B 2 IR P B B, il 2R Ak
2 TS, EANE SRR SRR R IR 3 KR A
Ao XS N AR IE B AR TE B B, A -1 4 .
- F B R AR A ELPE S SO IR 70 3 3G, AR AN TE] o
WL RS AR B[R] R o A AR, A4S 5 45 M A7 AE 22
S I 38 s A [R) i A RST (1 2 A o R R 7 38 K RO
A, I H &S SRR T RN 2, 2 i R
RS BJERIRSEN 9.9 nm B, EIR A B KE
4579 eVinm. 1 BB, EIER, BIRE Sk A K IR
DRPEAC IR BE A SR BB, IR J1EWRCN . 4
FEIR SN R, SR IR IRE AN E, X
DR SR TE R I R R R AR T I BB AT . 5 IV
BB, FeSkdk sl 1A% 2 R IR 7048 fufE B Sk 5 kAR
FAEWR G JT . I )5 Sk gk SR Bl B A B, EIR )
IHEH 0.

BT HATRE ML, v E R 125
K, WRERE. sabERLESE, HoR, AORMEREE R
MR BT AN 310 KA SR 3 S AR T B g 77, A SR(3)
[RCSEE RN

H=F_/A (3)

A, Fru @ BIREE TR KBRS, ARERKE
IR 1R Sk 5 AR (VAT R0 Ak T

St FEREIE Sk, HoBefm i 2 5k (4) kg R 2,

A=n(2R-h)h ()

A, h BEREE, REELIIERE.

TR ORI FAEA, AT 3 FloAH [R] & pi R
PRI BT T ORI IR . A R B R RS AR
MR RAZWE 4 fios, wLLE W, B RS A0 A7 7E
2 PRI X 3. MR RS KT 9.9 nm B, p-TiAl
R D= N AN W< By NI R4 NP TR KB AN I N
9.9 nm iF, p-TiAl FIAE B B ft ok R o 1 FE A, Utk
B, 28 p-TIAl TG HIUVERAL I G, b ORIAE B R 30
X H-P k& . HILHEWT, 9.9 nm W& y-TiAl K E1X
A% (1 ok R~ X 5 DingP%t p-TiAl #E4T 4L
AR ADLAS 2 I S SRR RS 8 nm A AT A ], 1X 2 RN
AW TR LA I SRR . RS B B R AL
o IbAh, FEAR 2 90K R 8 R IRAEAE I H-P Il 5
SRR SE, i AR culBNEs bR, Btk AR E
im p-TIAl R BE AR I H-P ¢ R I BARE R, BE5E T



EE: BN SRR p-TIAL B <6 7722 PERESE IR 4K TR AT A

* 2055

Grain Size, d/nm

15.6 9.9 6.0 4.0
115¢
110} B
s Jhl- {
© 105¢ .
% 10.0}
BN
o ~
% 9.0+ .
85} A N
8.0- 1 1 1 1 1 1
025 030 035 040 045 0.50
d-l/Z/nm-l/Z

Bl 4 B R ROT SCT 7 5% R

Fig.4 Relationship between hardness and inverse square of grain size

fbl RS 508 4. 8.1, 11.8 A1 15.6 nm i, 49K/
RIS R AL BT A T R S R A AT .
2.2 IR

4 FpAS [ R ST AR B AE T Sk e N AR B (1 7
A R 5 B . mEGE R, Sk TR 5 Xk
JE % 5 AR SR BB VR AR, I A B A I VR e R
M 3 A 2 R R OR35Sk R O IX 3 AR A . 4
JEIRIRTEN 1.6 nm (| a2~d2) I, Ak se ek
JE LR o 3B 0 T A%« B A R IR R BE 3 42 3.3 nm (&
a3~d3) B, A7 %7 B & S IF A AL SR i R, B
AR I 2 o /N SRR R AR SR B R D TR
AR, I R U i A4 R T DL R 1 R R —
SE B ALET, AT BN T R FETE L. K R

@ fcc @hcp (Other @ bee

KI5 A R RS p-TiAL A7 885 AT R
Fig.5 Dislocation evolution process of polycrystalline y-TiAl alloy: (a) d=4 nm, (b) d=8.1 nm, (c¢) d=11.8 nm, (d) d=15.6 nm;

(al~d1) before the indentation; (a2~d2) h=1.6 nm; (a3~d3) final indentation depth of 3.3 nm; (a4~d4) unloading of indentation
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Fig.6 Configuration of local atoms beneath the indenter of y-TiAl (8.1 nm): (a) h=0.5 nm, (b) h=1.65 nm, (c) h=2.2 nm, (d) h=3.1 nm;
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Fig.7 Dislocation evolution process of y-TiAl with a grain size of 11.8 nm: (a) h=1.26 nm, (b) h=1.90 nm, (c) h=2.90 nm, (d) h=3.30 nm (the

insets are partial enlarged views of the dislocation in the ellipse area)
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Fig.8 Hydrostatic pressure distribution of y-TiAl alloy with different sizes at indentation depth of 3.3 nm: (a) d=4.0 nm, (b) d=8.1 nm,

(c) d=11.8 nm, and (d) d=15.6 nm



+ 2058¢ A & E MRS TR 50 %%

15 GPa

B9 ARER RS p-TiAl IR E A 3.3 nm IR EERUE )41
Fig.9 Von Mises stress distribution of »-TiAl alloy with different sizes at indentation depth of 3.3 nm: (a) d=4.0 nm, (b) d=8.1 nm,

(c) d=11.8 nm, and (d) d=15.6 nm
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Effect of Grain Size on Mechanical Properties of y-TiAl Alloy by Nanoindentation

Cao Peng *?, Rui Zhiyuan*?, Fu Rong™?, Cao Hui'?, Yan Changfeng™?, Zhe Jianwu®
(1. Lanzhou University of Technology, Lanzhou 730050, China)
(2. Key Laboratory of Digital Manufacturing Technology and Application, Lanzhou 730050, China)
(3. Gansu Computing Center, Lanzhou 730030, China)

Abstract: To study the effect of grain size on the mechanical properties and deformation behavior of y-TiAl alloy in nanoindentation process, a
polycrystalline y-TiAl model was established by Voronoi method, and the nanoindentation process for different grain sizes was simulated by
molecular dynamics method. According to the simulation results, the Load-depth curves of different grain sizes were obtained, and the hardness of
y-TiAl alloy with 7 kinds of grain sizes was calculated. The results show that the relationship between hardness and grain size exhibits an inverse
Hall-Petch when the grain size is less than 9.9 nm. Meanwhile, the grain boundary activity and dislocation sliding promote the plastic deformation
of matrix, and the grain boundary activity plays a major role. However, the relationship between hardness and grain size conforms to Hall-Petch
when the grain size exceeds 9.9 nm. The grain boundary has little effect on the plastic deformation, and the plastic deformation of matrix is
dominated by dislocation. In addition, the stress transfer and deformation recovery of y-TiAl were analyzed in the nanoindentation process, it was
found that the dense grain boundary grid can effectively inhibit the indentation defects and the internal stress transfer to the matrix. When the grain
size becomes smaller, the stress distribution will be more uniform under the indenter and the elastic recovery ratio will be smaller along the
indentation direction.
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