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Fig.1 Schematic diagram of double glow plasma surface alloying
(DGPSA) equipment!
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Fig.2 Schematic diagrams of DGPSA process''®: (a) bombardment,
(b) sputtering, (c) transport, and (d) diffusion
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Table 1 Process parameters of DGPSA coatings, as well as the corresponding thickness and oxidation mass gain

DGPSA parameter

Coating Source Operating . Interelectrode Thickness/ - Temperature/ Time Mass gai?
voltage/V voltage/V AmEE pRresue distance/mm Hm © /mg-em
Nb>! 600-900 400-600 2.5-4 30-50 20 12 900 100 7.80
Ta" 600-900 400-600 2.54 30-50 20 14 900 100 10.51
w 850 500 3 35 20 7 900 100 10.67
Mo 850 500 3 35 20 12 900 100 7.43
Zr-Y?¥ 600-650 450-500 3 35-36 18 23 850 100 1.5
Mo-Si-Ti*” 850 450 3 38 15 17.5 850 100 2.67
W-Mo* 850 500 3 35 20 9 900 100 5.48
MoSiAIYP"! 600-750 250-300 2.5 30 30 20 900 100 3.71
NiCoCrAIYP! 950 450 4 35 15 16.5 900 100 1.42
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Fig.5 Surface (a, c¢) and cross-sectional (b, d) morphologies of the oxide film of different coatings after oxidation at 750 °C for 100 h:

[40]

(a—b) Zr coating and (c—d) Zr-Y coating
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Fig.6 Cross-sectional morphology and corresponding EDS element mappings of Mo-Si-Ti coating

1 Ta,0, 14 L1 B G 8 , 1 T TIAL & & 1 & iR PR
e PEREP) . Ta 70 2 VB NG AT (i 1 56 4k 5 S 10 8 5 T
Ab T SEAL A I BELES J2 B AR B 328 T A B AR A

7 N TIAL G G R RS B 5818 /2 1E 900 C
THAMIEE L. WE7HTE &3 2 NE T
FEITENE IO LA , o b Ta-W B 2 I S0 3 1R 4 A
N R PR RE R . Ta-W i3 EAE SV T 1
A 1) Ta, O, S8 AL, S AR RS0/, W 486 3% 1)
FEAR IR B0 21 5 PR N A, WIT R
£ Ta W A] T2 BB AR, ¥ BB o I B 1S, #E— 22
$ET+ TIAL & 4 il P A e Re ™.

8 N Ta-W 2 |2 FL1HI (10325 5 v S Sl B3 T 30 S ik
X L7 5 P, 3 A A BB ) A T T 2 2 BN R 5 A7
TERA LR )R TE LG, T B 1 5407 8 3 12 AT 3 34
SEONEESE 5], R W% X SRR BB/, X — o 45 44
FRIERE B W-Ta 72 J2 B 4% B S 1 SR AL AR
4.7 ZHETKMEE

TE TIAl & & R 1H il % 2 4 013 |2 AR mT 42 vy 2k
P BBt i A A VR RE o R T AT R R S g A1 BAE
y-TIAL & < 3R 100 %D ) 45 1R FE 2N 9 um (1) CrNbSi 2
JZ , CrNbSi & P 2 3 % i Cr,Nb 41 5 CrSi AH 4 5 , 78
700~900 C AL A 55 AT IR B LA Nb,O, #1 SiO, y 2%
B AL JE T3 58 p-TiAL & 4 1 e IR DL AL T AE
SR, Nb o 3R 7E A I 72 o 22 24 B Nb,O, 7= 4 , b 72
Bt B 2 AR K I 5, 5 B A B A 3 2 7= A ey
PR T, A AL 3 900 “C 44K 100 h s B & 2B 7%
P k(2 LA 0 S WA B B D G TS e
FERAE y-TiAl & & L & 7 i y'-Ni,Al.y-TiAl. AlCr,

[29]

| —=—)-TIAl ——Ta-W
—e—W —e—CrNbSi

-2

—A—Mo —*—Cr
20F _y—W-Mo — "
—+—Nb g

15F —Ta -

Mass Gain/mg-cm

~ v—
A, >

20 40 60 80 100
Oxidation Time/h

7 TIAL GG RIXUESE B T2 R AE 900 °C T B A1 51 il 28
Fig.7 Oxidation mass gain curves coating of DGPSA coating of the
TiAl alloy at 900 °C?>34¢47]

Hl g-NiCoCr 4 1% ] MCrAlY B¢t 2 , 75 750 C &4k Ja ]
¥ R HT ALO, A1 Cr,0, 20 B 1 8 AL 5, 75 850 C 4L 5 B
B B 4153 N ALO, Cr,0, NiCr, O, il 1 5 257 {7 ¢
o g5, Be g A R S o R Y E (HAE 950 TR
Cr,O, M K 22 3 BURY B i R 2

T MCrAlY )2 5 TiAl & & 51778 9 B ik 2
B 2 R, TIAL A 4 3R TH ] £ 1 MCrAlY Btk J2 5 24k
FE TR LY MR ENEE . W9 fiR, & 101k
PAEA AL S, NiCrAlY i 2 H 9 Ni G 2R 1] TiAL & 4
B R A YT EI, 72 A NG AT AT NGATTi+TiAL R %
W BIX . &t 120 IRPEFR LS, 10 3 #0T Ni o
F 5N HE Ti o R 218 TIAL A £/NICrAlY gt 2
FHIHE B TiNG 2, HEAEBE I = AR FLIR . 99 B X e
INE A A B (] 46 B B 2 B R A K S A, 120 IR TG



* 2090

W] B RS TR

555 %

k)

AN

10 1/nm d | ow=0:218 nm

=021 T

100 nm

s =N 714
d,105w=0.214 nm

Gpp=0-238 T

10 nm 10 1/nm

T 020

AE 0L T

(1oYW

10 nm 10 1/nm

8 Ta-W I JZ FH1H it TEM JE 30 R HAR B (1438 [X. oL 77 5

Fig.8 TEM morphology of Ta-W coating interface (c) and its corresponding SAED patterns (a—b, d) !

48]

Ti oxides
- = .-g

Ni(Al, Cr),0,+Cr,0,

AN
EER {
Sl #~ Morich

Grain bloundary ((€33))

Diffusion of elements 10 cycles

during cyclic oxidation

7

O Tl

80 cycles

460 cycles

K9 TiAl&4/NICrAlY 142 5 B o & K

Fig.9 Inter-diffusion schematic diagram of interface of TiAl alloy/NiCrAlY coating

IR G OB AE IR TiNG X6 Ni 76 3R 19 1) 937 HOE Bk
A PH R, P94 DX I ) A K R LR % TiNi 2 R A%
HH 28 [ e g BEL R 1 FH S

TiAl £ 4 2% T 1] % (1) MoSIALY g4t J2 76 i iR A 15
T 20 h J5 B B AL T P 3 2 52 MoO,. TiO, Al
AlSi,0,,, 7 H AL Z A7 AEFLIA AT RS, 15100 h % (4L
Jei LI R SOR B 5 (B 10D, A2 B A Si0, F ALO, N
TR, AR R SR BEAR R AK , e R i
A TC K A AN I, 1 98 TIALA 4 3T iR A PERY,

R A SR ZE PR NLRIEE & T T F B )%
VAR B B R VR 4 B M e 3% ST 5 Ak 55 22 T

[49]

AR 2 JZ R R 85— R B SR S
CrHfNbTaTiIN & i AL iR |2 A2 iR B v T 670 K, 35
i1 H AR AG<0, JE & T #4871 5 R W VAR S5 4,
i U PR RE SR TR A A Bl . RN, HE R =
J m VRS R T AL ) IR AR E M, Cr U ERAIE T 4k
FEL YB3 1, T 3 5 A 2 T R IR R AR e 1 AL
B8, AlCoCrFeNiiB 2 AlE Crlfi LML) , AT #E
I RAETE R ALO,-Cr,0, H & 5 A0, o ALO, TR 1 3K
HRHAYE , Cr,O, Z R Z A LT, 38 P [l nT $& Ak
JEf AR . TR, 2 Eouk R ALLCr i)
SN BE REAIC T TiFe S50 R, AT AT DAL 26 5 545 6T
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BRARA P ALY . S & I RS B M A R 2 R
sl F12E ok, FE R 2 A0 R 7R 2R SR &
F& B A5 5] 2, 40 AICoCrFeNi H Al 5 Al 7 2 1 JiL 12
12215 1%, JR T3 HURE 22 (3 I 43 3L HUs R BRI
AlCoCrFeNii&Z1E 900 “CH AL 100 h Ji5 , AN By
12 pm, A& T IR 280 pm , EIIE 13 Bl 2 1Y

B G AR 2 2 AT R T AN A A R ) R IR
AR ARFAE , TaNbCITi 2 2 H Cr JG & AT k803 AL
Y2 (CrTaO,~ CrNbO,) I &Y, T Ti 76 3 A $2 7+ 484k
JELT B 70, 3 B [ A e 7 B — Nb < Ta ALY BiAR 55
FIFE I R UbAh B L S R A A W] 20, TiAl
A 4 TH ] 45 (1) NiCoCrAlY )2 W Y st 2 Al i i 75 fis
B ST it SR 7 AR T AL T G % AE RV A I AR )
I 5 [ Bt m LA 4 ) A A S 7, A S0 2 P A1
T 25%57,
4.8 EEKRE

TIALE SR T AR 2 1 i) 8 — 5 R A DU 46 2
TBHARIEFARR T — Z Ve 5 5 R B A TL R
(o Hp DIk 2 SR FE R FH R S5 8 S5 AR A 1

Substrate @

¥ ' Coating

Atomic Concentration/at%

Atomic Concentration/at%

Atomic Concentration/at%

FEBIRZBWERZ, XHEERE R R g
RV AT b S A I i R U 2 DR B G 3R T BFE
T T 4 o A TE = T R A R R AR E M S
. 7E TL,AIND & <6 2 [, 568 1 XU 25 5 79 Cr
528 um JE I HUZE 5 5 um JEHI Cr A E , B A #G
IR I B AR VR AR 10 pm JEL 1) ALPTRZ A1 20 um JE 1
Al-Cr & &2, EEIRZ R EERNL 63 um. ALFICrIcE&
R A BNy N SRy L e AT
fift Ti,AIND & 4 344 5 5 —35 Cr 872 Al 2 2 R #i ik
REEF I A AR A RS SRR o [FIEE , A
83N 15 A R, WU S B 115 Cr B i) fh A% e AR
AT RS HORE 22, T R DS TR B AL BT R AW
WIFE A7 2 AL, fL S T B 1) ALO, JZ , 750 "C 4L
100 h J& , B &% 2 A AL HE 5 (0.92 mg/em®) 1Y N 3 4k
(2.72 mg/em™ (1] 1/35V, 456 XU 55 25 175 5 Rl 7 Wk 5
PR FIR6 B ¥ J2 T T OB S pL AL B R, BT AT IHT
e A RICR

W R I, 38T YSZ M B R #4255 NiCr B Bt 4
ATE B4 0BT Wi J2 T 2 it i e B K 2R BT, AT 42 T+

Substrate d

Substrate _  f
g

20 30
Distance/um

0 10

K10 TiAl & &R0 MoSiAlY )2 il AT 30 % EDS e 3R 4434
Fig.10 Cross-section morphologies (a, ¢, ¢) and EDS element line scanning (b, d, f) of MoSiAlY coating on y-TiAl alloy surface during oxidation

test at high temperature®”: (a—b) 5 h, (c—d) 20 h, and (e—f) 100 h



© 2092

W] B RS TR

555 %

p-TiIAL & & P S PERE . B RO S 2 7R A
SAHARIAE p-TIAL & &R M) %5 8 pum JE (1) NiCr i
=, R 2 N FHEEORSI % 13 pm B YSZ & Z
NiCr/YSZ E & RJZ4E 850 CRMILFEF , i P )2 F ) Cr
e S S A 2R il Cr, 0,00 F I #VAE K K ZE (TGO 2D, &
#£.100 hJ5 , TGO JZ K I# Z55 0.02 pm/h, AU B — E 1
PERZRI1/3. 950 ‘C4 AL 100 h J5 , TGO JZH Cr & & R
FRTE 25at% A b iR 7 Cr,0, )2 ELEYE . YSZRIED)
B t-ZrO> il ¢-ZrO- A 21 B, I R K A= W) AR 6 A%, 3= 0
NiCr A 2 ARG S REFCELY B 4
FAGTR AR T2 1050 “CIFFFZE 100 h )5, iR 2 L 1 H I
RERL, 5B BN, ok, ARG gE R 2
7N B A OB AE IR UEI3E N, 12 R T RS X % D
¥, mAAEYSZ)Z 5 NICr & & 2 A1 A % TGO JZ
TGO EMFE A Kl — PRI AR N ) R, 45
HORE TR NICH/YSZ 1R JE1E 48 IR #GE A I )5 F
AR ATk 5%
4.9 ETFE—MHRENEGSLEERLIE

JE - o AT ) 5 23 0 T B e A B M 4 S T A 1 55
BT AW IBER TR B OR R, TR
HR 5 5 7 R ER I8 (DFT) 1 5 RE 68 1 1 T 5 & 0 R A7
TiAL A AR5 &3 07 47 A, Ak 23 07 T2 1 g 1) A2 4L
P

TiAL G 4 (1) SRR G5 H 0 SR V) Lol s BE A, & 4
TG 2 PR o A AU 1) B R T G 5 R A P A R R T AT
Mo [FIS, BN 48 SR 32 B S WL AT 8L
LT RRE IR/ B UE T BUR Y, DFT iH 5 455
LW, TasW.Nb 5B N TC R AE p-TIAL AR 3541 5 5 48
ALGE, T EE Tifr, B33 mT AR T g - 7E Ta-W XUG
BIEARZ T, IR T R PRI R ALGL, A0 B RE
BIEARPRAL) 10%, MBURESE 551121 25 1) TauNb [ Ta-W
BIZEDS &AM REY], & & E T Ta.W.Nb TR M
1] ) JAA 5206 B2 2 AT, 7 HIUZ )R 295 10~12 pm, Ta-W
BESREENSES L TIN, BB E LI 2L
S, X — R IR T A n R ¥ AL
J5 S HURASMAR , BRAK T A R R R R 2, (R T
FEARTCENEY B, 2, XFF Nb-C &1k &, DFT
THE 4B 7R Nb AL S 5 4 ALGL, 17 C JR 130 T 5 8 4%
[ BRAT B, 35 T ) o5 AR, 45 23 67 F gk — 25
FEAK 12%, T a3 SR UL S G R 13 77 % %, Nb.C
B TE IS 2 R B A2 BB b 2 TR E 1 3 A5

BT 5 — VR ER % B v bR EE R (DFTOTE & &4k
R R AT 2 M0 T (D SRR PR S
JE R I RAT R MR TR RN A T 54
J8 2 T R AR AR A P IR, 5 56 23 AE 4 8 AR TH TV A B
Bk 308 43 VR T i i 2 A 5 WO B T 4 e 3 T DA Ao

M b (OFEFAES R PR 14 HORAE - B4 R 1R
it S5 H R 0, S0 2R VR E 43 A AN Y B R
AR AY 23 UK Bl U5 T 7R & R O R TR BR A B R AR T HIOE
B, DFT i HIE I S AR T IR AT 8 5 BT 451
Ak, R T G S B 2 R A A HI B

y-TIALEAA (1) i S A 2R 00 TR 7028 5 Ti 45
T BB R B TiO, )2 . DFT#HH £, p-TiAl A F O
JR TR S W B T fee-Alhep-Al DL £, 3 647 15 & [ Ti Ji
TR R, W B B N—-5.39~—5.51eV, S E Ti-O #t 5 I
Jio TR, HL - 45 0 2 TR E T0 3 U AR PR A% O R R
DFT v+ A A% 5 i far % B A, s 7B &t
R A B LA . p-TiAL AR, Ti (1) 3d 5L
TEAE SR BE AL B A Bid v, 5 O 1 2p BB &) R A= 241k
M AR 33E Ti-O 8T 1, 5 2 % N R BLLE p-TiAl FEAKAE
800~900°C N4 LI, S b Bh /) 2= Hh 4 B “ B4 -2
TEMAE, B L TIOR3, A AL B 5 #
TS, Tas WA Nb S TG R IB N5, O J5F 1 A7 A5
2 AT RSB T hep-Ti/hep-ALDT 55, W B g
FEAK 2 -5.43~-5.62eV, IX— 5 /b 7 O Ji 5 Ti Ji+
) B fid R 2, AT P06 TiO2FR 2 il [RIBS S X 28 JE 3R
SAFNIE S O [ 2p P T sl 2 4k, #0] T Ti i 3d #hii
55 O 1 2p B Ak, IX P LT 4504 1 A8 A0 A 1 55
TTi5 O MR ST 3R T TauNDHE LR S5 OIS A
BE 77, AT 35 35035 A I (R T 1, 5 2 5% R R BILAE Nb
Ta Ta-W 2535 20 FE I S0 3h 77 2 h 28 5 2 —Ji 26
#,800~900 C T 4 43 5y FE A4 1) 40%~45% , AL
W) LA 1) Ta, O, AITaO, B Nb,0O, 4 T, TiO, 4= i & &
E U

5 MEFSTFMERLE

TiAL & bl BERAIR , AE AR 2 o 5y o A 7o s B 4t
WM B 1R & e AR 32 & TIAL & 4 B 1 1 fe
A RIERE . A ICB RN JLIB R OS5 58 7 3R &
SHHEARIEHBEZEEARZR. HT2 S Cr.Mo.
Nb.Ta % #5035 )2 , Cr-W. Cr-Si. Zr-Y . W-Mo %5 - J5i%
JZ , Cr-Nb-Si. Mo-Si-Ti. CrCoNiAITiY. (TaNbZr)N.
(TaNbZr)C 5 Z LB R UL K 5Bk B A MM E &
B2
51 BxE

TE p-TiAl 7 4 3K 1H ] £ [ UM 5 85 138 Cr |2 1 2
i Cr ALCr TIALF TLAUHALEL, 2 2 )8 ATIA 35 pm,
21 FE e vy 3 980 HV, o 7 55 iR BE 32 R 45 R o
15 Cr JG FEAR I)-F 2 BEEE 2800 0.55 FRAIRZE 015, BEJR %6
R B8 SRR ) 2 3 PR AR, Ti,AIND B 4 UM 55 58 1
% Mo J5 I TR R FE 100 um 75 Mo |2, £ 2 i AlMo AH
Je 4l Mo 21, I T T35 BEHE R 50X 0 0.0851%
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TiAl £ 4 R TH XU% 55 85 712 Nb Ja o] JE BR N
20 um {135 21, 3 )2t AINDb,« AINb, f2 AINbTi, {F A1
JoT 57 —AH A BN UTvE R AGYE L 92 Nb JE ) TIAL & 4 = i
I BE AR AN FEAR 1R 1/560 K EL p-TiAL & 4 20 XU 25
B8 Ta ]2 AVE Nb J2 R B I i il S 4 M e B, 18
Nb JZ (2% 10 5 5 9 693 HV, ,, 15 Ta J2 ¥ 2% 1f 3 /5
776 HV,,» 3 1E 0~500 C [ i i B AR ML i) 35 S B35 e s
PR AR A BE A CR 1D, BE 5 3R 5 ) A B4R 1) 25% FI
23%,y-TiAl & & 1 1 T S 1 M REA5 20 0 5 1 5™
52 Wits

BTGS2 Wit B 5 Ak AL 1] 3 2 4 Dy [ 3 54 (W
Mo Zr S8 ) FIEE M3k (Cr.Si B 2)2 25, W. Mo
(1 SR AR A B R RO AL T S50, 5 TiVALTG R TE
SN S SR AR, 78 i IR AT AT P OR AR SRR 1k, a3k T
SEHLA TIAL & 4 1584k . X LEy-TiAl & 4598 W35 Mo
J% W-Mo FL 32 4b 35 Ji5 (1 3 ThI B 5 5 8 488 5 403 14k B R B
W-Mo FLi8 2 [ 2 HAE B 9 KA 3 % BE 5 R A T o
TLE W E 518 Mo 22 (1], 1Z3Li8 B A5 3 B i3 Mo 2 1)
TR R S55 W 2 0 s B i B R R0, J8 i 1 4 R
WMo JG % [ L bb AT SEELXT W-Mo $595 21 B 5 #1441
FEHEEE . Ze 5 Ti i) B GE MAR T 2401, Zr o R
5 o-Ti F1 B-Ti 0] JG PR HLIE T Fs B 480 [ i 44, AT X6 TiAL
A i B E R AAE o

Cr-W LB Z&H W.ALW F AITi S5 15541, 3 2 K
Tk sE PERE R , 76 500 'C T Cr-W 3595 2 1 BE 4 2%
NFEARI) 1/5, BEHE R E0 (£90.5) th B 5 /N T AR 1) BE 52
RE(L0.75, SifEfmR N 55 T AL & EH
2 v R (14 T Siy TiSi, « T, ALSH,, S5 58 AR , Cr J5 758 15
(B Ak Z A AT AE — s R B AR e SR T B AL R AR A )

OK 18.64 6830

OK ' 3230 68.40
NbK = 6770 31.60

L, 1E TIAL A 4 3% 1 i) 2% (1 Cr-Si 3L 33 2 38 1 8 5 o
850 HV,,, Cr-Si #£i& )7 42 %L 1 Ti,Si, £ J57 AH A1 SiO, i i
FHAE RIS E DL B A R ETIER & SN EM R,
22 500°C = BE R AR, Cr-Si 3638 2 1 2 5 2 UM SE A
(19 1726, B4 1) 5 451 14 e K i #2710
5.3 ZHiE

TiAl & 4= 3% [ 1] 5 19 32 2 i (Ti, Mo),Si, #H 2H J5 1)
Mo-Si-Ti 2P /2 75 B & = i 2 (1488 HV) 1) [H] I 475 e )
Fr e g e A2 (278 GPa) , 1F 25~500 “C i [ Py #3%
I S T B AEY . Cr-Nb-Si 98 2 B3 AL 14 R
I , Cr-Nb-Si 78 2 [ 50 AH 32 22 Cr,Nb, /E y—Fh
F B R 1R 44 R Laves AH , Cr,Nb 7E =il Al % 80
AL, 7E TIAL A 4 3R 1 1) %5 1) Cr-Nb-Si & )2 4l i m] 15
1093 HV, ££ 500 °C ] e i B 451 2% A1 & Cr-Nb-Si8 )2 1) &
TR IR ) 1760,

K F BN B 1 3R TS ) £ (1 = i 6 656 2 oot
15 2 R B i A A S B2 1 2+ 45 R A A+ S THT B 9 1)
Z P R RS . I B B A e T A SR
b, 7£ TC18 £k & 42 K 1 ] £ tH CoCrFeNiAl HJf & 412
JZ 18 )2 U fee [ 4409 A, 4l LA/ & Ni, AL ALCr, 42
JE AL T BB 1 B - R T s A AR AR R, ]
R T E M E (12.66 GPa) . fee [H 114+ Al Co.
Cr R FFA2 2 1) 5] K 235 S A& W A2, BHAS AL A IE 31
[ B, 45 G 2% o0 [T A 2050 V7 18 i 558 B AR e ST 5 s R L
ey, EDURZ R TH S RLAN AL 2 90K G (5~10 nmD , YIAA
JE B HUZ SRR ST R SR I v A 2 ST R )
grb. ILAL, Cro ALSE T 31 I 3508 S A B8t v (2 3
PETHFEAR S v B4 e 71

K RO S5 8 F- R 1 & S B RTE p-TiAl & 3R T

K11 TIAlE4RME N 25 TaJZ1E 500 °C T 1B IR K35 B IR 3 1M L7y
Fig.11 Morphologies and compositions of wear marks of different coatings on TiAl alloy surface at 500 °C: (a—b) Ta and (c—d) Nb™!
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#1143 Z i AICr,« 0-NiCoCr. y-TiAl 1 y"-Ni, Al 2541 41 %,
) CrCoNiAITiY £ ju it P 2 , H H, AlCr, y-TiAl # p
N, ALK B A 4 8 TR0 AL &9, vl B4 N R Bl 1k
FHPEF AL A2 3, W 2 PR THIR 2 AR B2 N FEAAR 1) 4.3
GPa 7} % 10.3 GPa) , 0-NiCoCr A1 3 H. K {1 9 v 5 i
B, S v AR A R (1 B 1 XU, CrCoNAITLY £ 76
UM JZ ) HUE PO AR CRE 2 /350 1t A ) 7 BRI 3.5 i, K
R e 7 TR RE 7, b T R B A KA )
SRR B W07 TV RS 5 AR, MR S 1 2 s 453 1)
KA. ZontiE 2 R PR T RE AT, BE BRI
A 1) B R B RN SR R TR T, B AR N R Ok A B A
P IR RIS H LA /NI, T B R0 R, B8 g 2 Bk
BRI S A=, B R B SR RD LB R R
0.9x10* mm’- (N-m) ', B I A4 PR 809%™,

3 K A I 5 C/N R T BT AR AR AR A 4 3 T ) 4%
CrHfNbTaTiCN Stk 2 , e 2 A fee [l AR 2514, C 5+
{14 1) 2 [ 935 5 N Ji ) 5 e [ Y W R4 S B R A
WAL (R T2 4022 5 S BUR TN /13 , BRI AL 2 3, )
G B B C S BN IR Z Wt T 2L, S £E (2667 HV)
5#)M , CrHINDTaTiCo.3aNo. 1 ¥ /Z 7E 500 “C R B35 5 40
TR AP 1R 2 B AR 57.3%. UURLZ R db R R ~F /T
5 nm, 20 5 25 K6 DR R R I & 7 BE L 1T B 3 SR LA L
VB f1. R4k, 1E 25~500 C K BEEE L FE P, 35
JE T T R /N T 5 um s 41 0R 3 224 HFO,  Nb,O,
Ta, O, S50 J51 A 1) BUE FAL B, 12 AR PT PG EE 2
TR O A4 B R e A B il % R A D B R B A5+
R B A0 00 2 AL A IR JE IR TIOR3 B 4517
54 &%

KHAXEES FRIOGEUEAR LN B LRSS
C.N.BEILH M sl Z u 8 442, R 7 TiAl &
SRR BRYERE . 7E p-TIAl & &R M H4 1 Cr/CrC
WA o J2 B 42 )8 Cr 2 58 i CrC P B AH R A%,
Tif 25 1 e 2 AR T R SR A M ek )= s AE R IR S 500 C
ISR, Cr/CrC WUZE A SUhE 2 1 BRI R 5007708 0.2
F10.175, 4 M p-TiAL AR 1) 35% F122.2%, CrC 7E =l T
JE I BRI S T BB [ Cr, O, PR3 L, T 32 i AR TE
N B ERY ., W-CEABZEFEME W.C.TiC
S SR IR A 450 CHEEIT, W-C 55 2 1B
BER B /N T p-TIAL AR, BE 51 AN FEAR 1K) 26%°
ER A DL 5 2 A PR D ECA B AR R B L)
TR} 5 % J2 A B AR I A, SR DUME 55 3 T R T AR & b 4
A il £ i) CrHENDTaTIN =i i B B ik 2 5 AR i &5 &
ZIN40 N, iR (700 C) BEFR R L R TR ) 1/31),

BT SBEMBHRE S WEEE TEERIETS
BRMEGTERGRZ . RH Y85 Ni-Cr 32 O 177 1%
Al AE y-TIAl & 42 3R [0 3K 15 )2 B2 4 25 pm, B NLLTi,0.

Cr,O, FINITL, F 8NN E G5B E , S HBEES
5 e SR R BE R R A I 0.29 A10.32, B R AT
B — Ni-Cr By 34 5 2R T 1 BE 45 22 440, T3] B L 5 43 5 A
FU B B 28 AR T Ni-Cr WG 3328 2, 33 I H A = 10 i
BEVERE® . RS S TR A BRIz E S E
FEAR A 4 2210 1] 4 Y TiZrHfMoW-0 Bt 2 , 7618 i AL
WAE T R8P () BN 4S5 TR B RN bee dh A%, 5 20 A% 1
K B A8 k% 2 B0 0.308 nm 16 45 0.315 nm) , i 24T 1k
FH )V bee 42 Ja AR B8 T A6 AH 2% i A B HEO = i S8 A0 4
FHAN foo SEALYIAH L A BOPE 2 o TR V2 2 U 7 1)
MEE I BE R (1 29 20 nm 25 5 4, 120 I 242 2
2 nm FEYH &b, 40 5 R A AT R SR T AR, ootk 2 oK
Fik22.8 GPa, & LA IZ 1 2.4 %, H/E LB (R /5344
B A2 TE IR E 1 2 570,

Cr-Nb-Si. CrCoNiAITiY % £ o i3 2 LA KRB A
Bk BAGEGNEEBEEEN TR E AN
71 BB R % T 22BN IR, TR 2 581
SR, IR S VEE RUR I RS, B A3 E R E
22 BB AT E M VHEM U BRI R W Rg . itk
Gb, T & @ s R Y B R A F, B A G FE T 5 H
WICE AL, B ENtee. EABEEAE
R P BE R IE T A — 2 MR B R T B2 F5
I B H RTS8 L, an RS R AR I 2 A 2 1)
JEL A, 2 W A AR R D 1) R

6 MEFETREMABMLIEE

WGBS - 3R T & A Z1E =i T Al B R e B 80
P16 S0 e B DAL T A 2080 BEL 425 v T 445 6 G b A e N S, 2
= TIAL A £ PUIAE TR RET . 7E TiAl & 4 R 1H 45 & M
MR T2 5B T EBARH & B C-Al E &R R 1E
750~850 °C ] Na>SO, 4% #h o H & {1 5 (1 Bt #4 Jig o 44
BE. ALANEBALTE R a-ALO, T BHESSNER O 1 15,
W2 Cr o % v R Ti % B A Laves #8 45 74 1 Ti(Cr,
Al),, HBAR 1975 35 P v] R RF A #fa e . 18
900 “C ¥ Na,SO, 4 #h i Cr-Al 2 A% /2 K 1 ALO, 7 i
S EREVE AR IR HT L Cr,0, N B R AR VA R S 30U M2
Ry, S Cr-AlE S RIED T TR R
& @ Ta S HoA 4 BTt JEg ol R e e AN i A e
PRI, M) WM 25 85 F-7E TIAL & & R ] 4% Ta i3 2 2 &
B AR, TIAL & 4212 Ta J5 75 800 'C . 75%Na,SO,+
25%NaCl [ 85 i R 2 77 A B A R AR 1R
AlTaO, 1 p-Ta,0, 5 & A AL, M fii FELE% S\ CLAT O %
T, B R A0 THALE 4 (R R Tk T
B AR o SO 1 B AL IS, TR E I 45 A T b 2
SO B P RE TME RE I G BE DR 3R . JB I DU S S TR
B AL 1) £ 19 Mo-Si-Ti Bt 227, Ho ke 2 E
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(Ti,Mo),Si, M &, 1% PR 2 5 TiAL & 4k ST mT 2 i
B0 70 R AR 43 A Mo-Si-Ti 2 M J2 7 Na,SO,+NaCl i&
G ER IR BT R] TR OB LA AR (1) S10,/TiO, B A E AR,
B8 TIALA G PR il Be .

Zx L RTIR , % RS B B Z IR 2 R R T T
FRHE R 52 B S M RER .. R 2PR,
Zr-Y 1B)ZAE 750~850 Ciu [l A A AT L 5 REF 5T
IRAAATERE . W-Mo $£i2 2 3 B2 Mo 2 (AL 5 i W
Y59 W 210 B i 55 P 8 DL e 7 Ta i3 2 AE
800 C & #h AT ORF R AP i A e e . 2082
BT [ SRAL BE A BRI A S SR DL B B B
ML, 12 225 G Ve Re T AL, 3&E L 9 iR AR v ), (H 2 41
JGIBE M 4 T2 4% RO AR A B K2 T TR

PR o XU S5 28 73R TH & A R 5 4% I8 2
RVBEFHEHARL G & W EWR 2RI T Y 3Z 1000 °C
[EERY (ER 1) 3 S e = I NA RS e (L | P 4
Hb, WEE T2 EBBEAMR T B ROz EE, =
BERE SU SV i BN (R AN R 7k T e e ]
ROV B TS 58E 1050 C 26440 T BB Z P E K&
K219 10 pm/h, 178K 4 6L HE B 4% 2/ BEAE 1250°C 2%
PR A RESZIL, BB 2P A KON S pm/h™, Cr-Al
£ 38 EAE 1150 C %M R P A K E R KL N
2 p/h AT PO LE gk vy ) DR R T A 23 R T
PERAEIBRALTE , SEm A 4 Z A RT RS BE 5 H AT 2
P2 E S TIAUV AR rT ¥ 4k it 52 5520, T T 48
T LA R T B0 B2 -8 J2 45 0 - 22 (1 DL e 1

*2 WEFBETRESEHERIELIEIRENEsTtb R

Table 2 Advantage, disadvantage, and strengthening mechanism of DGPSA coating

Strengthening mechanism

Advantage

Disadvantage

Strengthening mechanism is mainly based

on solid solution strengthening, and

Hardness of diffusion layer can reach

High-temperature oxidation

CrP excessive Cr forms Laves phases such as 1000 HV, and it has excellent wear performance decreases sharply
TiCr2 and Cr-Ti, resulting in precipitation resistance. above 900 °C.
strengthening.
Strengthening mechanism is mainly based
on solid solution strengthening, and itis It has good compatibility between elements Surface hardness of a single Nb
Nbt3839 easy to form AINb, and NbC with and matrix, and is easy to form formation infiltrated coating is about 690 HV
elements such as Al and C, resulting in of multiple infiltration coatings. and it need high cost.
second phase strengthening.
Zr-Y diffusion coating has good high- .
2840 ) . o . o Surface hardness of a single Zr
ZyP50 Solution strengthening temperature oxidation resistance within . L
infiltrated coating is about 610 HV.
850 °C.
The W-Mo infiltration coating combines ) ) ) ) .
o o Single Mo infiltration coating easily
the excellent lubrication characteristics of . .
a4 ) . ) ) ) ) ) forms volatile MoO, at high
Mol?4# Solution strengthening the Mo infiltration coating with the high o .
. temperatures, resulting in poor high-
hardness and wear resistance of the W o .
i ) ) temperature oxidation resistance.
infiltration coating.
. . . . Gradient of composition at the
High hardness W-infiltration coating can ) ) .
o o interface between the infiltration
(2244 . . maintain structural stability . . .
W Solution strengthening coating and the matrix varies greatly,
at 500 °C and has good ) . . .
. . increasing the risk of cracking in the
high-temperature wear resistance. ) _ )
infiltration coating.
Good heat and corrosion resistance in a
Ta*>! Solution strengthening molten salt Low splash rate and high cost
environment at 800 °C
Multi Solution strengthening, second phase . .
. ) . Balanced comprehensive performance and Complex process and difficult
permeable strengthening, fine grain strengthening, o . o
67596 . ) adaptability to a wide temperature range composition control
coating!*7>7 and self-healing of oxide film
. . Strong functional complementarity and .
Composite Hard phase strengthening (carbon and ) ) Interlayer stress accumulation and
. rs6.s57 L long-term protection against extreme .
coating®**" nitride) cracks at high temperatures.

environments
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[3] Wang Pengjia( £ M55), Li Xiaobing(Z=/) %), Peng Baoying (i
7 HRERE

WGBS 3R A S A ARNE R —Fh i ek i 2
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Research Progress of Double Glow Plasma Surface Alloying Technology on TiAl Alloy

Chen Lin', Han Dong’, Hu Na*, Hu Dan’, Yang Lijing’, Gao Guangrui’
(1. Xi’an Jiaotong University, Xi’an 710049, China)
(2. Xi’an Surface Material Protection Co., Ltd, Xi’an 710200, China)

Abstract: TiAl alloy has important application value in aerospace and other high-temperature structural components due to its low density, high
specific strength, and excellent creep resistance at high temperature. However, the high-temperature oxidation resistance of TiAl alloy in the
environment above 750 °C is poor and the service life of some high-temperature service components under the condition of hot corrosion and high-
temperature wear is reduced, which restrict its application. Double glow plasma alloying surface technology is an important way to enhance the
surface protection ability without changing the overall performance of the substrate. The basic mechanism of the double glow plasma surface
alloying technology was reviewed. The unit infiltration, dual infiltration, multi-component co-infiltration, and the composition and structure of
infiltration coatings on high temperature oxidation resistance, hot corrosion resistance, and wear resistance were discussed. Finally, it outlined the
future developing trends in the view of theoretical research, preparation process, and engineering applications.
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