54t H1H
2025 4F

wmasRMRNEIE Vol.54, No.7
7H RARE METAL MATERIALS AND ENGINEERING Jul. 2025

https://doi.org/10.12442/j.issn.1002-185X.20240125

Hf &2 K4800 iR E SR A S8 HIT A=

P, TASE, RERY, EHEY, I ORY, 2P, LAY
(L ARAERE: MPRRE 5 TR R, I0 T JEFH 110819)
Q. HEBEE SRB U I E S A G, T2 JER 110016)
3. PERABE SR MRS AT H SIS I0T L 110016)

. BT HEE A0 K4800 # A Eilt & 6 m l AAAT s . 45 SR KW, K4800 F11 K4800+0.25HS 2 Fil S & 4>
75800, 850 C A/ THEE NEREFAEMT A, A1 2= i &R SRR, [H2 K4800+0.25HT & & A AT W1 8
(800 C/20 h 4 0.026 g/m*h, 850 C/20 h 4 0.061 g/m’-h) KT K4800 74 (800 C/20 h 4 0.041 g/m*h, 850 ‘C/20 h
0.066 g/m*h) o 2FhSLEG &G I E M Z B B AMA 2 5 WAL ZE M AR, SMEILE ISR 1 Cr,0, 8, I8 7E Cr,0, /ML )2
TR BHURTIO,, AR B SRS A6 1 ALO,. {HEEE & & HE 5 5 Owt% 8IS 0.25wt%, 800 CHEHZS
1K 1000 h Ji5 Cr,0, SMEALJZ TR EE M 2.71 pm Pk /N E 2.17 pm, 850 Ci A48 4k 1000 h i A 5.83 pm )&/ 3 4.09 pm. EPMA
SIHTEUREN], HIE{E K4800 & & AL )2 i 5T B HIO,, R ALO, £ HFO, JA % s inidt ALO, AR, i 51 ALO, Al
HIO, A F| T FAK Crln 4N HOE 26, A48 T Cr,0, %L 2 EE . BRIk, Bl HEVR I Bh T 42 &1 K4800 & 4 i Ak
PERE.

XEE: WEEIEAS: K48005 4 HEWMA S miRENITN

REEDEES: TG132.3'3;TG146.1°5 RAFRIRAS: A

NXEHS: 1002-185X(2025)07-1873-09

1 51 5

iR A SR EA RN E R RIFRASRE
PE DL K s8R (1 B0 A2 A T S e BT, 7E 2SR B L
T RS E LS BUIRIRAT T ) 2 N . ok,
B 5 A 25 R AR ) RO R o Rk ) AR A% M e
SROB T, BESR M ORE B B IRAEIR N B R
MeEatha. RERRGENAEFLEERRES S
i IO IR AR FE S DA R bl B TR A & SRR AR PR R
ARG L BRI S R BT b T M BR SURE B A R
M A ERZ MBS, BEE RSHLEE R
P, TR B 2 R B AL G B AR g 30 A 0 U R
fan R 3 K B 5T R R ) 1 e IR AR IR E D4 N
JR K 1 650 C 42 = 3 700 °C LA b, K kA AT RE T
800 ‘C o Al & 1% 2K 774 MR A I B 25K, Wl 1 —
K4800 4 Rl & & A & 1EMRAR I 72 rp 75 B /R 2 R
IEINVIESEZS: Pl =R R ek (e ke
F16 T T S8 Ak T R i S A i A SR R S B R R 2
— 10, R B A 06 B R N 5T K4800 & & I BT AL 1 BE
N K4800 £ 4 7E A& J 4 1 1 B FH 32 LB R K 4

B EIR A S PTE A TE RS 3 B T LR R

ks HEA: 2024-07-07

A e AIE R 5 R B0 TR Y BUR R % )
FHRU S, KREF AR, D &S e =] Dl —3
ARG S MPUE RS TSGR SR
EAL IR 4R B el Peil RN, 2 5 AT — B
AT T KEE T, FEER TR MG R AN 1X — .
O M TG 2R BN A LA A 5 T AR S AR AR
T = (1) ¥ 14 70 22 19 00 2 i S A S T A% o e, (Rt ek 3 1k
A, I3 3 45 4 ) 3 SR A SRR R A 4 T B AR
PRI ; (2) WM JC R B SA A Y AR K AR [R] I 2
FAL AR B 454 M, HEVE TR T &I —F, %t
el A TR R IR B, B, B-NIATHE & 4 7E
AT R, HE S 7E 5 S 5%, BHLAS 4 )8 55 1 Al /1 97 ik
DA E SR A2 R LT Y AT IR (1 HEO, , $ a7k
JZE BURGHAET ER A s T PR G R S iR
&P A, 1T B 1 HE SRR Ni-Cr & 4840 2 1)
SEHE S AL E I U VR, E I A A S i A I e
TR,

H T SR A SR E 2 W RIE S u &= AR
Z , — it 10 F e, ARG S4 e il T e e K
AAZ HARR], BRI A AR R A S PTG B 22 R ACK

HEWE: BEXHARMF £ (52001314) s [HFAH KL 1 (J2019-VII-0002-0142, J2019-VI-0004-0118)
YEETEI g, 53, 1999 45 4F Wil 12k, ARAL K Ep kR 5 TR 2408, 38 7 TERH 110819, E-mail: jqlu22h@imr.ac.cn



* 1874 «

W] B RS TR

554 3%

Bk H R, R I R i K4800 & 4 i e i A AL M BE i
o, KT HE G EEMAT NI mEARNE . Fik, A
TAFE = AW T K4800 Al K4800+HF & 4 7 800,850 C
TEAMEE T RS ENAT N, BT o HrE sl s 2k
AN A RIS A AR MR o 55, ) B T HE
XA PR E R R L], AR SRS & R
Wit 5%,

2 X W

K B3 BN AP K4800 BEA 4 , BEA 4 St il 7y
(JREH,%) N :Cr17.91,Co 9.63,Al 1.87,Ti 3.66,Nb
1.9,W 1.62,Mo0 1.95,C 0.11,B 0.012,Ni & &. & &L
TS N A I, A I AR A AR HE B T = b
0.4 BI45 a1l £ H 2 Fhece & Gl 1R H HEf 52
H L9/ T 0.00005 F110.25, # 2 Fh 206 -&4x43 Sl fir 4
A K4800 A1 K4800+0.25Hf, AR HE HB 5258-2000 (4M A i
A PRI 2 I8 T VR bR dE SR S ik
HEAT K4800 F1K4800+0.25HT &4 [ Eia AL iR e . i
55 34T 1180 “C/4 h, 45 ¥ +1165 "C/135 MPa/4 h, I ¥
+1160 C/4 h, %5 ¥ +1090 C/2 h, %5 ¥ +800 C/16 h,
T AR, SR 5 N T T 10 mmx10 mmx2.5 mm
WFE RFET G I T — A 02 mmiBfLH T &8, &
F 200045 44T B W 6 AN 3R 11 5, K H oK & B it
A7 R 7R B, BT JE 08 FHORE R 0.01 mm [ R JiE
A & & AR B RS . 5 AE 1000 °C 1 R iR
SRR BEAT TRRS B, BEIA B 24 h FR 1 IR &, 24 2 IR
AL KT 0.0002 g i ic & H R 2. KRN
TiRE e Ja I HE B, SR R B R 0.01 mg 1)
METTLER TOLE DO XS105 Dual Range H. T K *F %t
HE 8+ R AT AR A N A AT HE IR
BN #hb B R AT S IR AL 3R, AR 800 A
850 C == A ¥A 55 b 4y il 1H 3 4 1k 201504 100+ 200+
5001000 h J& i J, BEAS & 4 2 0 1 & 3 AT AT I
FE 55 57 338 48 2005 49 00 DU = 06k 7 K A - 30 1 J5

&, JF 0 RO ] S B 4R SN Bak B g
AT JE e AR5 . 12 F D/Max-2550 X 4t 28 77 4t
A CXRD) 347 3R T & A 2 1) AH %50, SR IC 4% fe
W CEDS) ] S-4800 37 & i 9 4 Hi 5 (SEMD Al [] ] fic
#% RE 1 (EDS) Ml % i (WDS) ] JEOL JXA-8530F Hi
TR & CEPMA) B 7t 3% 10 A 4% 10 A 10 2 19 7= 9
ESIIZE NI s T i (T

3 ZHREDMH

3.1 F|HEnhFErhzk

] 1 /& K4800 5 K4800+0.25Hf & 47 800,850 C
FAS AL 1000 h BN ) ih 2. 85 R KW, 2005
S AUL I B S I TR] 1R OC R i I R S I & . £
SEACHTIA, 2 P& G I AL TR R bR o B A AR I (] 1)
K, FAE R PG, FERFNEE A &5 21
JE, B HIA BOR 2R kS, T BUE e A R TR
Ao HEAE B LR, N HE S, A 4 I S A L .
AR il A R B A R — A, & &
A A AT LR A (DR

AM" =Kt (D
oA, AM RRE BT T AR R AU 1S B, mg/em?; n 9 OB
P TR E KON RS TE R H K, mg/(em™-h) ;18
AL IA]  he AR D) I B B , 7745

IgAM = %1gt + %ngp 2

w2 3R (2) 1 IgAM-1gr 2% (050 5 30 4T ] 2R vk
WA G RME 2 FR. AT LLA Y 1gAM Al lge 2 6] 3 AL
FEE BB, 2 Fh & R FIELBE T B3 712 i 2%
IR SRR 1 PR

A R EAL AR, 2 RS 8 =1 I, Ak 3l 7 2
T 20 A 2 A, 4201 86 T RS ) B I B, AP e A i
RFE AT %O SR B A& R B0 s 24 n=2 1,
A 725 R S B A R R SR 88 R £ T 7 A
1) B TF B S0P B 2K O 4708 7 78 S A B o 47

0.6 ——K4800 L4+ kag00 b
—— K4800+0.25Hf ——— K4800+0.25Hf
0.5} el
s 04f Lor
&n 08¢
Zoal
E] 0.6}
e 04}
0.1f 02}
0.0 0.0

Time/h

0 200 400 600 800 1000

0 200 400 600 800 1000
Time/h

K1 K4800 5 K4800+0.25Hf 4 4 800,850 “C A A HISh /15 #i £8
Fig.1 Static oxidation kinetics curves of K4800 and K4800+0.25Hf alloys at 800 °C (a) and 850 °C (b)
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Fig.2 Linear fitting results of logarithmic relationship between static
oxidation mass gain and oxidation time of K4800 and K4800+
0.25Hf alloys at 800 and 850 °C
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Table 1 Kinetic equation parameters of Kd4800 and
K4800+0.25Hf alloys after static oxidation at 800 and
850 °C
Temperature/°C Alloy n K /mg"-(cm™h)"

K4800 222 0.000 241

800 K4800+0.25Hf 1.93 0.000 393
K4800 1.77 0.001 38

850 K4800+0.25Hf 1.74 0.001 24

Pl s 2 n=3 B, S A0S0 7 2 2R8I 5N B 2R 1R iR IR T
U, n (HA R BB AR KALEIAR . R 1A, 25
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Table 2 Average oxidation rate of K4800 and K4800+0.25Hf
alloys after static oxidation at 800 and 850 °C (g/m’-h)

Alloy Temperature/°C 20h 100h 200h 500h 1000 h

800 0.041 0.0189 0.0126 0.0073 0.0052
Kas00 850 0.066 0.0327 0.0229 0.0161 0.0122
K4800 800 0.026 0.0135 0.0094 0.0062 0.0042
+0.25Hf 850 0.061 0.0307 0.0222 0.0151 0.0113

SRS Y. K4A800+0.25HT & 4 % Ak 41 1] 1) 3 %
(800 °C/20 h 90.026 g/m*h, 850 C/20 h 4 0.061 g/m>h)
ik T K4800 & 4 (800 °C/20 h 4 0.041 g/m*h, 850 ‘C/
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Fig.3 XRD patterns of K4800 and K4800+0.25Hf alloys after static
oxidation at 850 °C for 1000 h
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4 K4800.K4800+0.25Hf %4z 800 CHf 5414 20.100.1000 h /5 K1 SEM i J1
Fig.4 SEM images of surface products of K4800 (a—c), and K4800+0.25Hf (d—f) alloys after static oxidation at 800 °C for 20 h (a, d), 100 h (b, e),

and 1000 h (c, )
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Fig.5 SEM images of surface products of K4800 (a—c) and K4800+0.25Hf (d—f) alloys after static oxidation at 850 °C for 20 h (a, d), 100 h (b, ¢),

and 1000 h (c, f)
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Table 3 EDS analysis results of different positions marked in Fig.5 (at%)

Position Ni Cr Ti Nb Al Co (0]
1 4.54 10.72 18.74 15.84 - - 50.16
2 2.77 26.17 15.50 1.12 0.48 1.09 52.87
3 22.51 38.74 0.44 1.78 - 1.15 35.38
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Cr,0, ZMAALJZ 38 5 FH 1.13 pm PEAKE] 0.54 pm, 100 h
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RIARIR, EEE AIMO TG &, N ALO, AL T
K4800 &4 Al & & UK , At DUR METE J= 44 S MI T i 5
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Fig.6 SEM images of K4800 (a—c) and K4800+0.25Hf (d—f) alloys after static oxidation at 800 °C for 20 h (a, d), 100 h (b, ), and 1000 h (c, f)

Fl7 K4800 2 K4800+0.25HE #4275 850 “CHi A Sl AL AN 7 I [H] J5 BL T 46016 2 SEM R
Fig.7 SEM images of K4800 (a—c) and K4800+0.25Hf (d—f) alloys after static oxidation at 850 °C for 20 h (a, d),100 h (b, e), and 1000 h (c, f)
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Time/h
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Fig.8 Changes of thickness of outer oxide layer of K4800 and
K4800+0.25Hf alloys during static oxidation at 800 and 850 °C

BB 5 2SR, & R A B AR SR S S R, 5 8L
A ERE K, fECr FERSNEESRA ST,
FALTTIABY Bt Cr 22 58 K A A A, T2 BOK 2 48 7 1Y)
Cr, O, MU, [7] B Ni 2 A FE R o7 08 R T T sk i A
REINICr,0,. HTEIEE & TV Y §oE BT Cr
M9 HOHE S, Br ATE & Ti MR m iR & & P AMVALE R
[ 348 2 A2 /D & TiO,. Al , K4800 4 42 414 Ak = LA
HUE I Cr,0, N, 41 Cr,0, 4N EAL 2 R T b &
PR TiO,. B FALI ] I K, Cr AN W gy il 3] 5 4 5
i, 375 O K BLAE Cr,0, JZ AW 5, R S A AL 2
SR EUE 1 E ARV T O 5 B4R i) B R A, 4k 214
FREMEE RS T 5EE TAESLE PG BT
TESUE F A R T BOE S8, Bl & & N e &
TRBi B » S A 3R 3% 7 P, Cr,0, AN AL 2 B FE 13 K

TR AR AR, E B ) it 2 2 B
4.2 HfTEZEMEESMELERNZMm

P 8 4f SR 3R B, K4800 A1 K4800+0.25Hf & 4 7F
850 C I} i 4Ma Ak )2 5 FE 35 LU AE 800 “C N () &, iX = %L
2 RN 2 AR B T i BT BT O R R, S8R
=T R AR . 53 Ah  HE A 4108 K4800 & 4
800 1850 ‘C AN H AR, {f Cr,0, /MM 2 SRR
RWHIR S T HE&mbrairEa. GOk, HE G
FAE AL I AR 2 ) R 5K S RE A8 BRI VR AR )
PHOER, FERRNHFE FREEE K, S HIE S5
i SRS, BB A% BELAT I Ath £ & 25 13 i T AN 8 8N4
JBE TP BOE%E . Bennett 252K I, 5 Y Ce 25 HiAth
TEPEJCR AL, HE A BRI 2R T2 5 5m 1 &
L 71, S EOLE A S MEALZ P 1Y HOE R AL, [H
B B 15 A 250k B AR &8 2 7 A0 O R i AL s i
FIAR BN/ B HE SR BE A4k ALO, S AL =4, HERE
i A RO R AN R AL N ALO, I R A & P E
BEPT. Liu Z5PR P4 HE [ 75 75 NiWO, Sk 2 iy, Hf
RERE AN O LI R O AL B/ , O id i 23 o7 1]
P B e bR , 3 T RE S 4R = G S T E L PR
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o HE B 2 i & S 10 2 S P AT I, 78 7
A5 BB 25 L 38T XRD 23 M iz 4T IR A A HO, »
FhAb HEO, 7= A8 i PR ] R 2 7 U0 I A% A HE 2 78 & S

9 K4800 #4=7E 850 "CHii A AL 1000 h 5 #BI FAL JZ () EPMA [ R Flxt B i) EDS 783 1M 73 A7
Fig.9 EPMA image and corresponding EDS element mappings of cross-section oxide layer of K4800 alloy after static oxidation at 850 °C for
1000 h
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Fig.10 EPMA image and corresponding EDS element mappings of cross-section oxide layer of K4800+0.25Hf alloy after static oxidation at

850 °C for 1000 h

Grain botindary
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Fig.11 SEM image of corroded cross-section oxide layer of

K4800+0.25Hf alloy after static oxidation at 850 °C for 1000 h

JERAR. UE i TRE A B, il 12b fror,
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Table 4 EDS analysis results of oxide layer products of K4800+
0.25Hf alloy cross-section in Fig.11(at%)

Position  Ni Cr Ti Al (0] Hf Co

1 972 403 1083 17.28 56.24 - 1.90

2 10.32  3.50 6.18 17.99 56.01 4.29 1.69

3 529 213 1227 19.76  60.55

12d fir 7, O™ Jd i il 7t 2E N 344, B T 71 B HIO, T &
(19 8 g L ALOL MK, BT L O 2 1 5 5 75 s 5 3R 11
Hf ** 2T B HIO, , Fifi 36 S0 A0 I 8] S8 K, & J7 4L HEO,
2k ALO, T 5 KK, 78 & 7% B ALO, B 2
# HIO, M A=) . 539 18 & FAH L, T/ fi HIO,
HALO, ) &b 74 Bl F B RS Cr 9 & (0 7 8%, 98/
Cri ¥ Hi# # . —J7 1, & Cr &5 5 7 i 9
B 2 PR AIC, & A AL B 3G R I e 2 /N s o —
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Fig.12 Schematic diagrams of high-temperature oxidation behavior of K4800 alloys (a—b) and K4800 alloys after Hf microalloying (c—d):

(a, ¢) initial stage and (b, d) stable stage
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1)K4800 5 K4800-+0.25Hf & 4= 7F 800+ 850 C i 4%
A 1000 h K48 ) )57 2 R S A . HE
FEAIC T K4800 & 4 T 3 S Ak i %, o A 0.25wt% HE {4
4 800 C % fk 20 h ¥ & 2 M 0.041 g/m*h B 1K 3
0.0265 g/m*h.

2)2 Fh s 56 & G A A E BN XUZ 454, AR Ak 2 DA
HELLHUE 1 Cr,0 N F, [ 7E Cr,0, R HTE /b & HUIR
TiO,, WA E F ZEAE AR ALO, A .

3)0.25wt%Hf 7 I B A% T K4800 & 4 Cr,0, 4N 1k,
2 JEFE 800 “C 44k 20 hjm , P24 JE B i 1.13 pum [
%] 0.54 um; 800 “C %4k 1000 h J5 , & & H1 2.71 pm [#

K E2.17 um; 850 C 44k 20 hJi5 , JE 1 1.31 pm P&
F]1.29 um; 850 ‘C 5 4L 1000 h J& , J& J& 11 5.83 pum P&
#/4.09 pm.

4)K4800+0.25Hf & < A 8L 2 i A i 1 HEO, , Al
3 ALO, %5 5 £ HO, J8 FETE Bt , & 5 1) ALO, 1 HFO, 5 B
T Crr VR S SR HL A Cr,0, S A R AR K 52 31 B
i, IEL% T Cr,O, A JZE 5 L 3G , 2 17 PR T & 41
AAHE %

SE
[11Reed R C. The Superalloys: Fundamentals and Applications[M].
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Effects of Hf Microalloying on Oxidation Behavior of K4800 Nickel-Based Superalloy

Lu Jiangiang'*, Wang Linlin', Ou Meigiong>’, Hou Kunlei**, Wang Min*’, Wang Ping', Ma Yingche™’
(1. School of Materials Science and Engineering, Northeastern University, Shenyang 110819, China)
(2. Shi Changxu Advanced Innovation Center, Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016, China)
(3. Key Laboratory of Nuclear Materials and Safety Evaluation, Institute of Metal Research, Chinese Academy of Sciences,
Shenyang 110016, China)

Abstract: The effect of Hf on high-temperature oxidation behavior of K4800 nickel-based superalloy was studied. The results show that the
oxidation kinetics curves of K4800 and K4800+0.25Hf alloys obey parabolic law during thermostatical static oxidation at 800 and 850 °C.
However, the initial static oxidation rate of K4800-+0.25Hf alloy (0.026 g/m*-h at 800 °C for 20 h and 0.061 g/m’-h at 850 °C for 20 h) is lower
than that of K4800 alloy (0.041 g/m’-h at 800 °C for 20 h and 0.066 g/m*-h at 850 °C for 20 h). The oxide layer of the two experimental alloys
consists of outer oxide layer and an inner oxide layer. The outer oxide layer primarily consists of dense Cr,O;, while the inner oxide layer mainly
contains dendritic AL,O,. However, with the increase in Hf content from Owt% to 0.25wt%, the thickness of the Cr,0, outer oxide layer decreases
from 2.71 pm to 2.17 pm after oxidation at 800 °C for 1000 h and from 5.83 pm to 4.09 pum after oxidation at 850 °C for 1000 h. The results of
EPMA analysis indicate the formation of HfO, at the grain boundary of the oxide layer in the K4800+0.25Hf alloy, promoting the formation of
Al O, around HfO, and accelerating the growth of Al,O,. The presence of Al,O,and HfO, at the grain boundary contributes to the reduction of the
outward diffusion rate of Cr'" and the delaying of thickening of the Cr,0, oxide layer. Consequently, the trace addition of Hf enhances the
oxidation resistance of the K4800 alloy.
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