Advances in Geosciences H1ERT} £ Hi¥#E, 2025, 15(4), 525-537 Hans X
Published Online April 2025 in Hans. https://www.hanspub.org/journal/ag
https://doi.org/10.12677/ag.2025.154053

wm E FET B3 E R R ZrS RS Rk # T A
Al

&5, HER, HRE
MR TR A BB 222 e, 70 REAR

WekE H 3 20254E3H12H; R HEM: 20254E4H17H: KATHM: 202544 H27H

R

HAlE&A KRENSRH AR T 2oy WERR F 1 — 2T AR RS8035, ERBTHERSEMK
FRBSEATMAMAR D, BMAGCEBANRR, BRAEED W EERALSEER AR, FHAT
BT T MRZe AR S, R RAERT AR SSREIE, AR E RS SRR
HHAGE AT BN ZeRAENERITH A, BdREREELR, BARBBRPERNEZEYKE
ITAREE. LRERER, ££150C~500C2 6], ERENARBKERZH AR, JiEEEH500C
BKRRC LA T90% B, FHREB T LBREZHF T HZr-FEED R RBUKBFEE . &R
FEREE PRI U TT RE R RS A A A R ERZr/HIM R . If Bz L4 R AR Zr-F4%
BRI IR .

K §EiA

REEEY, KBREL, RBER

The Influence of Temperature and Time on
the High-Temperature and High-Pressure
Hydrolysis Behavior of Zr in Fluorine Rich
Fluids

Ruilong Pan, Zebang Yi, Xuanni Fu

College of Earth Sciences, Guilin University of Technology, Guilin Guangxi

Received: Mar. 12", 2025; accepted: Apr. 17", 2025; published: Apr. 27", 2025

XESIH: %, ST, Wi, BRI RN E SR AT zr miR e A ARAT ORI [)). HERELERT Y, 2025,
15(4): 525-537. DOI: 10.12677/ag.2025.154053


https://www.hanspub.org/journal/ag
https://doi.org/10.12677/ag.2025.154053
https://doi.org/10.12677/ag.2025.154053
https://www.hanspub.org/

e 5%

Abstract

Atpresent, alarge number of experimental studies have obtained some behaviors and thermodynamic
data of Zr minerals in hydrothermal solutions. However, due to the limited number of researchers us-
ing complex hydrolysis method and the limited scope of research, and the lack of data, the accuracy of
the data cannot be confirmed. Therefore, in order to comprehensively understand the fluid migration
ability of Zr and verify previous experimental data, this study uses a combination of fluoride rich com-
plex hydrolysis and thermodynamic simulation calculation to study the fluid activity of Zr. Through
high-temperature and high-pressure experiments, the problem of fluoride rich zirconium complex
hydrolysis behavior in hydrothermal systems is explored. The experimental results showed that the
hydrolysis rate gradually increased with the increase of temperature between 150°C~500°C. When the
temperature reached 500°C, the hydrolysis rate had already reached over 90%, and the cumulative
hydrolysis equilibrium constant of Zr-F complex under experimental conditions was obtained. This
experiment can help explain why the occurrence of F-rich fluids may be the reason for the abnormally
low Zr/Hf content of zircon in pegmatite. The experimental results can also provide assistance in ver-
ifying the hydrolysis data of Zr-F complexes.
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L. 5|5

BBV A CR AR TS 40 SuR, JRFEN 91.224, 176 HR T 3 2 LAY Bl R £ 10 7
AT S RE AP A1), SeREmE DS ER S, (ERHT RN RA DI ERE 2 DL
Yo RS A SRS, TERIEHAMER R, FERAUAR, KBy “MAEE" [2]. 8 HA
EYEA T R T PrE . TR TR AR AR S S S R, ) 2 SR e A% Tk
MRS, PR, BR%E. WLFANUER. mAA i, L rhRg RN e R R B e B L N FH AR 351

HIE N AR R ANEIR G R 2 —, BT 12 N T8 40 R 7 2R A 2508 4E i [6]-[8]. K&
FROVA RS S B 30 3 Zre BIANTRIR PRI . dn, 46 1000°C 4K Zr HIEME R4 ppm Z051[9] [10]. B
Uk, EE N AR AR T R s R AR, Ze B ER H A E 5 TR (HFSE) G R ER TR R TEVR X, M
T B0 18 5 a4 5 B HFSE, 4R X Mg 4[5 SR 16 45 9IUE R [11]-[14]. H2BEAE # i vhAs i
MBS A R I 15] A B AR S ES I W PE IR P U AR B[ 16]-[21] It A B p b R B A1 1 A A [ 22]
(23], YA TCIRAE TR B HIRAR R IC R Im SRR R b Zr #Re KBS AN TE, 55— 7R
Zr 1R 5 F B T BRI AR A T i [24]-[26].

TEMRIPAT, JCR R R A BFE S KA . S KA R IG SR [27]-[29]. 1T 1R AT B2 1)
i, XY AR RS S A R o AN A RSB A O R B R AR T AR A [30]. EAR T A HoO A4 2R [ AH 1 iR
FER, RASKESEET YA FIERECL L, SeRA, HIEKEE £ SRS BT 7
AP, BEE R FRE T E, T HO FERERR SRR T VS A FE AR 2R E HoO Hh (3 A B AH EL 3G
S, B KRR AN A A 22 8] B AS VR AH 8] BR 93N I e 28 5GP [29] [31], FERR [ AHFA I S it 26 AH 22 (1 25 — A

It
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I 531 A AP TE B 5 TR I PRI » 5 /KT R R AR 5 B /KA 2 TR R I B R S 52 21[32]-[35],
HEFAMIF TR B, B R S T 2 A AR T AR AR AR AR I I TR I SRR [36] [37]
DRI, BRI S s P Be AE R IR i A TB) kA7, FF 7 ST 0Tl B A6 552 [ 2 7] [38]

RNTIRMS Ze 1R SRR RO, BT T K& SR & S0 A 3 S AL 7
Bernini et al. (2013)#1 Shikina et al. (2014)i# 1 7] FE (15256 7575 K BLAE 1000°C 2K Zr B AR KA A
ppm ZAI[9] [10], MIXHUESE T Zr MEASEAKIE R RATH . BRILZ AN, Ze TEE Si i s g A
R Al KA R PR AN EUER[9] [39] [40].  Ryzhenko et al. (2008)11 Migdisov ez al. (2011)# & X #Hk A 76
SRR R DI R L AT O T, 45 R ROR B IR R b HE WREERITHE, M A RV MR e ok, H
PR O B BRI R AR R, (A AR I SEIn s R FAHZE 1~3 DMEY[41] [42]. IR
Migdisov ez al. (2011)IA iR R FHE IS T Ze 71£°% F A iiEshae )y, X —@# 5 Ze £ HALE UK
A B RE ST ) (Mysen, 2015) [40] [42]. [ERE45 R 5 Ryzhenko et al. (2008)F1 Migdisov et al.
QO EHEREAT T XL, KRINAE cur > 0.1 mol/L B, VAR Zr G301 FE HF WRIE F A AR A —
B, ARG, (HRAE RAAREE PAFEERZER, 2 cr<0.1 mol/L IARALAE FAN R T/, T
NI ORFE T FoE IR R R [41]-[43].

BIREHTNATX Ze FERGE A — 24T AH THIERIAR9] [10] [39]-[43], 1H2 Zr JURET I B
L EARAT IR B Z £ XHERF 7T, XSS S T . HAE QLI RIS A, L R IR a5
VIR VEIAT , ST R, 1SR, IR 2 5080 2 (Al I 4 OB AF A BRI 22 5 (431, A i1 H At
&G YK LTI IS D, AT 75 2250 2 (R SEER X Ze 7E R I RS AT AT AL

N TR BRI, AR T DL AR 1 EL R B e RC AL PR 7N RS R K VR (HZeFo) A S B W AR )
£ 150°C~500°C A1 100 MPa 251 N T & Sl /K i s, DL & vk b Ze M ST 8. T
ZiF; A EiR AT T, 5T RAKR, TERRE KM NI T RARE A&, TN ERAT TR 36 A0
TRIC PR P AFAE H) B 28 5 )Rl Y S H AR e M e B R AR SR A3t 1 T RE[43].

2. XEHASHE
2.1. LFEE

AU BT R FHATAEY) N /N SR 45% K VB (Macklin), =3 RN 1.512 g/mL, ¥EFEKS TR E
M 207.23, Tt
ERGRE A, HoZiFe B A BA RBRIL R G HE F—— ZtF -, SR 2 RA B DK AT FEN:

ZrF;” +H,0 - Zr(OH)F,” + HF (1a)
Zr(OH)F,” +H,0 - Zr(OH), F;” + HF (1b)
Zr(OH), F;” +H,0 — Zr(OH), F;” + HF (Ic)
Zr(OH), Fy” +H,0 — Zr(OH), E;” + HF (1d)
Zr(OH), F}” +H,0 — Zr(OH), F*" + HF (le)
Zr(OH), F*~ +H,0 — Zr(OH). +HF (19)

Zt(OH). — Zr(OH), +20H" (1g)

Zr(OH), - Zr0, 1 + 2H,0 (1h)
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A E T & HoZeFo 20 S WITERSEIRE . B 1. WL SR N RKIRREE, X — I R e R
AEPUE M ERFR IR . BT HARF =), X T %5250 R i A 7= LIFEA K Bk PA 28 &4 ) S mT A
SR B AN BAR R K SR T R TR N

ZiF> +2H,0 — 710, | +4HF + 2F )

2.2. KASEESE

et e 7K AR S B A v LR A e ) M IR 2 A P v i v R SR B b IR} 2 Lo K A B AT
T %5 B N7 3K Tuttle BUA B XK E R 1), 12258 KA L8 T RIERNEEN R, 8l S shi A
FEFE P2 A g K T R R S s 3 BT EBR N 900°C, K/ EFRA 500 MPa. SREGidFEib R K 7Y
P A FE R IR AT IR BE AR, A RR AR S A% R IR IR 2N ), IR R EMN T+3C,
JEJ1RZE/NT 5 MPa. SERGSS AN, s FHUKAKIR & Wi P v R 38 HEAT PROEVE K, A5 RE S E 20ED A iR
B 100°CLAF o ZA VLR B B KEN R A IR S WK DT IR 1 [44] [45].
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Figure 1. Schematic diagram of high-temperature and high-pressure hydrolysis experimental device
1. SESEKBIEZEREE40]

T fe i i e K AR SR B0 AT, A B O WG Y K S R P N B0 T, R R eI 100
pL WIUEVERE N — i SR B S (K 2em. H42 4mm)N, FFRH 4 E LAMPERT PUKU3 # G52 HL
PR . ERB LR E MRS S &N 60 CHUAE—/NLLE, ST EREMERE, HEELA
&8 RTEME, T T 5 28wl s K fse 5 .

SIS R, AR IS N Tuttle UK EZIREE, IR —REERES N 2N, LR
PRI R AEWE 1) RIEHEEIFEIES, KIEDMRET E RS0, Ho 0 RN 1~72 /N,
WA WG, BUEE, HHREKER, RNESEENRPMEFRZESFOE T, BN LYL(Thermo Fisher
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Scientific, LABOFUGE 200)41 &0 10 7381, $2H EJEEMB, A 5% 2 A F 5, FEImAAH
Fiff) Css Re JGEAE A PARAFIN . 1T 48 45 5 W i /K SR 2 v e 26 10 A T BE 4 2 DA K SR () 7 2K
DURRTE S & N BE[46] [47], DRIL, SREUETIUG 048 1 00 e b, s R IPRS 25 BS TR SRR B0K, B
FJE R

2.3. HTR

TR [ R i P B 23 AR 7 b R R 22 B | M B ER Ak 2200 72 Bl th i R 5 B ™ 77 % Y0 4 ] B 45
SEGEE SE R AR S Ze IS ERCR H 1 1 % 32 [E Thermo Scientific iCAP Qe ICP-MS. 1% i3 4 1]
K BR/NT 0.1 ng/L, 23 #rIHE T 1 ppb. 10 ppb 1 100 ppb 155 Zr VEWBAE 4ME, Zr FIHTREFEIR T 3%.
[T AR it (40 18 6 2 A P v 29 1 2R L BR A RO s 2 (151 WTec alpha 300R). % £ Hl 4 488+ 532, 633
ZFREOEERAT 3004 600, 1800 =FfeHlt, Hik A FEEATIA 0.8 eom!, FEA A HER AT 50~100 nm [48].

3. LRI
3.1. WIRHAYIKER MR HF PR E]

NT TR Ze-F S5-EW0K R RS 3K P4 e 75 IR 18], AT T — RIUKFESN 124 5250 . Ti-F 4%
GRS 155500 BoR, IR LS4 R 2B WK Al N ()3 26 55 FE LR EL[44] [45] [47]. X R ERA
BT 4 @ 45 5 ) BE ARk B K AP o DR, BRATTIE B4 & W 46 A T FE S 30 B T B AR AR ELEE (150°C) AT 100
MPa ZA4F T K AR I B 1B 7125 5256

BRI A RN 2 I 1 R, RS 4 Y RER AR DT VI N B B AR i . X RIS A
YITE 150°C 2R HE R 1 /NP B T IR B K iR s BT . PRI, Ze-F 48B3 07E 200°C~500°CHELFE R IX B /K g1
I RN T 1 /NI o BRI, ARBIE TS0 T AR IR0 B2 SIER N (8] 2y 12 /BT, T DR AT S ik IS4 o
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Figure 2. Experimental results of dynamic equilibrium of Zr-F complex at 150°C and 100 MPa
2. 150°CFA 100 MPa 4 Zr-F AV NZE T ELREER
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Table 1. Kinetic experiment of hydrolysis reaction of Zr-F complex at 150°C

T 1. Zr-F AW 150°CF M TKBRR N ¥ L1

SEIG T i a(h) YI4E Zr ¥ (ppm) 5 A% Zr Y (ppm)
1 1 6496.7 2803.7
2 1 6496.7 2827.9
3 2 6496.7 2815.5
4 2 6496.7 2837.7
5 4 6496.7 2910.8
6 4 6496.7 2796.9
7 6 6496.7 3003.5
8 6 6496.7 2787.0
9 8 6496.7 3110.1
10 8 6496.7 2838.5
11 12 6496.7 2737.3
12 12 6496.7 2863.4
13 12 6496.7 2806.3
14 18 6496.7 2986.3
15 18 6496.7 2824.8
16 24 6496.7 3023.8
17 24 6496.7 2783.9

3.2. IREEXEIEE SYIKIRR R H R

N TR FERWILEYDIREXS Ze-F 28 G VKRR L2, FoA 18 W UEPDIKE S 0.1 mol/L (1)
HoZrFe 8590, 43 WIHE 100°C~550°CIRE R T — R P HISLL

SN G SR VSRR A Ze RN 2 A 3 For. aJUUBHEEH, B XMIRE M 150C.
200°C. 300°C. 400°CH| 500°C, Zr-F &G HIKMREE SRR IEL, R Zr-F &GV R T 1)
R e PRGBS, B Zr IS MARAE TR o AR R BR AT

Table 2. Residual concentration and cumulative hydrolysis equilibrium constant of Zr-F hydrolysis at different temperatures

F 2. NENRET Zr-F KR RIRE R RFUKBTEEY

SEIS P HEECO) WG Zr ¥R JE (ppm) FRAX Zr ¥ (ppm) BT K ART 45 5 £ (InK)
1 150 6496.7 2803.7 —7.6
2 150 6496.7 2827.9 —7.6
3 150 6496.7 2815.5 —7.6
4 150 6496.7 2837.7 —7.6
5 150 6496.7 2910.8 —7.8
6 150 6496.7 2796.9 —7.6
7 150 6496.7 3003.5 —8.0
8 150 6496.7 2787.0 =7.5
9 150 6496.7 3110.1 —8.2
10 150 6496.7 2838.5 —7.6
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11 150 6496.7 27373 -75
12 150 6496.7 2863.4 -7.7
13 150 6496.7 2806.3 -7.6
14 150 6496.7 2986.3 -7.9
15 150 6496.7 2824.8 -7.6
16 150 6496.7 3023.8 -8.0
17 150 6496.7 2783.9 -75
18 200 6496.7 2089.9 -6.7
19 200 6496.7 2046.6 -6.6
20 300 6496.7 849.9 4.2
21 300 6496.7 848.4 4.2
22 400 6496.7 338.3 2.4
23 400 6496.7 297.2 22
24 400 6496.7 292.8 22
25 500 6496.7 101.1 -0.3
26 500 6496.7 103.4 -0.3
A
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Figure 3. Experimental results of Zr-F complex hydrolysis reaction under 150°C~500°C and 100 MPa conditions
B 3. 150°C~500"CF1 100 MPa T Zr-F {EYIKER L LWEER

3.3. KRR MEXBHRNFSHIRE

MITREQ) AT AE R, BEA KR SN A% T2 2% S A B K AT 5, DRI, TSR SR K AR
AT O] DL T AR R . pH I FOIREEXS Zr VAR SEREAT NIIREIE, I AT R K AR A
Ik SRR I R e 2 R

WRIETTRE(2), KR S (% BT R IR N -

DOI: 10.12677/ag.2025.154053 531 HOBRBL 2RI


https://doi.org/10.12677/ag.2025.154053

e 5%

chHF'}/HF'cF—yF— 3)
ch '}/Zr
oy RIEL S 3 R AL, ¢ RIERA 7 IR IR
BT AW 90 2 B R R R R VA TR R, DR MK #5423 ()3 B S 0mT DA HKE B2 R
Debye-Hiickel 5 F2[49]-[51]H#471H5 . fEZHAIA, 55 KRB RIERA:
4721
—r t  4p I 4
1+By-d’,.-\/7+ g @
ERTH, | RRERFAFELSY, y RoREDEARRTINEE R, Z Rz E 5 By (B4,
Ay By by ¥ HKF BBV A SR, 6 NHAA ST, TIRRPMEFRE, RE:
I= %ZL ¢z} ®)
TER(S) T, 20 53 3R I FE 2 T KR B R B 52 B 2 R 2 K R oR TG . JR AT LURRE S v 20(4) 3K 159 %
AP AELS 8 il SR A N TG FE R H y, 4R Al AR 2U3) T 5 BN 25 S Wi SRR K -T 4 8 50 (5 2).
AR 25 J LT BT J 5 N 5 R B 2 (RO R IB G VAR R R 7 FE[44] [45] [47]:
AH? AS°
InK =-———myrm (6)
RT R
Zr-F 250 RAUK R T BT S R R RO AR A A R 2 R 4 Fin. AL 4 FrmT
PLEZ], £ 150°C~500C 5T Ze-F 45-E4) RBUKMET- 0% BOEATT S V0RE R O7 R, HAMPE R4
5 0.99, T InkK FIEFEEIEE RLMEACH, FEIRGZ&M NIRRE RGN
InK =-6946/T +8.14 (7
I FR(T) T AT S LE 150 C~500°C 464 N IZ/K R B A HY = +58.05 + 1.65 kl/mol, A S) =
—67.72 +£3.13 J/(mol-K), 1P Zr-F 4 Wka e M BE IR A b i B 2 .

log}/i =

o | 0dmolL

InK

-10

T T
0.0015 0.0020 0.0025
/T (K1)
Figure 4. Cumulative hydrolysis equilibrium constant of Zr-F complex under the conditions of 150°C~500°C and linear fitting

of its van der Hoff equation
[E 4. 150 C~500 CHEH T Zr-F BEMZ KB EEHLRILTHEXRHFELMNE
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4. g
4.1. 5T ATHFTHIRTEE

R (2018)f#H 0.005 mol/L F1 0.01 mol/L B HIUEYIIR B II(NH4),ZrFs 7E 200°C~500°C L5 it
ITIKFRSS, A XS Zr FERGR P AT AR AR TE S PEEAT B8 2 R 9T, 45 R o b A IR Bt Ze-F 4%
EVIRAEEh S R, FEIER 74K R F fisE R RIESE & Zr FERRE ), TR 1000 ppm
F o] AGE i - ppm (4 Zr [43]0 AER 0 700 RO R 0 2 0 A R M o 160 78 BRARIEAT T KR
(PR (] 7 B B2 58, AHE IR H A Z (NHa)2ZiFe 2551, T2 KoTiFe 554, %W 5T IA N (NH,),ZrFs
Ko TiFs 148G VKR RN A& CRARBIIAT S, BT USROS I B] S AR L . F2 SERR b A T I
(5545 R, Zr-F 48-G W0 B 7K MR ST I [A) OHE S 1 /N, AR BRAIE A R A (2018) T Zr-F 4 &
VIR K AR SZIR IR B 7 P4, B5 %8 ST 6 /NS A2 A AR ZEBOR, T HLAEASHE 7C AR 0 Ta-F 464
VIRIES 8 751, EB] T Ta-F 25 & P00 K i S 67 ) [ AR 24 /NEF, BT DUMAMR 25 (2018) 1 Ta-F 454
VI 7K R S50 P e AR TA B Pt LR 2R ae 1, DRI SRR Rl AN [ (1) 2845 W0 K Al SI2 5 2 i #0022 e idk
AT IR 16 7 510 1) 512 56 560 F L 1 56~ B[] o

MEREGEE R, AHIE 5T I S50 45 FEAE A [ BE 2640 17K AR AR FE ZE LU AR AR (2018) I R =3 2,
LLAnFIREAE 200°C, ASHFFCIK IR R L0502 68%, A2 Z%(2018)H 0.01 mol/L &5 7R %I T KR
AT 9%, T 0.005 mol/L ¥ JE RIKMRZE AR 21%, 4IEFE ETHE] 400°CHE, BT MK ER KL R
95%, TR AS(2018) I MR FE KRR ERA 70%% o« IF Hil B HORINIR 1S5l — S 2EH, H2
RESAHER AR E ) o BT AT BB 78 R AT U AR PR AL /K S 2 P i e [43] (471, T A 58 mh A T B M 4640
WPE I = TR A5 (2018) I AR B, LA 2 S5 k3 58 A ], DRI A 38l ARLAE RO W IR A
[F B x L2250, IF HLU B 7RI BE B AN [F) AT BE 20 5206 45 Bt BRI 220 o

4.2. MIREEN

H SR ZE N I e e SE B 3 Fa H F R KRR FEIR W IFIT RS Zr [16] [52] [53]. & MEHUES 48 G =T
BB T ZeF2™ Rt, Zr M F AA1E 1:6 BE/RIRE R R, 5 IR R F/Zr=1.25, #iRAT F/Zr ik
FELHART 1.25, BLEHGRES 4 G 3 BERAE A 2 LB IALAFE, Zr MITR IRl B Rik:
WA F/Ze WREELL R T 1.25, MIGRES 4 G000 E B DR B A RAEE, i id &0 F R3] 5
G)IE [T, KRR N AME AR A, R Zr FEB B R . RIRFE(S1%) 1 F EER TR
P (Diwiamere < 0.4), TIAAHZ THARM AR Z W WIAH[54] [55]5 Bk BE(>7%) ) F AR S AR A (Dfwia/mere >
1)[56][57]. TEXAHK - A RT, F FEEDEEMEBEE, X ISR EE L, (R hg1e
SEER[58]. MR MR B SEAGMY B, ISR FIREA IS R, LR F R TERA EE, A
TN PR AL 7 KB Fo Thomas ef al. (2005)38 i % i A4 25 A7 O ARt A 0 A i 72 R B
ISR F & B s A 6.4%, MR 1) F e LUE R 2.0% 445 o 3 35 B 245 2K s A0 2 i i AL RE FE R
PR F R A] LLE S 358 40 i HFSE iS4k SR AI T R. K& s AR 1Y s A e
HE 42 HFSE tHAIESE 11X — #i[59]-[61].

4.3. FHHE PR

B R I SR A T A RO AR R e TR R RS, I RN S T RTIE BR BE  (E R TEdR[62] [63]. 4R
M, R B2 1 A DU B5IUA SR . 5 A X ala (MORB) ML, 9IUA 5 ) HFSE (Zr,
Hf, Nb Al Ta)HiXS T K& 52647 JCR (LILE) A RS IRAIE[30] o 10 H. i1 TS /KR T-#oke, ToikfEan
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R ISR X AR [9], T B VA I SR A A B O R T A B BB AR . EAE R, TR
Mo, EE I SRR A T AR A AT R D R R AR (3] BRANER IR TR A AT RE R MBCIR A IR
TCR MG, HEEE D) R, JCHGE RIS A R AR, BT BELEARCIRE - b8 51 43 55
FRANEIE (1 5 A IR RN S KRR [31] [64]0 BEAE X —IFRII4REE, S AKIE IR 5N A N, TR
A A ARIE[62] [63] [65] [66], 15 /KARTT G b 2I9ICE RIEIX[66]. EIXMIEMT, E5HIEh 5 AN
SRS A A R I SRR T VS IR, B2 B KRN S KRR 2 18] Ze ()43 FLAE o S /KRR B K I
W2 18] Zr (5 Fe R AR A[67], 2 23% MV FRAEREIG St i B e o FC B, FE Rl ik B9
FVFIX

(Kl t, HFSE 1] A5 iii s e s i@ B A% 2y, (RIUE J i s () HFSE SR AEHREAE 1] REFE 0 U8 T ARk -
HOWE ST AR - A A EAE A, FE SR R, K2 40 HFSE BB BRIV B A R 4 41 A T BR[62] [63] [65]
XFRFEJS W BB B HFSE AHXS T LILE VAR FEEUIK, (HHA—E BWRE X Lo R M i A ).

5. &t

AT E AN BB SLIRE B AT 78, IS A AR SRt AT . AEFREDN 0.1 mol/L 1Y
HoZrFe 446G WI4E 100 MPa J 7 F1 150°C~500°C i 5 R AR @ MEEAT T 7L, 193100 T £ 248
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