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Table 1  Crystallographic parameters and properties of
uranium and uranium oxides®*?%
Lattice parameter/
Crystal Density
Phase X X0.1 nm ;
structure Ig-cm'
a b c

a-U n/a Orthorhombic 2.85

y-U n/a Tetragonal 10.76
B-U nla bce 3.52
uo,® o {2 5.47
Us0%1 0.25 fcc 21.76

0-U306%® 0.67 Orthorhombic 6.70

7-U0s”1 1 Orthorhombic 13.01

587 4.96 19.07 (25 °C)
5.66 18.17 (662 °C)
17.94 (772 °C)

547 5.47 10.96
2176 21.76  11.16

11.96 4.14 8.34

15.48 7.50 7.75
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B, SRRSO KR 2.18 nm (JLT2 UO, 11 4
fi5) B, HL 2 ja) X FRE A Fm3m AR E) 14 3d.

U30g th 2 —Fh & J8 Al (08 ik =9, 3L 5 BT Ik
BAEAT N VO, 020l sy, 22,y o [31])
U0, # A2 Us0g I 3 F2 v, % it — 25 IR AR

(11.16 grem®—8.34 gem™), [F K44t ik T
36%%2). U304 (1) & 1k 45 4 J& T 1E J7 i &R HLA71E 2 b
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Fig.2 Crystal structures of UH3 (U atoms in dark green, H atoms
in gray)*!: (a) a-UH; and (b) f-UHs
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Fig.3 Uranium oxidation kinetics monitored by in-situ X-ray
diffraction*®!: (a) oxidation kinetics of U (111) plane at the
denoted temperatures and (b) Arrhenius plots of the

parabolic and linear oxidation rates
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Fig.4 Oxidative Kkinetics of uranium at different stages!™:
(a) oxygen consumption in the U-O, reaction at 135 °C,
and (b) schematic diagram of oxidative process of
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Table 2 Kinetic models, oxidation rates and activation

energies for different oxidation stages*”

o Kinetic o Activation
Oxidation Oxidation rate L
model energy/kJ-mol’
) ) 7614
Parabolic  Y“=2kpt k, = 5.01x10% *T 76.14
. 2 7380
Transition  Y=(kit) k, =5.10x10% 73.80
i -70.13
Linear Y=kt K, —1.15x10% RT 70.13

J& 5 AR R TE 0 2R B B S 4k BE S 90.95
kJ-mol™, 1X 5 T 3¢ o 4808 1 75 8 4l — A Akl b 4 0
WEALEE (9628 kImol™) HA—H. LRIRIEF KB
71518 2 T FE M RL IR LRI S AE SR 3 . HAE,
W92 i 2. BESOIRAS . AR 7 9245 SR A 75 4%
TE A 22 B B 10 T8 ki 28 7 2 R v A0 e 00 43 B At
K (73.7~90.95 kJ-mol™).

B 7 bR SR B BE A R, Gharagozloo 4 A\ P2
A B I X 2 A2 B G SR A A 4 Al X A A Bl
S, RVERCES R0 Al 2 T ) R AR B R A RS T
PrEosE i AR . R ARRS T Al R AR R
(k) 7R, AR (3 Fiox, HiHFEHN 119 kI-mol™.
Gharagozloo J&@ it 5256 3 F & L, ZAALLE 20~200 C
H AR S /T 300 nm i LA B (1) — St

T
2.2 SRMETEBESSPRIE IR E

& JE B TE T A SR I B ik 32 AL DU LA

k

*3 SRWMETRESPEMMBERERETE RYPEMED)
Table 3 Typical rate equations for uranium corrosion in dry

oxygen (parabolic stage)

Activation
Rate equation Condition energy/ Ref.
kJ-mol*?
Cubicciotti
Ink =19.20—@ 90-165 °C 83.68
T 1952048
76570 Ritchie
Ink =20.35-—— 40-300 °C 76.57
T 198119
Lin et al.
2Ink:29.59—@ 45-95 °C 73.70
T 2008
Lietal.
Ink :18.12—@ 65-127 °C 90.95
T 202054

L35 ST W ER A S B AR B SR R B
FAREA . 1k, SR BRI T R R AR ER A TR
A UEHE 2R B TG L2 B 1 AR 15 4t = i
TR B, B S AR R R PR AT % AR R
1E-183 C HMIKIHR T 2 Pod & A, W 1 48 7 T 1E 4
JEHIR T EE: U>UY+4e; O,+4e —20% .
Y B B, B O 2218 171 4 & il P BB 9 Bk
IR A T REIBIE N &R AR T 1~4 nm [
WRE. HERMREEZNMBREANEAMN TGRS
ARSI . EEAI B, MR )ZE RRNEN
N REE— &N, S&RMRAERMRE . Hit
PPN B IR A, BB RS R AR A RO, T RGE
SR

221 O, 4 sk @ 0B iF & A

F R B R A 3 ak R R AR b, A DU I S 6 3R
BEBENYIIEE, B A7 2 L S AT A G
Bl B HE AR, 2 0, HFREIEEBAE
THT B 4 ot B 2 g0l 1)l SR W 5| R R AR AR HAE
[F) BN 2 5 e 4030 R R, AT FE & @ R T T A 1
AN T LA 0 FEL 3, 2 A5 R T 1 AR R T 1) FRLIA R B
T 5 35 4 S At R T S5 A AR A . N iR O, 4 THES R
Y 4 THT 110 ) 2 W B Ao B R B ) AT, O, 1) 2p BB
Bl 5f 1 6d fETE R AESRZUER, Moy FHEENISS,
ARG THRS TIRELET, 0,7 T & R & i 2
AR A SRR, AR B IR FHBEZ) N 9.5 eV Nie
25 NSRRI 70 O, 76 4 2 1 10 4 F KL A I 75 11 1 2%
U258, $RH O, MME A KN, &ERNMAE2.
B O IR 58 R 74 &7 NEZ NS 78, [F
i A BE 55 1 U 5/6d-0 2p L 4246 TF il 36 4 i
2.2.2 Oy & BAhk @ ey 35 L)

N4 @ R B — o B AR, A gk
SRAEEN, MFE O BRY BMFBEANEA RS
Bphgi G, ik, O TRERMBE (UO,/UOL) H
(3 HICTHE % v 5 4 Al S AL % . SRTE U0y
W3 B zh 1R R, O MY BUE R X U0, H x
(I AE I A BU P, 7E 500~1400 CYEFE A, O 48
AR B R L — 8 fE 727 CHYHGE
KAH 41 A 1.5x107 cm?st, ¥OBUBOE AR 4N
968 kJ-mol™. 4 It 3 16 M8 4l E AL Al b (9 B0 2 5
FEin 2 = (3) pr oY,

[11.57—@J

D, =15x107e (4
WITE B BOE i B IR S5 A B0, S T I8 B
R A 1 R AR bR T, A A A K R AR
P . R, AR ) O/U EEDN 2.09,
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A 5 JELBE 16 K- 55 150~300 nm I} A B F70K 5 3 i SR
(1.93 GPa) 3, it 4 Ak JEE T 0 326 0 s 54 3 9 141,
YA EER AN 2 BARRBIAR, EA AR N
B o 75 IR B, S I 1 3 3 A AR K AL T Bh A1 1
W R GRS A B R P AR G [ . MR AR N B RUE
Tl SR, E 2R o Btk N2 B B, B -
WA TIRE TR, 9 BUEAGE ST 40532 7 R,

U* +20% - UO, (5)
U+2%0 U0, (x<025) (6)
2

A (5) ATk, & @4l T S RN =)
FERNFEM UO,, (HRETE— 8 %M T ik n gt
U3Og Bk U400 %5 (3R (6)). i 2% NS85 Bl A A i
& T BN S B AR AE, 4 B 7E IR /N
T 200 CH &M FEER K U0, H¥EEH—FHE
(200 CBL LD, UO,i&¥fin UsOg A5, b4k, s
Bi Wang W G L B, B 1 AR I R I e
(120 C), AAIEMPIH B FEA B —1) UO,. W
5 fi, A ARE R /N T 400 nm i, AR AR IR T —
JE JE L) U0, AR B U0, (x<<0.2): HEALIEEJZ
KT 700 nm B, 5 UO g B ik — B Ak h U,0g.

3 ERMAENKFHIEH

3.1 EEMWMAENKARPHEBHMINE
SRR I R R, A TRTER
¥ 5000 £, 20 40 60 4EA%, Kondo & A8 it
DU T T2 ) Hp 1 A2 B %, 8 4 J8 B e KV R I s
WhEN J15AT RGN 3 AN B (Bl 6a), 43 il A X E B
Bt TREB BRI B Hod, SR MERT Be gL R
N 29.30~50.23 ki-mol™. 25, AEw ¥4 EE A CR I #
LSRR T & EAaE KRR R 3 715 (B 6b),
Y Ze B B R A PR B R, B PERY B iE AL R

I

uo, <400 nm =700 nm
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KI5 < Jm ahA R JE S AL IR 0 AR 20 1 5 4 A
Fig.5 Physical composition and distribution of uranium metal

oxide films with different thicknesses*”)
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HRFm#E R (Ink) 2 [H2IEMAXK, H Ink 5 InP fyLk
24 0.5, HIthAl 13 % B k 5K E 77 P*° £ IE
PR IS0 701 i 2 K Y AT AN AR I, 4 e Al 14 S ok R
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4 J BAE A [R) I R R K VR R R S s 2, A FH R 46
RBEMHAXIKET Ink 5 UT 2EKKRZMA (7):
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SR, BT SRRkt ihEMETERNER, &
BF 5038 SR A () /KR B 5 T8 b 3 R 1 o8 R AN A .
W1 8 fr , Ritchiel7E 1984 4F 4538 T 4 J& Bl 7E /KK
R s %, Ay Grimes #1 Morris )2 5 4
e R E il Tl Er, BHERKER. A,
Ritchie FIH 85 A B gt H, HEFHHE T
Grimes 1 Morris i 5 8l 5 /K 5 i 55 bk < 01, 4%
T, Hilton %5 A2 S % Ritchie 38 19 57 G SR #AT T
B4, RIS TR RAN (B 8 W 4). HAh



* 3558 -

WA ERMES TR

% 53 %

In(k/mgU-cm=-h?)
iR

In(K/mgU-cm-h'-Pa®®)
A
T

00024 0.0032
TV
7 &R KRR JE o R 5 R AR RS &

Fig.7 Corrosion rate of uranium metal in water vapor as a

0.0016

function of pressure (T=100 °C) (a) and temperature

(T <300 °C, P < 101.325 kPa) (b) &7

v
<
5 gt
=107 =
- [ 8 Ritchie (1984), Ink=8.476-4529 T
';‘ i — @ Reanalysis of all data in Ritchie (1984)
o
'= N Ink=12.43-5788 T
= o ~
b = = = & = Reanalysis of Grimes & Morris data in Ritchie
] (1984) Ink=8.523-4535 T
o
=} -2
= 107
=} F
jx}
=
]
=)
o] P<101.325 kPa
2 T<302°C
=
== -3 o
= 10 \ \ . . . .
2 0.0026 0.0028 0.0030 0.0032 0.0034
— T-l/K-l

8 & J& Al FE AKVR r i e e B IR RE 2 TR I AT AR JE 5 H 5%
oY
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SR E AT I o ok R XA T2k 4 BT,
WAL RE T BT 37.7~70.3 kJ-mol ™ (T FEI A
3.2 ERHTENKK P BIE YL

<R BIAE ARV SR v, 3 T SR A TR AR AL
THE ) UO FF B Hy:

U+(2+x)H,0—>UO,,, +(2+x)H, (8)
WG, SLBEAEBUR I (0] W IT R R, BRiaZ
LR Rk, AR H, Exdt—2 5 &R

R4 HEKSFRBMERTRE
Table 4 Reaction rate expressions of uranium corroded in

water vapor

Activation
Rate equation Condition energy/ Ref.
kJ-mol™
T <300 °C,
Ink :11.99—@ P <101.325 449  Banos 2019F7
kPa
T: 20-100 °C,
4534 o 7]
1nk :10.48—? P < 101.325 37.7 Ritchie 1984
kPa
T: 20-302 °C,
Ink :13.79—@ P <101.325  46.6  Hilton 2000
kPa
Colmenares
T<100°C, P < 19841731,
Ink —1064 — /22 64.2
T 101.325 kPa Haschke
1998l
T: 100-250 °C, Haschke
6860 4]
Ink :8.33—T P =101.325 57.0 199874,
kPa Huddle 19531
6675 Pearce and Kay
Ink =1552———  T:150-200°C 55.5
T 19871"®
4943
Ink = 11.98—T T:20-300°C  41.1  Pearce 19895"
5473 Trimble
Ink =13.40-=—= T:20-295°C 455
T 1998l
5508.8 Abrefah & Sell
Ink=13.54—=—"—= T:20-302°C  45.8
T 19997
T =600 °C, Hooki
opKinson
Ink = 9,00 2220:2 P<101.325 46.1 P
T 19568%
kPa
T =600 °C, Lemmon
Ink = 4.29— 92747 54.7
T P=344.7 kPa 19571
8458.5
Ink = 23.0—T T:20.6-300°C  70.3  Waber 19582
Trimble
Ink = 22,6 52826 T <300 °C 68.9
199818
Hayward
Ink =3.61— 2281 T <300 °C 58.0 v
T 1994184
Hayward
Ink = 0.307 — 284 T<350°C 46.9 v
T 1994184

SIS 7 A S B R UHGE,
2U+3H, —» 2UH, (9)
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Fig.10 Discovery and characterization of uranium hydrides during uranium metal corrosion: (a) uranium hydrides formed by uranium

corrosion in water vapor characterized by three-dimensional APTE™: (b) uranium hydrides found in U-Mo alloys water corrosion

characterized by APTP®: (c;—c;) SIMS depth analysis of hydrides at the corrosion interfaces®?; (d) Raman spectra of UHj;

detected in the early stages of uranium water corrosion!
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Fig.14
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Research Progress of Corrosion Kinetics and Mechanism of Uranium Metal in Typical
Environmental Atmosphere

Chen Guang, Ding Qian, Zhang Guangfeng, Li Haibo, Li Gan
(Science and Technology on Surface Physics and Chemistry Laboratory, Mianyang 621908, China)

Abstract: Uranium is an important strategic nuclear material, which has been widely used in energy systems and defense industries.
However, uranium is easily corroded quickly by the environmental atmosphere in service, which not only produces radioactive corrosion
products but also poses a serious threat to service performance and life. Although research on the corrosion of uranium has been carried out
for decades, the understanding of the corrosion behavior of uranium is not clear because of its radioactivity, fast corrosion rate, and various
corrosion products. Based on the relevant research on the corrosion behavior of uranium in oxygen, water vapor, and oxygen-containing
water vapor, work briefly introduces the typical corrosion products of uranium, and reviews the current research status of uranium
corrosion kinetics from the aspects of corrosion kinetics model, corrosion rate equation and activation energy. This study reviews the
research progress of the corrosion mechanism of uranium from the aspects of the dissociation diffusion of corrosive media and the
evolution of key intermediate corrosion products, summarizes the currently clear and unified understanding points out the current
controversial issues in the research field, and looks forward to the main research directions in the future, providing research basis for the
corrosion assessment, life prediction and corrosion protection of uranium.

Key words: uranium; typical environmental atmosphere; corrosion Kinetics; corrosion mechanism
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