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Table 1 Three pre-oxidation process parameters

p Dissolved
Sample Tem[leéature <rlzlsls)ur;: oxygen
0 a (ug/kg)
Deoxygenation 400 10.3 <45
Dissolved oxygen 400 10.3 30010
Low-pressure 400 2 <45
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B 1 Zr-2.5Nb &4 B4 SEM 14: SE Bix(a), ECC #(b)
Figure 1 SEM micrographs of Zr-2.5Nb alloy: SE mode (a), ECC
mode (b)

2 Zr-2.5Nb &4 B RN TEM B3%15.(a) 18 (a) 7 HE X 451
TEM B34 (b). E(b)H a-Zr F1 B-Zr HJ TEM 53514 (c, d)Fxt &
] SAED 1t (e,

Figure 2 TEM bright-field images of the microstructure of Zr-2.5Nb
alloy (a), TEM bright-field image of the boxed area in (a) (b), TEM
dark-field images of a-Zr and B-Zr in (b) (c, d), and corresponding
SAED patterns (e, f)

22 MEFRUEERER

23 24 h WA AFLJG, Zr-2.5Nb & &R K
B ST AR LB (B 3)0 AN SR A T il 26 B 0 S A
JEANRIRIAE SEM I BRI IESBUE AN E %
R RE AR EERE, CRIA BREARAT, X
HEE o/f AR RZE T KA RE B BRI A R
271, ML TESRT LA (B 4), FA S
RN TN E: FEER RN 0.2~ 0.3 pm JF 15
arbLX (R 2), S giia I & A D EAL, ek
MR R, JREZ) 0.6~0.8 pm HAHEE .
PR AR P R SO %, AR R By
NIEHARBIZREL: AR E T IR R AR S BN, L
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Figure 3 SEM images of the outer surface morphology of the pre-
formed film on Zr-2.5Nb alloy under deoxidation (a, al), dissolved

oxygen (b, bl), and low pressure (c, c1) conditions

(b) (b1)

3N L
AN Cracks
i, 1 pm

K 4 Zr-2.5Nb & &% (a, al). ERE D, b)FEIE(C, c1) &1
FHA: BT T3 SEM 15

Figure 4 SEM images of fractural morpholosies of pre-formed films
on Zr-2.5Nb alloy under deoxygenation (a, al), dissolved oxygen (b,
bl), and low-pressure (c, c1) conditions
# 2 Zr-2.5Nb SRR VA ARG E S R TRUAE BRI )5 B
A R et
Table 2 The thickness of the pre-formed film and equiaxed crystals
statistics on Zr-2.5Nb alloy under the deoxygenation, dissolved

oxygen and low pressure conditions

Thickness Average Equiaxed
Sample range thickness crystal zone
(um) (pm) thickness (pm)
Deoxygenation 0.89~1.09 1.01 0.30
Dissolved oxygen  0.83~0.97 0.92 0.22
Low-pressure 0.96~1.10 1.03 0.32
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n 1 " 1 n 1 "
100 150 200 250 300
Raman shift (cm™)
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Figure 5 Raman spectroscopy of pre-formed film on Zr-2.5Nb alloy
under deoxygenation, dissolved oxygen, and low-pressure conditions
3 OBRE. VEMFEANCE S AFTRA B m-ZrOa A t-ZrO2
&R
Table 3 Phase composition of m-ZrO; and t-ZrO in the pre-formed
film under deoxygenation, dissolved oxygen, and low-pressure

conditions

Phase content (%)

Sample
m-ZrO: t-ZrOa
deoxygenation 94.1 5.9
dissolved oxygen 86.6 13.4
low-pressure 91.7 8.3
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T FL A= RS )5 B S A R TR R B B R A0SR 6 B . AH
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P, A SEACRE OTEAEAE Zr-2.5Nb & 42 1 Al 55 1 %
BAPERE R MRS T . KRR S5 R0, VA TR
Y Zr-2.5Nb & &ML A J1ik (B 6), X2 KA
figf S T A P FL B RN S B S B P B 2D, G R B B
MR, HPURTEMRE S aE. AT, FA S AR
SEAER S H B & BROESRE TS, BUE AL
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# 4 Zr-2.5Nb & 4 K FUERRAS R B A 35 PO T 34
Table 4 Knoop hardness of Zr-2.5Nb alloy and its pre-formed film at different test points and their average values

HKO0.02

Pointl Point2 Point3 Point4 Point5 Average
Sample
Zr-2.5Nb allloy 180.3 180.3 182.2 188.0 184.1 182.9+3.2
deoxygenation 294.1 296.4 293.6 294.3 295.7 2948+1.2
dissolved oxygen 302.5 298.5 302.5 306.5 306.6 303.3+3.4
low-pressure 342.6 337.8 347.6 333.0 337.8 339.8+5.5
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Friction forcy

Bondstrength
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Loading

‘ }u

N *.WM}L% ol

6 BRETEN(a, al). A MEETA (D, bD)ARE LR C, c1)5 Zr-2.5Nb & & 145 & 1 e H AR BUR TR TE S R (al ~c 1)
Figure 6 Bond strength between Zr-2.5Nb alloy and pre-formed films under deoxygenation (a, al), dissolved oxygen (b,b1), and low-pressure

conditions , along with magnified morphology of failure sites (al—1)
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Figure 7 Nanoindentation load-displacement curves (a) and hardness and elastic modulus values (b) of Zr-2.5Nb alloy and its pre-formed film
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Table 5 Hardness (H), elastic modulus (E), and hardness-to-elastic modulus ratio (H/E) of Zr-2.5Nb alloy and its pre-formed film

Sample Zr-2.5Nb alloy deoxygenation dissolved oxygen low-pressure
H (GPa) 3.57 5.51 10.04 6.30
E (GPa) 113.80 112.16 175.86 123.98




H/E 0.0314

0.0571 0.0508
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Figure 8 Surface contours (a—d) and depths (al—d1) of friction wear test marks on Zr-2.5Nb alloy (a, al), deoxidized pre-formed film (b, bl),

dissolved oxygen pre-formed film (c, c1), and low-pressure pre- formed film (d, d1)
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Table 6 Mass wear and mass wear rate of Zr-2.5Nb alloy and its pre-formed film after friction and wear testing

Sample

mass wear amount/mg

mass wear rate /103 -mg-N'-m!

Zr-2.5Nb allloy
deoxygenation
dissolved oxygen

low-pressure

5.13

3.55

2.88

3.15

3. &5t
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Study on Microstructure and Friction and Wear Properties of Pre-formed Films of Zr-
2.5Nb Alloy Prepared by Different Processes

Luo Qinwen'-2 Zhang Peng'-2 Yu Qiang? Zhao Guanna’ Hu Lijuan'-2 Xu Shitong'-? Yao Meiyi' 2 Zhou Bangxin'-2

(1 State key laboratory of Materials for Advanced Nuclear Energy, Shanghai University, Shanghai 200444)
(2 Institute of Materials, School of Materials Science and Engineering, Shanghai University, Shanghai, 200072, PR China)
(3 Shanghai Nuclear Engineering Research and Design Institute Co., Ltd., Shanghai 200233)

Abstract: Micro-motion wear is one of the primary factors limiting the service life of pressure tubes used in heavy-water reactors. To enhance
the operational reliability of Zr-2.5Nb pressure tubes for heavy-water reactors, this study prepared a pre-formed film approximately 1 pm thick on
the surface of Zr-2.5Nb alloy using three different processes and investigated the relationship between its mechanical properties and microstructure.
The three pre-oxidation treatment processes were carried out for 24 hours at 400 °C: one in deoxidized superheated steam at 10.3 MPa; one in
superheated steam with 300 pg/kg of dissolved oxygen; and one in low-pressure steam at 2 MPa. The results indicate that the Zr-2.5Nb alloy consists
of a-Zr and B-Zr phases, with both a-Zr and -Zr exhibiting elongated morphologies, and -Zr continuously distributed at the a-Zr grain boundaries.
The microstructures of the films formed under different pre-oxidation conditions exhibit differences: the pre-formed film under deoxidized conditions
contains relatively more microcracks, with shorter and more randomly arranged columnar grains; the pre-formed film under dissolved oxygen
conditions is the most dense with the fewest defects, while the pre-formed film under low-pressure conditions has the greatest thickness but relatively
more pores and cracks.Compared with the original alloy, the pre-formed film increased the nano-hardness of the alloy by 50%—180%, improved the
hardness-to-modulus ratio (H/E) by approximately 56%-81%, and reduced the wear rate by 31%—44%. The pre-formed film significantly enhanced
the surface hardness and wear resistance of the alloy, transforming the wear mechanism from severe abrasive wear to mild adhesive wear. Among
these, the pre-formed film produced under dissolved oxygen conditions is the most dense and exhibits the most pronounced hardness enhancement.
This is because the strengthening effect of the pre-formed film is closely related to its microstructure. A dense and intact oxide film not only has

higher hardness but also adheres more firmly to the metal substrate, making it less prone to peeling or cracking under localized stress.
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