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Abstract Anisotropic elastic constants of Zr-25Nb pressure tube materials were determined by a high temperature
resonant ultrasound spectroscopy (RUS). The resonant frequencies were measured using alumina wave-guides and
wide band ultrasonic transducers in a small furnace. The rectangular parallelepiped specimens were fabricated along
with the axial, radial and civcurnferential direction of the pressure tube. A nine elastic stiffness tensor for orthotropic
symmetry was determined in the range of room temperature ~ 500C. As the temperature increases, the elastic
constant tensor, cij gradually decreases. Higher elastic constants along the transverse direction compared to those along
the axial or radial direction are similar to the case of Young’s modulus or shear modulus. A crossing of shear elastic
constants along axial direction and radial direction was observed near 150°C. This fact corresponds to the crossing of
c44 and 66 of single crystal zirconium. :

Keywords: resonant ultrasound spectroscopy (RUS), anisotropic elastic constants, zirconium alloy
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Table 1 Chemical composition of Zr-2.5Nb pressure tube materials [11]

Elements Zr Nb O Fe

Sn Hf e

Wt% balance 25~28 | 008~0.13

<1500ppm

<50ppm | < 100ppem | < 125ppm | <S0ppm | <35ppm

Table 2 Main requirements for CANDU pressure tubes to provide more than 30 year service [11]

Characteristics Reguirements
Prevention of hydride formation
" : <5 ppm
- Initial concentration of H2 1 ppmiyear
- Maximurn rate of deuterium absorpiion
DHC at 250G o >10 MPam
- KHH in the radial direction <7 x 10-8 mfs
- DHCV in the axial direclion
Fracture toughness dJ/da at 250C >250 MPa
Minimal length of critical crack at 250C and 10 MPa >80 MPa
Tube diameler variation <3%
Tube elongation <100 mm
Tensile properties at 300C
~ Yield strength >330 MPa
- Ultimate tensile sirength >480 MPa
- Total elongation >12%
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Table 3 Typical example of RUS calculation for Zr-2.5Nb pressure tubes

ZR4B025 % of modulus contributing t0 mode

fcalc, fmeas,

N | k | MHz MHz Joerr cl1 c22 €33 c23 c13 cl12 c44 ch5 c66
1] 4 1 | 0.22592 0 0 0.01 | 001 | 0.01 0 -0.01]-001] 064 | 03 | 005
2| 4 | 2 |030677 | 030722 | -0.15 001 | 002 | 0.04 | -0.02 | -0.01 0 005 | 036 | 055
301 1 1031874 | 031898 | -0.08 006 | 034 | 1.06 | 058 | -0.26 | 0.13 0 022 | 002
4 | 7 ] 1 033195 | 033206 | -0.03 033 | 005 ) 1.08 | -022 | -061 ] 0.12 | 0.24 0 0.01
51 8 | 2 103303 | 033528 | -0.07 0.03 | 002 | 0.05 0 -0.03 | -0.01 ] 095 0 0
6| 2 | 1 | 036381 | 036401 | -0.06 0.02 | 004 | 008 | -0.05 | -0.01 | -0.01 0 0.92 0
7|5 | 1 | 039311 | 039258 0.13 024 | 037 | 1.41 | -069 | -058 | 027 0 0 0
8| 6 1 | 0.39414 | 0.39407 0.02 047 | 095 | 003 | -0.11 | 007 | 067 | 0.22 | 0.03 0
9 | 3| 2 |039424 | 039438 | -0.04 005 | 608 | 02 |-011]-0.09 ] 003 | 0.01 0 082
101 1 2 | 0.40886 | 0.40867 0.05 022 | 074 | 007 j 001 | -005| -0.38 | 0.01 0.1 0.27
11 3 | 3 ]04238 | 04239 -0.01 007 | 006 | 06 |-017| -02 | 005 | 008 | 0.09 | 043
i2]| 5 2 | 042416 | 0.42437 -0.05 066 | 068 | 066 | 025 | -0.38 | -0.38 0 0 0
131 2 | 2 | 045094 | 045124 | -0.07 009 | 089 | 012 | -032] 009 | 027 003 | 024 | 012
14 5 | 3 | 045227 | 045234 | -0.02 099 | 102 | 001 | 0.08 | -0.09 | -1 0 0 0
15 3 4 | 046623 | 0.4662 0.01 008 | 005 | 019 | -004 { -0.1 | =002 | 035 | 0.38 0.09
16| 7 2 | 047757 | 047711 0.1 082 | 046 | 008 | 005 | -0.19 | -033 | 02 0.01 0.2
i7] 6 2 | 0.48984 | 0.48971 0.03 067 | 007 | 025 | -0.04 | -0.38 0 019 | 023 | 0.01
18] 8 3 | 0.49608 | 0.49645 -0.07 114 | 0.11 0.21 014 | -051 | -034 | 019 | 0.1 0.05
19| 4 | 3 051632 | 051577 0.1 0.02 | 003 | 0.04 0 -001]-001] 0251 029 | 04
200 2 | 3 | 052516 | 0.52475 0.08 0.1 02 011 1 -005| 006 -0.1 | 039 | 0.09 0.3
211 5 | 4 | 052866 | 052928 | -0.12 058 | 021 | 082 | 029 | -054 | 014 | 003 | 004 | 002
22| 6 | 3 | 053954 0 0 053 | 062 | 051 | 031 | -029 | -0.22 | 0.1 0.07 0
23| 1 3 | 054105 0 0 021 | 064 | 049 | -029 | -0.14 | -0.21 0 0.2 0.09
24| 7 3 | 054106 | 0.5414 -0.06 0.57 0.34 053 | -021 | -025| -025 | 0.19 0.01 0.06
25| 5 5 | 0.55249 | 0.55226 0.04 0.81 0.79 0.1 -0.06 | -0.05 | -063 | 002 | 0.01 0.01
26| 8 | 4 {056607 | 0.56557 0.09 029 | 02 | 025 {009 |-0.15-0.13| 008 | 032 | 0.23
271 7 | 4 | 056638 | 0.56603 0.06 036 | 014 | 043 | -0.18 | -0.22 | -0.02 | 0.38 0 0.1
28| 1 4 | 057873 | 0.57809 0.1 0.16 | 007 | 045 | -013 | -0.26 | 0.07 0 056 | 0.08
291 6 4 | 058083 0 0 045 | 055 | 012 { -015 ] 001 | -037 | 027 0.11 0
30| 6 | 5 | 060254 | 0.60246 0.01 064 | 012 | 085 | -021 | -0.75| 0.15 | 003 | 0.16 0

Elastic moduii (dynes x 10x—-12/cm==2) 1.4737 1 1.5449 | 1.4717 | 0.7429 | 0.7693 | 0.7612 | 0.3338 | 0.3397 | 0.3672

1]

Dimensions (cm) iniial | adjusted
di 0.35300 | 0.35023

d2 0.40100 | 0.40259
d3 0.4490 | 0.45077

AMS error 0.07420 | | |
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Fig. 7 Temperaiure dependence of yield stresses of
Zr-25Nb pressure tube by RUS
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Fig. 8 Temperature dependence of vield siresses of
Zr-25Nb pressure tube by mechanical testing [12)
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