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Preface: Oxidation of Zry in various atmospheres <N
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Proposal on separate-effects tests with Zircaloy-2 MT
Objective e

@ Proof the similarity of high-temperature oxidation and
mechanical properties of Zircaloy-2 and Zircaloy-4

® Investigation of the influence of the swage-down process
during manufacturing of the Zircaloy-2 heater rods

@ Simulation of pre-ignition and SFP | test phases

= Report distributed Nov 2010
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Composition of Zircaloy-2 and Zircaloy-4 4T

Lt T s O
308 AT wen crang
Aliegheny Techn ologies
TECHNICAL DATA SHEET
COMPOSITION (WEIGHT PERCENT) MAXIMUM IMPURITIES, WEIGHT %
Mame Zircaloy-2 Zircaloy-4 Mame Ziraaloy-2 Zirealoy4
NG Grade 0202 RE0G04 Aluminum 0.0075 Q.007%
Tin 120-170 120-170 Boran 000005 000005
Tron 007020 018024 Cadmium 0.00009 0.00008
Carbon 0.027 0.027
Chromium 0050.15 707013 e —
Nickel 0.03-0.08 Cobalt 0.0020 0.0020
Niobium - Capper 00050 00050
Oygen Per P.O. Per F.O. Hafmium 0.010 [0I)
Iren + Chromium + Nickel 0.18-0.38 Hydrogen 0.0025 0.0025
Iron + Chromium - 0.280.37 Iron - -
Fagnesium 00020 00020
Man ganese 0.0050 0.0050
Molybderum 00050 00050
Nickel - 0.0070
Mitrogen 0.0080 0.0080
A= il Ang Phosphorus -
:} Very similar composmon S‘“m':‘ O ST
of both alloys Tin -
Tungsten 0.010 0.010
Tizanium 0.0050 0.0050
Uranium [toral) 000035 0.00075
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Specimens A7

2 N = |

Cross-section
of as-received

Zry-2 with
100 pm inner
Zr liner
As-received Zry-2 and
Qrototype heater rody
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Specimen dimensions 4T

Zry-2
as-received

Zry-2
reamed

Zry-4
as-received

Zry-4 Heater
reamed tube

Outer
diameter
(mm)

11.14 11.13 10.74 10.73 9.5-9.6

Inner
diameter
(mm)

Wall
thickness
(mm)

9.82 10.22 9.37 9.83 8.1

0.660 0.455 0.682 0.451 0.75

Removal
(mm)

0.205 0.231

Sample height: 20 mm
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Thermal balance

ST

et s

Capillary
Zry-4
specimen
Y,0, plate Specimen
TC
ALO, plate High-temperature
furnace
Gas inlet
Ar/O,, N,, air
\s/agtlél:nm Analytical
Y balance
TG measuring head Thermobalance Mass spectrometer
NETZSCH STA 409 NETZSCH Aeolos
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Typical test conducts
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Gas concentration, %



Mechanical test setups

SiC-disks

specimen

specimen

Al,O5-plates

Ring compression test Tensile test
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Test matrix AT
e
B |sothermal oxidation
m  Specimens: As-received, swaged-down, reamed
m Temperatures: 600 - 1400 °C
® Durations: 10 min - 70 h — partial oxidation
B Transient oxidation
m Temperature: RT — 1400 °C
m Heating rates: 5 — 50 K/min
= According to SFP pre-test calculation results
B Mechanical testing
= Ring compression tests
m Tensile tests

m  Comparison between Zry-2, Zry-4, swaged-down heater cladding
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Oxidation of as-received claddings MT

tadmr o o e
140
120} {700°C
—— Zircaloy-2
100 Zircaloy-4
£
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£
< 6o}
w©t 3h
20
0 0 10600 20600 30(;00 40&00 50600 60600
Time, s
& Positive effect of inner Zr layer (but no effect in SFP tests)
B Comparable external oxidation
B Breakaway after ca. 3 hours
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Oxidation of heater rods MT

A adiehe oy ke
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® No effect of swage-down process on oxidation behavior of Zircaloy-4
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Oxidation of reamed claddings MT

Mass gain during isothermal oxidation in air e sy
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Oxidation of as-received and reamed claddings MT
Post-test examinations (Example from 1100°C tests) P i e

Zry-4, 15 min Zry-2, 15 min Zry-4, 45 min Zry-2, 45 min
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Am, g/mz

16

Oxidation of as-received and reamed claddings
Parabolic rate constants, comparison with literature data

In(k/(gm?s™®®)
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Transient oxidation
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Simulation of SFP pre-ignition tests MT
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18

Simulation of SFP test phase |
Test conduct

IT
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Simulation of SFP test phase | MT

Test results e e
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Mechanical properties MT

Ring compression tests =

3500

ring compression test on Zry tube segments (1 = 10 mm})
Zry-2 healing rod 2 |spiral)
3000 1

2500 1

2000 1

load [N]

1500 |

1000 -+

Zry<4 cladding
Zry-2 cladding

500 1

displacement [mm]
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Mechanical properties MT

Tensile tests e

800
tensile test on Zry tubes (I = 250 mm)

Zry-4 cladding
700 - 2zry.2 heating rod 1

600 T~
Zry-2 heating rod 2 [spiral)
—_ Zry-2 cladding
] {
a 500
=
@
g 400 4
7]
E-’ I
$ 3004
Zry-4 cladding Zry-1 cladding Zry-2 heating rod 1 Zry-2 heating rod 2 (spiral)
200 “Young's Modulus: 98 GPa 101 GPa 100 GPa
0.2 % proof siress: 515 MPa 392 MPa 589 MPa
100 4 tensile strength: 638 MPa 536 MPa 647 MPa
elongation afler fracture; 19.88 % 2633 % 3158 %
0 -+ 1
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
eng. strain (traverse) [%]
21 15.06.2011 SFP-PRG 3rd Meeting Martin Steinbriick KIT-IAM-AWP

Summary AT

A adiehe oy ke

| Very similar oxidation behavior of the two alloys Zircaloy-2 and
Zircaloy-4 and hence no concern regarding use of Zircaloy-2 for PWR
tests

B No effect of swage-down process on oxidation
B Only very low oxidation (2 um) of cladding during pre-ignition tests

B Strong influence of the time of self-ignition on the degree of pre-
oxidation and thus on amount of metal left for further oxidation

B Mechanical properties of as-received Zircaloy-4, Zircaloy-2, and heater
rods (Zry-2, swaged down) are different. The manufacturing of the
heater rods caused increase of strength and decrease of ductility.
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Finally... SAT
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& The financial support of this work by the SFP program is acknowledged

= Next QUENCH Workshop:
= Nov 22-24, 2011
a KIT, Karlsruhe, Germany
a quench.forschung.kit.edu

Thank you for your attention!
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