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Low-cycle fatigue testing was conducted on annular samples with an outer diameter of 9.13 mm, a
wall thickness of 0.68 mm and a width of 2.7 mm, namely: non-hydrogenated samples (cut out of standard
Zr-1%Nb cladding tubes); hydrogenated samples with a hydrogen concentration of 50 ... 400 ppm; samples
cut out from hydrogenated dummy claddings after hydride reorientation tests performed according
to various test modes. The tests were conducted at the temperatures of 25, 180, 350, 400 and 450 °C.
The results obtained demonstrate that with increasing the hydrogen content in Zr-1%Nb alloy claddings the

fatigue life increases.
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Introduction

During reactor operation, fuel rod cladding is
exposed to certain impacts, including vibration
loads, internal pressure of gaseous fission products,
fuel swelling pressure, thermal stresses in cladding,
fuel-cladding frictional force, coolant pressure.
Periodically recurring loads also take place during
subsequent SNF handling [1]. Based on the function
(nuclear fuel protection both during reactor
operation and while SNF handling) and the risk
of consequences of fuel rod leakage, a number
of requirements are specified for the cladding,
including the fatigue strength requirements: the
strength criterion SC4 (fatigue strength and long-
term cladding strength) [2]. During reactor operation,
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zirconium fuel rod claddings accumulate hydrogen,
which is one of the main performance degradation
factors during further SNF handling. The effect of
hydrogen on mechanical properties depends on
many factors: its state (solid solution or hydrides),
hydride orientation (tangential or radial), testing
temperature etc. 3]. These factors determined the
testing and investigations performed, the results of
which are provided in this paper.

Materials and Methods

The samples for the fatigue tests were
& 9.13x 0.68 mm rings, 2.7 mm wide with a slit
width corresponding to the transverse strain value.
The low-cycle fatigue tests (LCF) were carried out
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by transverse deformation of C-shaped samples
(cylinders cut along the axis) at the temperatures of
25,180,350,400and 450°C.Thecriterionforassessing
the low-cycle fatigue resistance of the samples was
the number of cycles to failure. A facility diagram,
a method used for low-cycle fatigue testing, an
electromechanical circuit forautomatic recording the
number of cycles to failure, and fatigue test samples
are provided in [4], [5]. The frequency of cycles was
~ 0.2 Hz. The majority of tests were conducted at the
strain amplitude of 9.75x 1073,

Effect of Hydrogen and Hydride Orientation
on Low-Cycle Fatigue Resistance of Zr-1%Nb
Fuel Rod Claddings

The set of tests and investigations performed
included:

- metallographic studies of hydride morphology
in the samples prepared for low-cycle fatigue testing;

- conduct of low-cycle fatigue testing;

- fracture pattern study (point of fracture imaging
at 50x magnification) and analyzing images of
samples with various hydrogen content after low-
cycle fatigue testing;

- investigation of hydride morphology near
fracture (performed on all samples subjected to low-
cycle fatigue testing).

The fatigue testing was performed on annular
samples with an outer diameter of 9.13 mm, a wall
thickness of 0.68 mm and a width of 2.7 mm:

- samples cut out from Zr-1%Nb cladding tube in
as-received state;

- hydrogenated samples (with a hydrogen content
of 50, 100, 200, 300 and 400 ppm)

- hydrogenated samples (up to 300 ppm), cut
out from Zr-1%Nb fuel rod dummies under internal
pressure (**P = 5 MPa), subjected to hydride
reorientation tests in the modes:

heating to 410 °C at the rate of 10 °C/min
— holding for 8 hours — cooling at the rate of
~2...4°C/min (mode 1);

heating to 410 °C at the rate of 10 °C/min —
holding for 3 hours — cooling to 300 °C at the rate of
~ 2...4°C/min and 3 subsequent thermal cycles with
holding for 1.5 hours at 410 °C and for 1 hour at 300 °C
(mode 2);

heating to 410 °C at the rate of 10 °C/min —
holding for 3 hours — cooling to 180 °C at the rate of
~ 2...4°C/min and 3 subsequent thermal cycles with
holding for 1.5 hours at 180 °C (mode 3).

Tables 1-5 present the results of LCF tests of non-
hydrogenated annular samples cut out from a Zr-1
%Nb cladding tube in as-received state and tested
at the temperatures of 25, 180, 350, 400, 450 °C,
oscillation frequency of ~ 0,2 Hz and strain amplitudes
of 1.3x102-9.75x103.

ISSN 2073-6321. AAgepHa Ta pagiauiriHa 6e3neka 4(92).2021

Table 1 - Number of cycles to failure (N) of non-
hydrogenated Zr-1%Nb cladding tube samples
during fatigue testing at 25 °C. Oscillation frequency:

0.2 Hz
sample No Strf';\in Number of

amplitude cycles
1 1.3x1072 1442
2 1.3x10? 1556
3 1x107 4088
4 9.75x10 4668
18 9.75x1073 4798
30 9.75x103 5300

Table 2 - Number of cycles to failure (N) of non-
hydrogenated Zr-1%Nb cladding tube samples
during fatigue testing at 180 °C. Oscillation

frequency: 0.2 Hz

Strain Number of
Sample No .
amplitude cycles
5 1.3x1072 1448
7 9.75x103 3968
8 9.75x1073 3961

Table 3 - Number of cycles to failure (N) of non-
hydrogenated Zr-1%Nb cladding tube samples
during fatigue testing at 350 °C. Oscillation

frequency: 0.2 Hz

sample No Strgin Number of

amplitude cycles
14 1.3%10%? 1006
15 1.3%10%? 1230
13 1.3%10%? 1298
10 1x1072 2500
17 9.75x103 2750
12 7.5x10° 8500

Table 4 - Number of cycles to failure (N) of
non-hydrogenated Zr-1%Nb cladding tube
samples during fatigue testing at 400 °C. Oscillation

frequency: 0.2 Hz

S
NR

C
S

Strain Number of
Sample No )
amplitude cycles
49 9.75x103 1895
74 9.75x1073 2697
76 9.75x103 2160
S S T°C | rcommmmrosormmmm
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Table 5 - Number of cycles to failure (N) of non-
hydrogenated Zr-1%Nb cladding tube samples
during fatigue testing at 450 °C. Oscillation
frequency: 0.2 Hz

Table 8 - Number of cycles to failure (N) of
hydrogenated Zr-1%Nb cladding tube samples
during fatigue testing at 350 °C. Oscillation
frequency: 0.2 Hz

Strain Number of
Sample No .
amplitude cycles
54 9.75x103 1905
55 9.75x1073 1105
75 9.75x1073 1980

The results obtained demonstrate that with
increasing the temperature, the number of cycles to
failure decreases. This result indicates an insignificant
decrease in the ductile properties of the material at
the oscillation frequency of 0.2 Hz and the strain
amplitudes of 1.3x10%-9.75x1073,

Tables 6-10 provide the results of LCF tests of
hydrogenated annular samples (with the hydrogen
content of 50, 100, 200, 300 and 400 ppm) cut out
of Zr-1%Nb fuel rod claddings and tested at the
temperatures of 25, 180, 350, 400, 450°C, oscillation
frequency of 0.2 Hz and strain amplitude of 9.75x1073.

Table 6 - Number of cycles to failure (N) of
hydrogenated Zr-1%Nb cladding tube samples
during fatigue testing at 20 °C. Oscillation frequency:

0.2 Hz

st | g | ol | ke
19 50 9.75x103 4360
20 50 9.75x103 5760
21 100 9.75x103 7563
22 100 9.75x103 7741
23 200 9.75x103 6220
24 200 9.75x103 7920
26 300 9.75x103 6840
27 400 9.75x103 11400
28 400 9.75x103 7920

Table 7 - Number of cycles to failure (N) of
hydrogenated Zr-1%Nb cladding tube samples
during fatigue testing at 180 °C. Oscillation
frequency: 0.2 Hz

Sample [Hitppm Strgin Number
No amplitude | of cycles
17 50 9.75x103 3240
12 100 9.75x103 3405
13 200 9.75x103 3680
14 300 9.75x103 3240
15 400 9.75x103 4320

9 200 1.0x103 3200
11 200 7.5x10° 10100
43 300 9.75x103 3540

Table 9 - Number of cycles to failure (N) of
hydrogenated Zr-1%Nb cladding tube samples
during fatigue testing at 400 °C. Oscillation
frequency: 0.2 Hz

Sample [Hltopm Strain Number
No PP amplitude | of cycles
70 50 9.75x103 3400
71 100 9.75x103 3210
72 300 9.75%1073 3240
73 400 9.75x103 3288

Table 10 - Number of cycles to failure (N) of
hydrogenated Zr-1%Nb cladding tube samples
during fatigue testing at 450 °C. Oscillation
frequency: 0.2 Hz

Sample Hitppm Strgin Number
No amplitude | of cycles
56 50 9.75x10° 2600
57 100 9.75x10° 2200
58 200 9.75x103 2340
59 300 9.75x103 2520
60 400 9.75x10° 2460

Sample No [H] Strain Number of The results obtained demonstrate that at room
tppm | amplitude cycles temperature, the fatigue resistance increases with
42 300 9.75%10° 5430 increasing the hydrogen content up to 400 ppm,
while at the temperatures above 350 °C, the fatigue
33 300 9.75x10° 6702 resistance decreases.
S
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Tables 11-13 show the results of LCF tests
conducted on annular samples cut out from
hydrogenated (300 ppm) dummy claddings
tested under internal pressure (P293=5 Pa) in the
modes 1-3.

Analysis of the data given in tables 1-10 shows:

- with increasing the test temperature, the
number of cycles to failure decreases;

- with increasing the strain amplitude, the
number of cycles to failure decreases;

- at the temperatures of 350, 400, 450 °C, the
fatigue resistance of hydrogenated samples slightly
increases as compared to non-hydrogenated ones
(Figure 1);

- at room temperature and at 180 °C, the fatigue
resistance of Zr-1%Nb claddings increases with
increasing the hydrogen content.

Analysis of the data from Tables 1 - 10 and
Tables 11-13 demonstrate that:

- a significant hydride reorientation, which occurs
in the claddings with increasing the hydrogen
content up to 400ppm, does not lead to a decrease in
the fatigue resistance at 25, 180 and 350 °C (Figure 2).

Figures 3-4 show typical results of metallographic
studies of cross sections of dummy claddings,
damaged samples in the area adjacent to the
fracture surface, along with the results for the same
samples before fracture.

Figure 3 shows a hydride orientation typical of the
dummy claddings before the hydride reorientation
test (tangential, set by the manufacturing technology).

Figure 4 shows reoriented hydrides cut out from
hydrogenated (400 ppm) cladding of dummy No 48
tested for hydride reorientation in the mode 2.

Table 11 — Number of cycles to failure during low-cycle fatigue testing of samples cut out of dummy claddings
with a hydrogen content of 300 ppm tested in the mode 1

Sample No FN e test T..°C Strain amplitude No of cycles Sfter st
35 0.68 20 9.75x103 9360 0.42
36 0.74 20 9.75x103 10500 0.46
38 0.7 350 9.75x10 2520 0.41

Table 12 — Number of cycles to failure during low-cycle fatigue testing of samples cut out of dummy claddings
with a hydrogen content of 300 ppm tested in the mode 2

Sample No FN e test T..'C Strain amplitude No of cycles FN et
39 0.67 20 9.75x103 10400 0.5
41 0.86 180 9.75%x1073 5380 0.48
42 0.74 350 9.75x10? 3380 0.52

Table 13 — Number of cycles to failure during low-cycle fatigue testing of samples cut out of dummy claddings
with a hydrogen content of 300 ppm tested in the mode 3

Sample No N efore test st Strain amplitude No of cycles Sfter st
46 0.92 20 9.75x103 10080 0.49
45 0.94 180 9.75x103 5510 0.57
49 0.78 20 9.75x10 10400 0.65
47 0.82 180 9.75x103 6100 0.49
48 0.96 350 9.75x103 3240 0.53
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Figure 1 - Fatigue curves of Zr — 1 % Nb cladding tube material at 350 °C: M- Zr-1%Nb alloy, #- Zr-1%Nb alloy with a
hydrogen content of 200 ppm
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Figure 2 - Number of cycles to failure N_dependence on temperature: 4 - 20, ®-350,+ - 400, O0- 450 °C) and hydrogen
content (0 - 400 ppm). Reoriented samples A - No 35, No 36, No 46, No 49,% - No 42, No 48

Figure 3 - Hydrides in Zr-1%Nb claddings with hydrogen Figure 4 - Sample No 48: 400 ppm, P 293=5.0 MPa,
content of 200 ppm, Fn = 0.08. Hydride morphology typical 3 thermal cycles 410<>300 °C, Fn= 0.96
of hydrogenated dummy claddings
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Figure 5 - A sample with a hydrogen content of 400 ppm damaged during fatigue testing (oscillation frequency: 0.2 Hz, strain
amplitude: 9.75 x 103). Number of cycles to failure: 10410. A typical example of ductile fracture

Figure 6 — Ductile fracture. A sample with hydrogen content of 400 ppm damaged during fatigue testing
(oscillation frequency: 0.2 Hz, strain amplitude: 9.75 x 103). Number of cycles to failure: 10410

Figures 5 and 6 show typical ductile fracture after
LCF testing.

As can be seen from the comparison of hydride
morphology in Figures 3-4, the tests conducted in
the modes used in this work lead to a significant
hydride reorientation over the entire dummy fuel
rod cladding, as well as to changing the hydride
orientation coefficient in the area adjacent to the
fracture surface.

It has to be noted that after the fatigue tests,
the hydride orientation coefficient ranges within
0.5 - 0.6. There is the reason to believe that during
the fatigue tests (and most likely, during other types
of strain exposures), a “strain-induced” hydride
reorientation takes place, which is of considerable
independent interest, both fundamental and
practical. For a better understanding, there is a need
for a focused and detailed study.

Based on all results obtained for the samples
cut out from the claddings with various hydrogen
content of 50...400 ppm tested for hydride
reorientation in the modes simulating handling
operations with a limiting heating up to 410 °C
and accidents with 3 thermal cycles 300 <> 410 °C
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(180 <> 410 °C) further subjected to the low cycle
fatigue testing at 20, 180, 350 °C with various
number of cycles, we can state with the confidence
that all tested claddings underwent ductile fracture,
which confirms retention of the ductile properties of
the material.

Conclusion

The effect of hydrogen and hydride orientation
on the low-cycle fatigue resistance of Zr-1%Nb
cladding tubes at 20, 180, 350, 400, 450 °C at a
hydrogen content increased to 400 ppm was
investigated. Based on the investigation results it
can be concluded that:

- hydrogenation of Zr-1%Nb claddings increases
their fatigue life which may be associated with
increasing the material strength;

- hydride reorientation does not affect the fatigue
resistance of Zr-1%Nb claddings;

- the fatigue strength increases with decreasing
the test temperature, which is in agreement with the
results of [6].
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Bnnuns BoaHI0, OpieHTaLii rigpuais Ta
TeMmnepatypu Ha onip ManouNKIOBOI BTOMU
o6onoHokK TBeniB 3i cnnasy Zr-1%Nb

Pepkina I. M., FpuuuHa B. M., Knumenko C. 1.,
YepHsaesa T.M.

HauioHanbHWI HayKOBUIA LEHTP
«XapKiBCbKUMN Bi3NKO-TEXHIUHUN IHCTUTYT»
HaykoBo-TexHiuHnn Komnnekc «AgepHun
NanunsHun Lukn», m. Xapkis, YKpaiHa

YMOBWN HaBaHTakeHHA OOONIOHOK TBeniB nif
yaCc MOBOAKEHHA 3 BiANPaUbOBaHMM AAEPHUM
NnanMBOM, Pi3HOMAHITHICTb MexaHi3MiB X gerpagauii
Jye YCKNagHKTb [iarHOCTUKY iX  XapakTepy

MOLWKOAXYBAHOCTI i pyWHyBaHHA. Pi3Hi Buawn
Hanpy»eHoro CTaHy 3 ypaxyBaHHAM CTPYKTYPHOro
CTaHy  Mmarepianis, MiLHOCTI i NNAaCcTUYHUX

BNacTMBOCTEN Yy npoueci Npu3BoAATb [0 Pi3HMX
BMAiB gedekTiB. TaKoX BENUKY POJb Bifirpae BOAEHb,
NPUCYTHIi B OOONOHKax TBefa BiAMpPaLbOBaHOIO
AQEPHOro NanvBa, AK Y BUrNALi BOAHIO, TaK i y BUrnAgi
rigpvais.
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Onip ManouMKOBI BTOMi € OOHI€0 3 OCHOBHUX
XapaKTepUCTUK MiLLHOCTI KOHCTPYKUIMHMX MaTepianis,
WO 3a3HalTb Nig Yac ekcnnyartauil UMKNIYHKX
HaBaHTAKEeHb.  XapakKTePUCTUKN  MANOLUKIOBOI
BTOMU 3aTpebyBaHi Mif Yac po3paxyHKIiB Ha MiLlHICTb
i pecypc, a TakoX nig 4Yac MOPIBHAHHA MORIOHYKX
MaTtepianiB. BunpobyBaHHs Ha ManoLMKIOBY BTOMY
30iMCHIOITbCA B MMACTUYHI obnacTi, To6To nig vac
HaBaHTaxeHb abo pedopmalii, WO MepeBuLLyOTb
MeXXy NIMHHOCTI MaTepiany. KepyBaTtu i KOHTposOBaTH
npoLec BUnpobyBaHb MOXHa, BUKOPVCTOBYOUM OfVH
3 1BOX NMapaMeTpiB — HanpyxeHHA abo aedopmaliii.
AKTyanbHMUM €  [OCNIAXEHHA |  BU3HAYeHHA
XapaKTepUCTUK ManouMKIOBOI BTOMW 3a 3afaHol
gedopmauii. OTprMMaHi [O HUHIWHBOrO Yacy pAaHi
3 UbOro MNUTaHHA BefbMW OBMeXeHi i HanexaTb
nepeBaXkHO A0 CMaBiB LMpPKanon.

Y uim cTaTTi HaBefeHO BMNPOOYBaHHA Ha
MasioOUMKIOBY BTOMY Ha KilbLueBMX 3paskax 3i
cnnasy Zr-1%Nb i3 30BHilWHiIM giameTpom 9,13 Mm,
TOBLUMHOW CTiHKM 0,68 MM i wWupuHOW 2,7 MM:
HerigpoBaHMX (BUpi3aHUX 3 LWTAaTHUX OOONOHOK
Tpy6 Zr-1%Nb), rigpoBaHWx 3 BMIiCTOM BOAHIO
50 ... 400 ppm (BMpi3aHuX 3 rigpoBaHMX 060NOHOK
MaKeTiB MnicnA BMNpPOOyBaHb Ha NepeopieHTaLilo
rigpugie no pisHUX pexnmax). BrunpobyBaHHs
nposogunnnca npmu temneparypax 25, 180, 350, 400
i 450 °C. 3rigHO 3 OTpUMaHMMK pe3ynbTaTamu, 3
NigBYLLEHHAM BMICTYy BOAHIO B 00GOMOHLi 3i cnnasy
Zr-1%Nb cnoctepira€Tbcs nigBMWEHHA BTOMHOI
[OBroBiYHOCTI.

Kntouosi cnoBa: BOAeHb, BOOQHEBE OKPUXYEHHSA ,

rigpuan, nepeopieHTauia rigpugis, cnnae Zr-1%Nb,
«CyXxe» CXOBNLLEe, BTOMA.
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