
lable at ScienceDirect

Nuclear Engineering and Technology 52 (2020) 1724e1731
Contents lists avai
Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate/net
Original Article
Low cycle fatigue properties of hydrogenated welding sheets of
ZreSneNb alloy using funnel-shaped flat specimens

Wei Lian-feng a, Bao Chen b, c, *, Wang Shi-zhong a, Zheng Yong a, Zhou Meng-bin a

a Science and Technology on Reactor Fuel and Materials Laboratory, Nuclear Power Institute of China, Chengdu, 610041, China
b School of Mechanics and Engineering, Southwest Jiaotong University, Chengdu, 610031, China
c Applied Mechanics and Structure Safety Key Laboratory of Sichuan Province, Southwest Jiaotong University, Chengdu, 610031, China
a r t i c l e i n f o

Article history:
Received 27 October 2019
Received in revised form
29 December 2019
Accepted 12 January 2020
Available online 16 January 2020

Keywords:
Low cycle fatigue
Funnel-shaped flat specimen
Welding sheets
Zirconium alloy
Probabilistic fatigue life curves
* Corresponding author. School of Mechanics and
tong University, Chengdu, 610031, China.

E-mail address: bchxx@163.com (B. Chen).

https://doi.org/10.1016/j.net.2020.01.011
1738-5733/© 2020 Korean Nuclear Society, Published
licenses/by-nc-nd/4.0/).
a b s t r a c t

Low cycle fatigue tests on the hydrogenated welding seam of ZreSneNb alloy at room temperature and
360 �C had been carried out by using the funnel-shaped flat specimens. The relationships between
nominal stress & strain directly measured across the funnel and local stress & strain at the root of the
funnel are given by considering cyclic plasticity correction. The results show that the fatigue resistance of
welding seam at room temperature is only slightly better than that at 360 �C. Probabilistic fatigue life
curves are obtained by using a two-parameter power function.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

ZreSneNb alloy is widely applied in the fuel cladding and the
elements of fuel assemblies in nuclear reactor. The fatigue prop-
erties of zirconium alloy play important role in the safety assess-
ment of nuclear fuel structures. Thin-walled tubes and thin sheets
of zirconium alloy are the most popular configurations used in the
manufacture of nuclear fuel structures. In the low cycle fatigue
(LCF) tests of thin sheets, researchers paid attention to the stability
of the specimen under compression loading. Nikulin et al. [1,2]
carried out the low cycle fatigue tests of zirconium alloy sheets with
the thickness of 0.5 mm using a dynamic mechanical analyzer
(DMA). The used specimen was a straight rectangular sheet. The
fatigue test based on DMA was conducted under the transverse
bending scheme in one plane at a constant level of stress using a
single cantilever grip. This method was quite different from the
traditional low cycle fatigue under strain controlling of the work
zone of specimen. To overcome the occurrence of buckling of
specimen under cyclic loading, Martin [3] firstly proposed a type of
funnel-shaped round rod that the work zone was designed as a
Engineering, Southwest Jiao-

by Elsevier Korea LLC. This is an
funnel to ease the instability of the specimen. Wisner et al. [4]
developed a type of funnel-shaped flat specimen to conduct the
low cycle fatigue tests of irradiated zirconium alloy plates with the
thickness of 1.27 mm. In these researches, the mean stress and
strain amplitude across the minimum cross section of the funnel
were used in the follow-up analysis of fatigue properties taking no
account of the difference of stress and strain gradient in this region.
Li et al. [5] used the funnel-shaped flat specimen to complete the
low cycle fatigue tests of textured zircaloy-4 by controlling the
radial strain amplitude at the root of the funnel. Tan et al. [6] and
Cai et al. [7] applied the same method to investigate the effect of
zirconium hydrides on the cyclic deformation behavior of
ZreSneNb alloys. However, the detail that how to transfer radial
strain amplitude to axial strain amplitude effectively had not been
explained in these works. Jia et al. [8] designed a modified funnel-
shaped flat specimen to carry out the low cycle fatigue test by
directly controlling the axial strain amplitude across the funnel, a
method to transfer the nominal measuring strain and stress to local
strain and stress at the root of the funnel had been established by
considering the correction of cyclic plasticity.

The low cycle fatigue properties of some types of zirconium
alloys using flat sheets [4e8] and round rod specimens [9e12] had
been widely studied in recent decades, but the researches on the
low cycle fatigue properties of welding sheets of zirconium alloys
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had not been reported yet. In the coolant water, the hydrogen dif-
fuses into Zr alloys. The hydrides precipitated when the content of
the dissolved hydrogen exceeded the terminal solid solubility. The
fatigue properties of Zr alloys were remarkably affected by the
hydrides. Tan et al. [7] investigated the effect of hydrides on the
cyclic deformation of ZreSneNb alloy at room temperature. The
cyclic softening and low cycle fatigue property was influenced, but
no influence on the back stress were observed. In the work of
Nikulin et al. [2], the presence of hydrogen in E110 alloy with amass
fraction up to 0.02% had positive effect on the fatigue resistance of
samples oriented transversely to the rolling direction but did not
affect the fatigue resistance of samples oriented along the rolling
direction. Zhou et al. [13] indicated that the hydrides had no affect
on the dynamic strain ageing of NZ2 alloy at 375 �C. Li et al. [14]
studied the effect of hydride orientation on the fatigue crack
behavior of Zr alloy cladding tube by using two types of specimen
configurations. The fatigue cracks initiated through the cracking of
hydrides. The circumferential hydrides cracks along the transeverse
directionwith the crack length close to the hydrides thickness. This
work will deal with the low cycle fatigue behavior of welding
Fig. 1. Schematic showing of welding thin plate of zirconium alloy.

Fig. 2. The distribution of hydrides in the
sheets of ZreSneNb alloy by referring the method developed by Jia
et al. [8]. The effect of temperature on the low cycle fatigue prop-
erties of the hydrogenated welding sheets of ZreSneNb alloy will
be discussed.

2. Experiments

2.1. Material and specimens

The welding sheets of ZreSneNb alloy were made by using the
technique of electron-beam welding. As shown in Fig. 1, the thick-
ness of the plate is only 4 mm, and the width of the welding seam
on the upper surface is about 3.5 mm, the width of the welding
seam on the opposite side in about 3 mm. The chemical composi-
tions (in wt. %) of ZreSneNb alloy are Sn 0.8~1.2, Nb 0.25~0.35, Fe
0.3~0.4, Cr 0.05~0.1, O 0.09~0.12, Zr balance. Before hydrogenating,
the welding sheets were firstly pickled chemically in the solution
composed by 30% H2O, 30% HNO3, 30% H2SO4 and 10% HF for
1e2 min to remove any traces of oxides and greasy dirt. Then the
welding sheets were cleaned up and dried when yellow bubbles
appeared on the surface of the sheets. After that, thewelding sheets
were hydrogenated in the LiOH solution with concentration of
1 mol/L at 360 �C in a high-pressure autoclave at a pressure of
18.6 MPa for 500 days. The resulting hydrogen concentration was
measured to be about 350 ppm. As shown in Fig. 2, many thin oval-
shaped hydrides are observed in the zone of base material and
welding seam. In the zone of basematerial, most of the hydrides are
oriented in the horizontal direction. However, the hydrides orien-
tation in the zone of welding seam is mixed. On the left side of
fusion zone, some of the hydrides orientation are normal to the
fusion line, but most of the hydrides orientation are parallel to the
fusion line on the right side of fusion zone.

To get the uniaxial stress-strain curve of the welding sheet, a
series of tensile specimens are extracted from the zones of base
material and welding seam, respectively. The configurations of the
welding sheets of ZreSneNb alloy.



Fig. 3. The configurations of the tensile specimens of the welding sheet.

Fig. 4. The funnel-shaped flat specimen used for LCF testing.
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Fig. 6. The scene of LCF testing of the funnel-shaped flat specimen.
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tensile specimens for base material and welding seam are given in
Fig. 3. The thickness of the two types of tensile specimens are all
2 mm. Especially for the specimen of welding seam, the working
zone with the width of 3 mm is made of welding seam, but the grip
ends are composed of base material and welding seam.

It is impossible to directly get a standard configuration of fatigue
specimen from the welding zone of the welding sheet because of
size limitation. A type of funnel-shaped flat specimen is designed to
carry out LCF tests in order to avoid compression plasticity insta-
bility under cyclic loading, as shown in Fig. 4. In the specimen, only
the zone at the root of the funnel is completely made of welding
seam material, the other zone is composed of base material and
welding seam respectively. The width of the zone at the root of the
funnel and the thickness of the specimen are designed to be 3 mm
and 2 mm according to actual dimension of the welding seam. By
using this type of specimen, LCF test is performed by controlling the
nominal strain across the funnel. Not the nominal strain but the
strain of the weakest point at the root of funnel is appropriate to be
used in the analysis of LCF properties of the welding seam. By using
the strain of weakest point of the funnel-shaped flat specimen, the
result of LCF test should be consistent with that estimated by using
standard fatigue specimen.

2.2. Experimental procedure

An exclusive apparatus is designed to conduct LCF tests of the
funnel-shaped flat specimen at room and elevated temperature, as
shown in Fig. 5. The strain extensometer MTS 54F-14 was mounted
at two sides of the funnel to control the nominal strain across the
funnel in the LCF testing, its gauge length was 12 mm and full scale
of strain was 20%. The LCF tests on the welding seam at ambient
temperature and 360 �C were carried out on an electro-hydraulic
serving system MTS 809 with a load capacity of 25 kN. For the
LCF testing at elevated temperature, the specimenwas heated by an
atmospheric resistance furnace UGK-75G. The uniform tempera-
ture zone of this furnace kept within 50 mm. The temperature of
the specimen was measured by a thermograph Detu 925 by
installing the thermocouple at the root of the funnel-shaped flat
specimen. The specimen was heated to 360 �C and maintained for
20 min. A series of symmetric tension-compression strain con-
trolling cyclic loading were performed on the specimens, i.e., the
load ratio of minimum strain to maximum strain is �1. The strain
rate remained at 0.008s�1 during LCF testing. The fatigue tests
terminated when the drop of the responsing stress amplitude
exceeded 20% or the specimen fractured. Fig. 6 shows the scene of
LCF testing of the funnel-shaped flat specimen. The nominal strain
amplitudes DεT/2 and specimen quantity applied in the LCF tests at
room and elevated temperature are listed in Table 1.

3. The method of the estimation of fatigue properties based
on the funnel-shaped flat specimen

Asmentioned above, the nominal strainwasmeasured across the
Fig. 5. The exclusive apparatus for the funnel-shaped flat specimen.
funnel. It is well known that the local stress and strain at the root of
funnel is much bigger than the nominal stress and strain because of
stress concentration. Here the nominal stress is defined as the
applied load divided by the net area at the root of the funnel. It is
necessary to get the relationships of nominal stress versus local
stress, and nominal strain versus local strain aiming tofigure out the
real level of deformation of thematerial during cyclic loading. These
relationships can be easily determined by using elastic-plastic finite
element analysis (EPFEA) of the funnel-shaped flat specimen, but
the effect of cyclic plasticity on the specimen deformation must be
taken into account. Therefore, the cyclic stress-strain relation should
be used in the EPFEA in place of the uniaxial stress-strain relation.
Before that, the cyclic stress-strain relation needs to be estimated by
some iterativeEPFEA. In theprocedureof iterative analysis, the cyclic
stress-strain relation is determined when the simulated nominal
cyclic stress-strain curvematchwellwith the experimental one. The
experimental nominal cyclic stress-strain curve is determined by
joining thevertexof the stablenominal stress-strainhysteretic curve
with different level of strain amplitude. The detailed procedure of
interative analysis is given in the flow chart in Fig. 7.

A commercial code ANSYS14.5 was employed to perform the
EPFEA of the funnel-shaped flat specimen in order to get the cyclic
stress-strain relation and the relationship of nominal stress&strain
versus local stress&strain at the root of the funnel. Fig. 8 gives the
finite element model of the funnel-shaped flat specimen. The finite



Table 1
The loading procedure of LCF tests.

Test temperature Nominal strain amplitude Dε/2 (mm/mm) Load frequence f (Hz) Specimen quantity

Room temperature 0.005 0.4 3
0.0045 0.444 2
0.004 0.5 3
0.0035 0.571 2
0.003 0.667 2

360 �C 0.004 0.5 3
0.0037 0.541 2
0.0035 0.571 2
0.0033 0.606 2
0.003 0.667 3
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element model was constructed under plane stress by using Plane
183 element because of the relatively thin thickness of the spec-
imen. To get more accurate result, the mesh within the range of the
funnel was refined. The minimum size of 2D element is
0.2mm � 0.2mm. One end of the specimen was fixed, and
displacement-type load was applied on the other end. The rate
independent multiple linear material constitutive model was
adopted in the finite element analysis by using the experimental
uniaxial stress-strain curves of base material and welding seam.
Fig. 7. Flow chart of low cycle fatigue analy
4. Results and discussion

4.1. Uniaxial stress-strain curves

Fig. 9 and Fig. 10 give the uniaxial stress-strain curves of base
material and welding seam at room temperature and 360 �C,
respectively. A little data scatter can be seen in these curves for the
same material at the same test temperature. Table 2 lists the me-
chanical properties of base material and welding seam at different
temperature. The elastic modulus is determined by the slope of the
sis of the funnel-shaped flat specimen.



Fig. 8. Finite element model of the funnel-shaped flat specimen.

Fig. 9. Tensile stress-strain curves of base material at different temperature.

Fig. 10. Tensile stress-strain curves of welding seam at different temperature.

Table 2
The mechanical properties of base material and welding seam of zirconium alloy.

Material Temperature Specimen No. Elastic mod

Base material Room temperature 1# 88426
2# 94639
3# 91601

Welding seam 1# 89851
2# 85703
3# 92693

Base material 360 �C 1# 84425
2# 87007

Welding seam 1# 60345
2# 74748
3# 57268

Fig. 11. The cyclic stress-strain relations of the funnel-shaped flat specimen at room
temperature and 360 �C.
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stress-strain curve in the stage of elastic deformation by using least
square method. The stress-strain curves of base material and
welding seam at different temperature were inputed in the EPFEA
to calibrate the cyclic stress-strain curves of the funnel-shaped flat
specimen under cyclic loading.

4.2. The relationship between nominal stress&strain and local
stress&strain at the root of the funnel

Fig. 11 gives the cyclic stress-strain curves of the funnel-shaped
flat specimen for welding seam of zirconium alloy at different
temperature. The simulated curves show good agreement with the
experimental curves. Fig. 12 shows the relationship between
nominal stress and local stress at the root of the funnel and the
relationship between nominal strain and local strain at the root of
the funnel at room temperature and 360 �C, respectively. These
relationships can be expressed uniformly as follows,

�
εT ¼ c11ðεNÞ2 þ c12εN þ c13
sT ¼ c21ðsNÞ2 þ c22sN þ c23

(1)

where εT is local strain at the root of the funnel, εN is nominal strain,
sT is local stress at the root of the funnel, sN is nominal stress. The
parameters of Eq. (1) for the funnel-shaped flat specimen used in
this work are listed in Table 3.

4.3. Fatigue life curves

Based on the above discussed conversion relationship, the
nominal stress&strain can be converted to local stress&strain at the
ulus E/MPa Yielding stress sp0.2/MPa Ultimate strength sb/MPa

580 606
575 599
574 601
424 527
416 510
457 558
429 445
383 426
227 313
227 304
237 322



Fig. 12. The stress&strain conversion of the funnel-shaped flat specimen at different
temperature.

Fig. 13. The DεT/2~2Nf curves for welding seam of zirconium alloy at room tempera-
ture and 360 �C.
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root of the funnel, then the relationship between the real strain
amplitude DεT/2 and the fatigue life 2Nf can be consequently
determined. Fig. 13 gives the curves of DεT/2 versus 2Nf for welding
seam of zirconium alloy at room temperature and 360 �C, respec-
tively. The results show that the DεT/2~2Nf curve at 360 �C is only a
bit lower than the curve at room temperature, it means that the
resitance against fatigue of welding seam of zirconium alloy at
room temperature is only slightly better than that at 360 �C. At
room temperature, the hydrides distributed in the welding seam
may lead fatigue failure of the specimen earlier, but the hydrides
may partially dissolve when the specimen bears cyclic loading at
high temperature and the fatigue properties of welding seam
enhance consequently.

In the DεT/2~2Nf curves, data scatter can be observed evidently.
To check the probability of the DεT/2~2Nf curves, a two-parameter
power function is now used to describe these curves,

2Nf ¼CðDεT=2Þm (2)

Using the expression of logarithm, it becomes
Table 3
The parameters of Eq. (1).

Temperature c11 c12 c13

Room temperature 241.40 0.65322 3.2357 �
360 �C 259.32 0.88538 1.2748 �
lg
�
2Nf

�
¼ lg C þm lgðDεT =2Þ (3)

Set X ¼ lg(DεT/2), Y ¼ lg(2Nf), A ¼ lgC, the probabilistic rela-
tionship of DεT/2~2Nf is formulated as,

Yp¼Ap þmpX (4)

As known to all, the fatigue life 2Nf at the given level of DεT/2
generally obeys log-normal distribution, so Eq. (4) can be re-
expressed in the form of mean value and standard deviation,

Ym ¼Am þmmX (5)

Ys¼As þmsX (6)

where the subscript m and s denote mean value and standard de-
viation. According to the characteristic of log-normal distribution, it
gets

Y ¼Ym þ ZpYs (7)

where Zp is fractile of standard normal distribution. By Substituting
Eqs. (5) and (6) into Eq. (7), the p-DεT/2~2Nf relationship can be
determined,

lg
�
2Nf

�
¼Am þm1mlgðDεT =2Þ þ Zp½As þm1slgðDεT =2Þ� (8)

The probability density function f(Y) can be expressed as,

f ðYÞ¼ 1ffiffiffiffiffiffi
2p

p
Ys

exp

"
� 1
2

�
Y � Ym
Ys

�2
#

(9)

By considering the randomness of the whole records of low
cycle fatigue tests, the likelihood function FL can be constructed
accord to (2Nf i, DεT/2i) (i ¼ 1,2, …,n) pairs,

FL ¼
Yn
i¼1

f ðYiÞ¼
Yn
i¼1

(
1ffiffiffiffiffiffi

2p
p

Ysi
exp

"
� 1
2

�
Yi � Ymi

Ysi

�2
#)

(10)
c21 c22 c23

10�4 �6.6196 � 10�4 1.3186 �7.8140
10�4 �9.6030 � 10�4 1.2767 �3.2256



Fig. 14. The p-DεT/2~2Nf curves of welding seam of zirconium alloy at room temper-
ature and 360 �C.

Table 4
The parameters of Eq. (8) at different temperature.

Temperature Am mm As ms

Room temperature �5.495 �4.346 0.9664 0.3724
360 �C �7.072 �5.037 0.3596 0.1090
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Here, the parameters Am and mm can be determined by fitting all
the experimental records using Eq. (5). The parameters As and ms

are determined by using mathematical programming method
while the likelihood function Fl gets the maximum value.

Fig. 14 gives the probabilistic DεT/2~2Nf curves of welding seam
of zirconium alloy at room temperature and 360 �C. Table 4 lists the
parameters of Eq. (8) of welding seam of zirconium alloy at
different temperature. At room temperature, the test records of
DεT/2 versus 2Nf are completely surrounded by the probabilistic
curve with p ¼ 99%, but the envelope of the records at 360 �C is
probabilistic curve with p ¼ 99.9%. It is indicated that slightly
greater dispersion of test records is presented at 360 �C comparing
with the test records at room temperature.

5. Conclusions

The type of funnel-shaped flat specimen was employed to carry
out low cycle fatigue tests of welding sheets of ZreSneNb alloy in
consideration of the possible occurrence of bulking of the thin
sheet under cyclic loading. The relationships between nominal
stress&strain and local stress&strain at the root of the funnel have
been obtained by iterative EPFEA. The hydrides lead to the decrease
of fatigue life of the specimen at room temperature, but the fatigue
properties of hydrogenated welding seam enhance slightly because
of the partial dissolution of hydrides at high temperature. There-
fore, the resistance against fatigue of the welding seam of zirco-
nium alloy at room temperature is only slightly better than that at
360 �C. The probabilistic curves of local strain amplitude versus
reversals to failure are obtained by using a two-parameter power
function.
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