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ARTICLE INFO ABSTRACT
Keywords: Hydrogen absorption and hydride formation in zirconium (Zr) alloys is a well-known issue and has been
Finite element method extensively studied in the past. Hydrogen has an impact not only on the strength but also on the fracture
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toughness of Zr alloys. As various Zr alloys are used for manufacturing the core components of nuclear reactors,
such as nuclear fuel claddings, fuel channels, fuel assemblies, fixtures, and etc., their structural integrity has a
great impact on the safety and reliability of the whole nuclear power plant. Furthermore, the hydrogen ab-
sorption ageing mechanism retains its significance not just during reactor operation but also throughout
decommissioning and storage of spent nuclear fuel, especially when sufficient levels of absorbed hydrogen
concentrations are reached, potentially leading to a delayed hydride cracking mechanism. Assessing the impact
of hydrogen absorption on the strength of zirconium alloys typically involves time-consuming, costly, and
sample-intensive experimental studies. Consequently, there is a demand for alternative research approaches. This
article introduces the methodology to evaluate the fracture toughness of the Zr-2.5Nb alloy with varying
hydrogen concentrations.

corrosion of Zr alloys, as a side effect, hydrogen is produced, which is
later absorbed by fuel channels and fuel claddings. In the o phase of
zirconium, the solubility limit of hydrogen is extremely low, measuring
less than 1 ppm at room temperature, around 70-80 ppm at 300 °C, and
around 200 ppm at 400 °C (Kearns, 1967; Motta et al., 2019). When the
hydrogen concentration exceeds the solubility limit, hydrogen and zir-
conium form a brittle hydride in the zirconium matrix (Suman et al.,
2015) resulting in degradation of the physical and mechanical proper-
ties of the alloy. At low temperatures, the brittleness increases, and at
reactor operating temperatures, FC or fuel claddings can begin to crack
due to the delayed hydride cracking (DHC). It is a consequence of the
hydrogen absorption ageing mechanism. DHC is a crack growth mech-
anism met in materials with hydrides, where brittle hydrides migrate to
the higher stress region, usually to the tip of the initial flaw, and under
load a small portion of the material is braking (cracking). As a result, a
small growth of crack is obtained (IAEA, 2004). DHC has been identified
in the pressure tubes and fuel channels of many reactors and has been
the main reason for their damage (IAEA, 2006; Ivanova, 2002). There
are also known cases of DHC in CANDU pressure tubes in Canada
(Cheadle et al., 1987) and damage to the FC of RBMK reactors (Platonov
et al., 1988) caused by the DHC mechanism.

The first time DHC was observed in the pressure tubes of Canadian
CANDU reactors. In light-water reactors, the DHC mechanism was
discovered only in the late 90s. It was found in high-burnup fuel

1. Introduction

Zirconium alloys are used for the production of pressure tubes, fuel
cladding, fuel assemblies, and fasteners in nuclear power plants (NPP).
Zr-2.5Nb alloy is used in the production of pressure tubes and fuel
channels (FC) of Russian high-power channel-type reactor (RBMK),
Canadian pressurized heavy-water reactor (CANDU), Karachi nuclear
power plant (KANUPP), Japan nuclear reactor (FUGEN) and other types
of reactors (Ishizuka et al., 2003; Almenas et al., 1998; Cheadle et al.,
1996). Zry-2, Zry-4, or Zr-1Nb alloys are usually used in the production
of nuclear fuel claddings (IAEA, 2006). Fuel claddings are important
structural elements of the active reactor zone and, like fuel channels, are
subject to high operational reliability and durability requirements. Zir-
conium alloys function under rigorous conditions, boasting a low ther-
mal neutron absorption cross section, excellent corrosion resistance, and
favourable physical as well as mechanical properties. However, like
other structural materials, zirconium alloys do age during operation, i.
e., their properties change over time. The ageing mechanisms that affect
the Zr alloys and the effect that accompany them are presented in
Table 1 (IAEA, 1999).

The exterior surface of the nuclear fuel cladding remains in contin-
uous contact with the coolant (water). The high temperature and the
water environment are the conditions that cause corrosion. During the
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Nomenclature

Latin

Aa Crack extension (mm)

a Total crack length (mm)

aj; Fatigue crack length (mm)

B C(T) specimen’ thickness (mm)

E Modulus of elasticity (MPa)

Jr J-integral (kN/m)

Jic Elastic-plastic fracture toughness (kN/m)

Jg Conditional Elastic-plastic fracture toughness (kN/m)
K; Stress intensity factor (MPa\/m)

Kic Critical stress intensity factor (MPa\/rn)

Kq Conditional stress intensity factor (MPa\/ m)
K Stress intensity factor at Py, (MPa \/ m)

p Tension force (N)

Prax Maximal tension force, N

Pq Conditional tension load (N)

T Temperature (K)

v Crack opening displacement (mm)

w C(T) specimen’ width (mm)

Z Reduction of specimen’s cross-sectional area (%)

Greek

&f Failure strain (%)

60.2 Yield strength (MPa)

oy Ultimate strength (MPa)

Acronym

A-T Axial-tangential plane

C(T) Compact tension specimen

CANDU Canadian pressurized heavy-water reactor (Canada

Deuterium Uranium)
DHC Delayed hydride cracking

FC Fuel channels
FE Finite element
FEM Finite element method
FUGEN Japan nuclear reactor

KANUP Karachi nuclear power plant

LBB Leak before brake

NPP Nuclear power plant

R-A Radial-axial plane

R-T Radial-tangential plane

RBMK  Russian high-power channel-type reactor
TMT-2  Thermo-mechanical treatment No. 2
VVER Russian water-water energetic reactor

Zr Zirconium

Table 1
Mechanisms of ageing of Zr alloy.

Mechanisms of ageing Effect

Irradiation hardening and embrittlement
Static and cyclic metal damage
Hydrogen absorption

Corrosion

Irradiation creep

Change of mechanical properties
Growth of defect in material
General embrittlement
Reduction of wall thickness
Change of dimensions

claddings of boiling water reactors.

Recently, the relevance of the DHC mechanism has increased in in-
termediate spent nuclear fuel storage repositories, since the spent nu-
clear fuel stored in pools has absorbed sufficient amounts of hydrogen
for the DHC mechanism to occur during the operation period (Alvarez
Holston and Stjarnsater, 2017). During the operation of a nuclear
reactor, fission gases and other products are released from fuel pallets.
Additional amounts of gases increase the pressure inside fuel cladding.
Due to the higher inner pressure, the fuel cladding stresses also increase,
together with the hydride precipitates, caused by hydrogen absorption
ageing mechanism, creates favourable conditions for DHC to occur and
for the formation and growth of cracks (Videm et al., 1979). Small flaws
formed in the wall of the fuel cladding may increase during spent nu-
clear fuel storage (Hong et al., 2017) or even grow through the wall of
the cladding. The DHC mechanism is also identified as the reason for fuel
cladding and fuel channel failure in VVER and RBMK reactors (IAEA,
2004; Ivanova, 2002). However, often the causes of these components
remain unexplained or attributed to other factors due to the complicated
investigation procedure of highly irradiated materials (Kim, 2008; Gri-
goriev and Josefsson, 1998).

Numerous scientific articles could be found on the influence of
hydrogen absorption on the mechanical properties of zirconium alloys,
which proves the importance of the issue. Chakraborty et al. (2015)
conducted a study and demonstrated how the properties of pure zirco-
nium change depending on the hydrogen concentration. The zirconium
specimen was saturated with very high hydrogen concentrations: from 1
% to 5 %. Research has shown that the strength limit of zirconium
decreased up to 30 % with an increase of hydrogen concentration at 5 %.

The strains, at which zirconium failed, also decreased while the
hydrogen concentration increased, but not as significant as the strength
limit: at 5 % hydrogen concentration, the strain decreased by about 10
%.

Silva et al. (2018) conducted research on the Zr-2.5Nb alloy used in
CANDU nuclear reactors. The studied material was purchased in plate
form and manufactured by ATI Wah Chang (USA). The alloy was heat
treated at the factory, i.e., thermal annealing and rapid cooling of the
alloy in the p phase was performed. Later, the material was saturated
with hydrogen in the laboratory, and tensile tests were performed.
Comparing the test results of the initial material and those saturated
with hydrogen up to 285 ppm has shown a mild change in the yield and
ultimate strength of the alloy. A larger change to the ultimate strength
(22 % reduction) was recorded at a hydrogen concentration of 320 ppm.
However, results revealed that hydrogen has a greater influence not on
the strength but on the plastic strain of the material at its ultimate
strength level. At a hydrogen concentration of 285 ppm, the ultimate
strain was reduced by 65 % compared to the strain of the material
without hydrogen and even up to 81 % at a hydrogen concentration of
320 ppm. Indian scientists Bind et al. (2016), who studied a Zr-2.5Nb
alloy pressure tube supplied by the Nuclear Power Corporation of
India, obtained similar results. It was found that hydrogen has a small
influence on the yield and strength limits, but a significant influence on
plastic strain (the plastic strains decrease by 40 % at a hydrogen con-
centration of 199 ppm). Interestingly, Bind et al. tests also carried out at
higher temperatures (up to 300 °C). Plastic strain reduction of similar
magnitude was found to occur in the entire temperature range 25 °C < T
< 300 °C. These studies confirm that zirconium and its alloys have lower
plastic strain and become more brittle when absorbed hydrogen. Even at
higher temperatures, when part of the zirconium hydrides dissolves, the
plastic strain is still affected by hydrogen. Brittle materials are less
resistant to fracture, and the reduced plastic strain level of the material
has a significant impact on the fracture toughness of zirconium alloy.

One of the first studies of the Zry-2 alloy (Yeniscavich et al., 1959)
showed that the strength limit of the fuel cladding material up to 500
ppm hydrogen concentration remains constant within the experimental
data error interval. However, when the concentration exceeds 500 ppm,
the strength limit of Zry-2 starts to decrease significantly. Although the
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specimen elongation vs. hydrogen concentration results had scattered in
fairly wide limits, a tendency towards elongation reduction is still
clearly observable when the hydrogen concentration exceeds 100 ppm.

During the study of Zry-4 mechanical properties dependence on
hydrogen concentration (Lin et al., 1979) an interesting change in the
ultimate strength limit was recorded. As the hydrogen concentration
increased to 400 ppm, the ultimate strength limit of Zry-4 had also
increased by approximately 10 %, and after the hydrogen concentration
exceeded 400 ppm only then the strength limit began to decrease. When
the hydrogen concentration reached 1500 ppm, the strength limit
dropped 10 % below the initial value. It is also interesting that a
consistent increase in the yield strength of Zry-4 is observed throughout
the hydrogen concentration range. Despite the increase in strength and
yield strength, the elongation of the specimen was consistently
decreasing along with increasing hydrogen concentration. More recent
studies of the mechanical properties of Zry-4 were performed in the
circumferential direction of the fuel cladding (Kim et al., 2007; Jang and
Kim, 2017). Both of the aforementioned studies were performed not
only at room temperature, but also at higher temperatures. Kim et al.
(Kim et al., 2007), consistent with the previously described studies (Lin
et al., 1979), found that the strength limit of Zry-4 increases with
increasing hydrogen concentration. And at the hydrogen concentration
of 500 ppm, the strength limit begins to decrease. However, such a
change is observed only at room temperature. During the tests at higher
temperatures (350 °C and 500 °C), no such phenomenon was detected, i.
e., a consistent decrease in the strength limit was observed. The studies
by Jang and Kim (2017) also investigated the dependence of the prop-
erties of the irradiated Zry-4 alloy on hydrogen concentration. Results
have revealed an opposite dependency of the strength limit of the irra-
diated alloy on the hydrogen concentration compared to the nonirra-
diated one, i.e., the strength limit decreased with increasing hydrogen
concentration, and the largest change of 40 % was found at room
temperature.

In 2008, experimental studies of the Zr-2.5Nb alloy with thermo-
mechanical treatment No. 2 (TMT-2) fuel channel were conducted
(Daunys et al., 2008). During these studies, an increase in yield and
strength limits was observed with increasing hydrogen concentration in
the alloy. Similarly, as in studies described above, a reduction in plastic
strain level was observed in samples saturated with hydrogen. As the
hydrogen concentration changed from 0 to 140 ppm, the relative elon-
gation at failure of the specimen decreased by about 13 %.

A summary of the results of mentioned studies is presented in Fig. 1.
A comparison of the strength limit dependence of different zirconium
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alloys on hydrogen concentration shows that in most studies the
strength limit of the material increases up to a hydrogen concentration
of 400-500 ppm, and when the hydrogen concentration exceeds the
limit of 500 ppm, the strength limit starts to decrease.

As previously described, studies showed that hydrogen has influence
not only on the yield and ultimate strength limits of zirconium alloys but
also on their plastic strain level. The reduced plastic strain of the ma-
terial has a significant influence on its fracture toughness. Therefore, a
number of studies on the critical stress intensity factor and critical J-
integral of different zirconium alloys saturated with hydrogen can be
found. Kreyns et al. (1996) demonstrated how the critical stress intensity
factor of the Zry-4 alloy is affected depending on different levels of
hydrogen concentration (up to 560 ppm) and temperature. The research
shows that hydrogen has a strong influence on the stress intensity factor
of the Zry-4 alloy at room temperature; however, an effect remains even
at higher temperatures. However, when the temperature exceeds
250 °C, the influence of hydrogen decreases significantly.

Simpson and Cann (1979) have presented the stress intensity factor
of pure zirconium and the Zr-2.5Nb alloy as a function of high hydrogen
concentrations. A linear dependence of the stress intensity factor of pure
zirconium on the hydrogen concentration was determined, while the
change in the stress intensity factor of the Zr-2.5Nb alloy mainly cor-
responded to a logarithmic function. In all cases, the value of the stress
intensity factor decreased as the hydrogen concentration increased. This
was observed in experiments at room temperature and 300 °C. The
values of the critical stress intensity factor (Kjc) of the Zr-2.5Nb alloy
determined at room temperature ranged from 18 to 2 MPa+y/m, and at
300 °C from 39 to 2 MPay/m. However, it should be noted that Simp-
son’s and Cann’s studies were performed at extremely high hydrogen
concentrations, when the ratio of hydrogen to zirconium atoms (H/Zr)
varied from 0.1 to 1.6.

Daunys et al. (2008) have studied the Zr-2.5Nb alloy used for the
production of FC of RBMK type reactors. The research showed that the
material remains quite plastic when the hydrogen concentration in-
creases to 140 ppm. Therefore, only conditional values of the stress in-
tensity factor Ko and K¢* have been determined. The K value decreased
by 9 %, i.e., from 33 to 30 MPa\/m, and K¢* decreased by 25 % (from 60
to 45 MPa\/m). As the critical stress intensity factor Kjc could not be
determined, the J-integral, the parameter that defines the plastic frac-
ture, was studied. During the research, the influence of hydrogen was
analysed at both room and elevated temperatures. The results showed
that the largest change (84 %) of critical J-integral (Jic) was found at
room temperature, where Ji¢ decreased from 95 to 15 kN/m. The 18 %

—71-2.5NDb (Silva et al., 2018)

=—71-2.5Nb (Bind et al., 2016)

= 71y-2 (Yeniscavich et al., 1959)
Zry-4 (Lin et al., 1979)

=—71y-4 (Kim et al., 2007)

= 71y-4 (Jang and Kim, 2017)

=== 71-2.5Nb (Daunys et al., 2008)
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Fig. 1. Ultimate strength limit vs. hydrogen concentration of various zirconium alloys.
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decrease in the Ji¢ value (from 66 to 54 kN/m) was observed at 170 °C
and a very small change (from 84 to 82 kN/m) at 300 °C.

Hsu (2006) studied the dependency of the J-integral of the Zry-4
alloy on the hydrogen concentration, but determined only Jyqx instead
of the Jjc value, which is found at the maximum tensile force recorded
during the tension of the compact tension (C(T)) specimen (does not
comply with the definition of Jyq in the ASTM E1820-15a (2015)
standard). Hsu carried out tests on the fuel cladding material at room
temperature and 300 °C with hydrogen concentrations ranging from 0 to
1118 ppm. The determined variation of Jyq, values depending on the
hydrogen concentration had a logarithmic dependence. At room tem-
perature, the highest determined Jnqx value of the hydrogen-free Zry-4
alloy reached 122 kN/m and only 19 kN/m at a hydrogen concentration
of 1118 ppm. The Jy;qx value was also determined at 300° C temperature,
where the change was much smaller: from 97 kN/m without hydrogen to
77 kN/m at a hydrogen concentration of 657 ppm. Microstructural
analysis of the crack tip of Zry-4 alloys without hydrogen and at 500
ppm hydrogen concentration showed that due to hydrogen embrittle-
ment, the plastic deformation zone is smaller before crack growth,
which also reduces the amount of potential energy. Since the J-integral
is a parameter that determines the rate of strain energy release, it de-
pends on the change in the amount of potential energy. Hsu also raised
the question of the effect of the reduced hydrogen concentration at
higher temperatures. The author tends to agree with the opinion of
Simpson and Cann (1979) that the influence of hydrogen at tempera-
tures higher than 150 °C is reduced primarily due to increased plastic
strain of the zirconium matrix, but not due to improved properties of
zirconium hydrides.

Bind et al. (2017) also studies the J-integral of the Zr-2.5Nb alloy
used in the manufacture of a pressurised heavy water reactor pressure
tube at an Indian nuclear power plant. The research was conducted at
room and higher temperatures and at various hydrogen concentrations.
The authors of this work came to similar conclusions as the authors of
the previously described studies: the influence of hydrogen at room
temperature is mainly noticeable from a concentration of 0 to 30 ppm, a
further increase of the hydrogen concentration lowers the values of Jy ;5,
Jo, Jmax and Jq 5 values, but not significantly; the plot of the J-integral vs.
temperature for all samples has the S shape, where the upper shelf is
around 200 °C, and only the temperatures of the lower shelf that varies;
due to hydrogen embrittlement, the cracks tend to form in the axial
direction in the Zr-2.5Nb alloy pressure tube.

Most of the studies found on the properties of zirconium alloys were
performed experimentally. However, it is not always possible to conduct
experimental studies of the material. First, a sample of the material is
needed to make specimens for experimental research. Extracting mate-
rial from an operational nuclear reactor or a storage facility for spent
fuel is a challenging and dangerous task in its own right. Second, the
volume of the sampled material must be relatively large, as the speci-
mens for experimental tests must be of standard dimensions. Third, the
materials studied in the nuclear industry are often irradiated, so special
hot laboratories are needed to handle these materials. All of these factors
contribute to the complexity and high price of experimental research.
Therefore, alternative material testing and/or prediction methods are
needed to evaluate its properties and ensure the safety of nuclear fa-
cilities. Research in the literature showed that the finite element method
is usually used as an alternative to experimental tests. Varias and Massih
(2000) analysed the fracture parameters of the zirconium alloy. A finite
element model of the Zr-2.5Nb alloy and two consecutive hydrides at the
microlevel was developed. A finite element model was used to deter-
mine the threshold stress intensity factor Kjy and to develop the
analytical model. However, neither analytically nor numerically, the
values of the critical fracture toughness parameters were determined.
Suman et al. (2017) carried out a numerical simulation of compact
specimen tension made of the Zry-4 alloy. The authors using the ABA-
QUS v6.12 finite element program created a model of a compact spec-
imen with hydrides of different lengths near the tip of the crack. The
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extended finite element method (XFEM) was used to evaluate the
growth of the crack. As a result, the stress intensity factor values and the
J-integral values for different hydride and crack dimensions are pre-
sented in the article. However, the critical Kj¢ and Jj¢ values of the Zry-4
alloy have not been determined.

Some articles were found in which the numerical determination of
critical J-integral Jic of other metals was presented. Jeon et al. (2016)
showed a method for numerical determination of the critical integral J-
integral of SA508 Gr.3, TP316L and CF8M steels using a complex crack
growth model. The results obtained by the proposed method coincide
well with the experimental results. However, using this method requires
an additional description of the material damage model, which addi-
tionally requires the determination of three material constants. For this
purpose, the experimental tests of specimens with grooves have to be
conducted. Weygand, Mahler, and Aktaa (Weygand and Aktaa, 2009;
Mahler and Aktaa, 2014, 2016) also demonstrated a numerical simula-
tion methodology for critical J-integral determination. Numerical sim-
ulations were performed for the T91 and EUROFER 97 steels. In their
methodology, additional cohesive elements layer has to be modelled; for
the description of which, authors use their own developed user sub-
routine installed in the standard finite element programme ABAQUS.

An extensive literature review shows that the hydrogen absorption
ageing mechanism has a significant effect on zirconium alloys, which
cannot be neglected and must be evaluated. However, a numerical
methodology is needed that allows determining the mechanical and
fracture toughness properties of zirconium alloys by only numerical
methods, which can later be applied in the analysis of defects detected
during nondestructive testing or in leak before brake (LBB) analysis.
Nondestructive testing is the type of inspection that allows examining
components under operation without causing damage. Whereas LBB is
the concept developed in NPPs and shows that in the worst-case sce-
nario, usually for pipes or pressure vessels, if the failure occurs, it starts
with the leak for some period of time allowing to take measures to avoid
catastrophic failure. In both cases, the mechanical properties of the aged
components’ materials are needed to make the evaluations. Therefore,
this article presents the methodology for the determination of me-
chanical properties as well as fracture toughness for zirconium alloys
with hydrides. Additionally, the article shows the application of the
methodology for Zr-2.5 %Nb TMT-2 alloy saturated with hydrogen.

2. Methodology

The main aim of this paper is to present the methodology for the
determination of mechanical and fracture toughness properties for zir-
conium alloy containing hydrides. In this study, the averaged effects of
hydrogen to zirconium alloy specimens were evaluated and no local,
such as uneven distribution or grouping of Zr hydride, were taken into
account, the same as the experiments conducted this study was based on.
To achieve the objective, the work is divided into steps that must be
carried out according to the algorithm presented in Fig. 2.

As shown in the figure, the mechanical properties of zirconium alloy
with hydrides first have to be determined. It has to be evaluated how
much the specific hydrogen concentration has changed the elastic
modulus, yield and ultimate strength of zirconium alloy compared to
those of zirconium alloy without hydrogen. Second, having the me-
chanical properties of zirconium alloy with hydrides, the critical stress
intensity factor K¢ has to be determined. If Kjc was determined, it means
that the brittle fracture toughness of the zirconium alloy with hydrides
was found. However, if Kjc could not be determined, only a conditional
Kq, that means the material is still too ductile and critical J-integral Ji¢
has to be found, and in this case, it can be stated that ductile fracture
toughness of zirconium alloy with hydrides is evaluated.

The review of the scientific literature has revealed that, as an alter-
native to experiment, the finite element method (FEM) is widely used for
numerical determination of fracture toughness. Therefore, in this study,
FEM was also selected to assess the fracture toughness and mechanical
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Numerical research of fracture toughness of zirconium alloy with hydrides

Numerically determine
mechanical properties of
zirconium alloy with hydrides

Numerically determine the critical stress
intensity factor value of zirconium alloy with

hydrides

Does critical
fracture
toughness is
determined?

Numerically determine the
critical J-integral value of
zirconium alloy with hydrides

Numerically evaluated fracture toughness of zirconium alloy with
hydrides

Fig. 2. Algorithm of the research methodology.

characteristics of Zr-2.5Nb alloy containing hydrides. Specifically, FEM
was used for the determination of the modulus of elasticity and yield
strength, P, load determination, stress intensity factor calculation, load
vs. crack opening displacement curve construction and J-integral
calculation.

3. Research object

Zr-2.5Nb TMT-2 alloy used for the manufacture of FC in the Ignalina
NPP was chosen as the research object. The non-irradiated section of the
fuel channel pipe was provided by Ignalina NPP (Fig. 3). The dimensions
of the pipe sample provided were 1.5 m in length, 88 mm in outer
diameter and ~ 4 mm in thickness. The sample was divided into 20
segments. Each segment was hydrided at different hydrogen concen-
tration levels. The introduction of hydrogen into the samples was ach-
ieved by elevated-temperature electrolytic hydriding (Makarevicius
et al., 2001). Subsequent cooling was conducted in a furnace at a rate of
0.5 °C/min, which closely mimics the cooling rate of the fuel channel
during reactor shutdown. Such conditions allow for the formation of the
zirconium hydrides with the same dimensions that would be found in FC

after the shut-down of Ignalina NPP.

4. Numerical determination of mechanical properties of Zr alloy
with hydrides

4.1. Measurement of hydride dimensions in zirconium alloy

The concept behind numerically determining the mechanical prop-
erties of a zirconium alloy containing hydrides involves simulating a
microscale experiment. The assumption is that the behaviour of a single
mean-size hydride, which is surrounded by a zirconium alloy matrix and
is loaded with uniaxial loading, is aligned with the behaviour of a 37.8
mm long tensile test specimen of a 37.8 mm in length crafted from an FC
tube. While the hydrides within the specimen exhibit directional but
non-uniform spacing and varying dimensions, these disparities result in
distinct effects on material properties at microscale locations within the
sample. However, when evaluated at the macro scale, the examination
encompasses the entire system. In other words, the experiment provides
an average representation of the varying material properties through
separate volumes. Consequently, the numerical simulation of a mean-

Fig. 3. Sample of Ignalina NPP fuel channel.
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size hydride within a zirconium alloy matrix generates mean values of
material properties akin to those observed in the experimental investi-
gation. The microscale model effectively demonstrates how an individ-
ual mean-size hydride, without any interaction involving other
hydrides, alters the values of mechanical properties of the hydride and
zirconium alloy composite system. As such, alignment between the
loading direction and hydride orientation in the model and the specimen
and the loading direction in the experiment is crucial. Clearly, variations
in the dimensions of zirconium hydrides within the alloy lead to
differing impacts on the values of the mechanical properties of the zir-
conium alloy containing hydrides. Therefore, to create the correct
model, first, the dimensions of hydrides have to be measured. That was
done using the direct measurement technique.

While scrutinising microsection images of the Zr-2.5Nb alloy con-
taining hydrides (Fig. 4), it was observed that varying hydride concen-
trations within the zirconium alloy led to not only an increased count of
hydrides but also variations in their lengths and widths. Also, the
orientation across the thickness of the pipe is not uniform. Fig. 5 illus-
trates the penetration of hydrides through the surface of the FC pipe,
occurring perpendicularly to both the inner and outer pipe surfaces
However, within the central layers of the pipe, there is a proclivity for
hydrides to develop in the axial-tangential (A-T), i.e., axial-
circumferential, direction. This inclination toward hydride formation
aligns with findings in the pressure tubes of pressurised heavy water
reactor designs (Bind et al., 2016). This orientation of zirconium hy-
drides depends on the crystallographic texture of the FC, which emerges
during the processing technology of TMT-2 for RBMK-type reactors.

The measurement of length and width of the hydrides at different
hydrogen concentration levels were taken using an OLYMPUS optical
microscope directly from the prepared specimens. The results of these
measurements are displayed in Fig. 6. However, discerning the extent to
which zirconium hydrides occupy the zirconium matrix requires more
than just the mean length and width of the hydride. Consequently, an
additional evaluation of the hydride volume fraction within the zirco-
nium alloy was conducted using the stereologic planimetric approach
(Ohser and Mucklich, 2000). With this methodology, the assumption is
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made that the area occupied by randomly situated hydrides is consistent
across any cross section of the specimen. If this assumption is accepted,
the proportionate area taken up by the hydrides may be equalized to the
relative volume portion. Microscopic images of the specimen’s surfaces
were captured using an OLYMPUS optical microscope. The magnifica-
tions of the images were 150 and 800 times. The acquired pictures were
then post-processed, and hydride volume calculations were carried out
using the computer software Scion Image v.4.0.2. An instance of image
analysis is depicted in Fig. 7. The image analysis was performed at
random positions on the specimen. In addition, to obtain the full picture
of the hydrides in two cross-sectional planes were analysed: radial-axial
(R-A) and radial-tangential (R-T). No less than 10 analyses were per-
formed in both planes and in each hydrogen concentration. The out-
comes of these measurements are summarised in Table 2. The results of
the measured hydride area fraction, according to the stereologic plani-
metric method, represent the volume part of the hydrides within the
zirconium matrix.

4.2. FE model of zirconium alloy containing hydride

The concept behind numerically determining the mechanical prop-
erties of a zirconium alloy containing hydrides involves simulating an
experiment on a microscale. This approach presumes that the behaviour
of a mean-sized hydride, which is surrounded by a matrix of zirconium
alloy and is loaded by uniaxial load, corresponds to the behaviour
observed in a specimen machined from a FC tube and 37.8 mm in length.
In the actual experiment, however, the hydrides in the specimen exhibit
directional orientation, but lack uniform spacing, and their length,
width, and thickness vary. This leads to diverse effects on material
properties at distinct volumes within the specimen on microscale.
However, when the effects are assessed in macroscale, it encompasses
the entire system. In other words, the experiment provides a mean
representation of the material’s diverse properties across separate
microlocations. Consequently, numerical simulation of the tension of
the mean-size hydride surrounded by a zirconium alloy gives mean
values of the material properties akin to those found in the experiment.

Fig. 4. Picture of the microstructure of the Zr-2.5Nb alloy in the R-T direction at hydrogen concentrations of: a) 45 ppm; b) 100 ppm; ¢) 250 ppm.
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Fig. 5. The view of hydride orientation in the Zr-2.5Nb alloy at 137 ppm hydrogen concentration in: a) R-A direction; b) R-T direction.
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Fig. 7. The view of Scion Image programme for hydride volume fraction
measurement at a hydrogen concentration of 137 ppm (measuring surface area
0.17 mm?).

The microscale numerical model effectively illustrates how a solitary
mean-sized hydride induces changes in the mechanical properties of the
hydride and zirconium alloy composite system. Therefore, the loading
direction and specimen orientation employed in experimental research
must match up with the hydride orientation and loading in the numer-
ical simulation.

Table 2
Hydride area fraction measurement results.

Hydrogen concentration (ppm) Hydride area fraction (%)

R-A direction R-T direction Mean
23 2.4 3.0 2.7
95 7.4 8.1 7.8
137 10.4 9.1 9.7

A computational model depicting a zirconium alloy matrix with an
embedded hydride was generated using ABAQUS finite element (FE)
software (ABAQUS/CAE, 2011). The model itself is shown in Fig. 8. As
demonstrated in Section 4.1, the hydrides in Zr-2.5Nb alloy of FC are
more likely to develop along the axial-tangential direction (Fig. 5).
Moreover, in the course of NPP operation, the substantial pressure
experienced leads to the highest stress in the tube’s circumferential di-
rection, commonly referred to as hoop stress. Consequently, both nu-
merical investigations and experimental studies (Daunys et al., 2008)
were conducted in the tube’s circumferential (tangential) direction.

The numerical simulation was conducted at varying hydrogen con-
centrations: 52, 100, and 140 ppm. Consequently, the dimensions of the
hydrides within the model differed for each concentration, aligning with
the mean measured dimensions of hydrides (Fig. 8). Consequently, the
modelled hydride’s length ranged from 18.8 to 27.7 um, while its width
ranged from 2.3 to 6.7 um across the different concentrations. The zir-
conium matrix that encompasses the hydride was represented in a
square shape. The length of the square’s edges were chosen in such a
way that the area taken by hydride in the model would correlate with
the results in Table 2. To mitigate stress concentration, the hydride’s end
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Fig. 8. Micromodel of zirconium alloy with hydride at hydrogen concentra-
tions of 52, 100, and 140 ppm.

was rounded. The radius of the roundness was equal to 1/2 of the
thickness of the hydride. To capture symmetry, only one-fourth of the
model was generated, considering its dual symmetry planes. The model
thickness was set to 1 pm. Symmetry boundary conditions were applied
to the bottom edge and vertical edge on the right side of the model
(Fig. 8). Displacement served as the load that was added to the upper
horizontal edge. After computation, the reaction force was assessed and
subsequently transformed into the stresses needed for constructing the
stress—strain curve.

The S8R shell elements containing 8 nodes (ABAQUS/CAE, 2011)
were used for the mesh. The analysis of mesh size indicated that, due to
the simple geometry of the model and the uniaxial nature of the load, the
element size does not exert a substantial influence on the calculation
results. Hence, 0.5 um size elements were used to mesh all numerical
models.

To describe the behaviour of the zirconium matrix in the model, the
mechanical properties shown in Table 3 were used. Here, E — modulus of
elasticity, op 2 -relative yield strength, oy —ultimate strength, ¢ —failure
strain and Z — reduction in the cross-sectional area of the specimen.
These properties were sourced from the scientific literature (Daunys
et al., 2008). Daunys et al. have experimentally tested the Zr-2.5Nb
TMT-2 alloy from Ignalina NPP.

The methodology shown in (Varias and Massih, 2000) was employed
to compute the mechanical properties of zirconium hydride. The
modulus of elasticity E (Pa) is determined using the following equation:

E = (95900 — 57.4 o (T —273))10° (€]

here T - temperature, K.
And the ultimate strength is determined by:

oy =1.357107°E 2
Table 3
Mechanical properties of Zr alloy.
E (GPa) oy (MPa) 00,2 (MPa) Z (%) &7 (%)
34.4 492 411 62.2 14.78
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Having these parameters, the stress—strain curve of the hydride was
reconstructed. Fig. 9 shows the true stress—strain curves for both zirco-
nium hydride and the Zr-2.5Nb alloy.

4.3. Numerical evaluation results

The FE models shown in Section 4.2. were used for the determination
of stress—strain curves of the zirconium alloy containing hydrides. Cal-
culations were carried out at varying hydrogen concentrations: 52, 100,
and 140 ppm. Fig. 10 illustrates the constructed stress-strain curve
through numerical modelling at a concentration of 140 ppm. The figure
also presents the stress-strain curves of 0 ppm and 140 ppm concen-
trations, as determined experimentally (Daunys et al., 2008). It is worth
noting that the experimental specimens tested in (Daunys et al., 2008)
underwent hydriding at the Lithuanian Energy Institute. The conditions
for specimen preparation were the same as those for measuring volume
fraction and dimensions of hydrides.

The results of the numerical simulation within the elastic range show
a satisfactory alignment with the experiment (Fig. 10). However, as the
plastic strain initiates, there is a separation between the stresses calcu-
lated numerically and those determined by experiment. It is also worth
noting that the numerically derived stress-strain curve lacks a stress
drop. This means that with increasing strain, the rate of stress growth
gradually slows down, but never decreases. Consequently, the absence
of stress drop makes the determination of ultimate strength impossible.
Fig. 11 presents a comparison between the numerically determined
modulus of elasticity and the experimentally determined values (Daunys
et al., 2008) over varying hydrogen concentrations. The figure also
features the linear regression line based on the experimental data. Both
the results from numerical simulation and the experimental findings
indicate an upward trend: as the hydrogen concentration rises, the
corresponding modulus of elasticity values also increase. This phe-
nomenon can be explained by the fact that an increased hydrogen
concentration corresponds to a larger volume fraction of hydrides,
thereby amplifying the impact of hydrides on the system’s properties.

Table 4 presents a comparison between the numerical modelling
results and experimental evaluations of the modulus of elasticity and
yield stress of the zirconium alloy containing hydrides. The greatest
deviation is up to 9 % between the numerically simulated modulus of
elasticity (E) and the experimental values. The deviation in the numer-
ically predicted yield stress, depending on the hydrogen concentration,
varies within the range of 11 % to 14 % compared to the experimental
results.

As the results show, the numerical simulation results do not deviate
from experimental data more than 14 %, therefore, the presented
methodology can be used for the evaluation of elastic modulus and yield
stress of Zr-2.5Nb alloy containing hydrides. However, the methodology
still needs to be improved for higher accuracy.

5. Numerical determination of critical stress intensity factor
5.1. FE model

According to the research algorithm (Fig. 2) the second step is the
numerical determination of the critical stress intensity factor Kjc. The
idea behind the numerical determination of K¢ is the simulation of the
compact tension experiment according to the ASTM E399-12e3 (2018)
standard.

Numerical investigations were conducted at the same hydrogen
concentration levels as for the determination of mechanical properties.
The analysed material was the same Zr-2.5Nb TMT-2 alloy. The
behaviour of the material was characterised using the mechanical
properties discussed in Section 4.3. In the current analysis, experimen-
tally determined mechanical properties were used.

The FE model of the C(T) specimen was created, with its dimensions
matching those of the actual experimental specimen as described by
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Table 4
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The comparison between the results of the numerical simulation and the experimental values of the mechanical properties of the Zr-2.5Nb alloy with hydrides.

Hydrogen concentration (ppm) E (MPa) Deviation (%) 60.2 (%) Deviation (%)

Linear regression of the experiment Numerical modelling Experiment Numerical modelling
52 39.7 37.8 4.8 368 418 13.6
100 43.5 40.4 7.1 470 420 10.6
140 46.7 42.5 9.0 470 420 10.6

Daunys et al. in 2008. The mesh and boundary conditions for the FE
model are illustrated in Fig. 12. The difference in this specimen
compared with a standard recommended in ASTM E399-12e3 (2018) is
the scale. Given that the experimental specimen was constructed from
an Ignalina NPP FC tube, with an internal diameter of 79.5 mm and a
wall thickness of approximately 4 mm, smaller specimens were tested as
recommended in the standard. The dimensions of the experimentally
and numerically tested specimen were: width W = 17 mm, thickness B
= 4.2 mm, crack length a = 6.75 mm, and fatigue crack length a; = 1.8
mm. The mesh of the FE model was created using C3D20R elements. The
region around the crack underwent meshing through a circular pattern
approach, while singular elements were designated at the crack’s frontal
area. To account for significant displacements and deformations, the
nonlinear geometric effect option (Nlgeom) was enabled. Due to the
symmetry of the specimen, only one-half of the specimen was modelled,
with symmetry boundary conditions applied to the surface highlighted
with the grey and red rectangles (refer to Fig. 12). Additional boundary
conditions were imposed on the RP point, restricting displacement along
the X and Z axes, as well as rotation around the Y axis. The negative
displacement of the Y coordinate axis of the RP point was used as a load.
Rigid coupling elements connected the RP point to one side of the cy-
lindrical hole (indicated by the yellow surface in Fig. 12). For the
measurement of the crack opening displacement, the movement of point
P1 was tracked.

5.2. Results of the determination of the critical stress intensity factor

According to ASTM E399-12e3 standard, first the P, load should be
found at which the so-called conditional stress intensity factor K, value

is found. And if all the conditions required by the standard are met only
then K can be equalised to the critical stress intensity factor Kjc., which
would be a material fracture parameter otherwise called fracture
toughness. To find a P, load experimentally, the tension of the C(T)
specimen is conducted, where the tension load and crack opening
displacement are recorded. Having load vs. crack opening displacement
curve Pq load is found as it is shown in Fig. 13. The Pq load was
computed through nonlinear numerical simulations, during which the
elastic—plastic properties of the material were used. Pq loads were
determined for Zr-2.5Nb alloys with thermal treatment TMT-2 at
different levels of hydrogen concentration, including cases without
hydrogen and with hydrogen concentrations of 52, 100, and 140 ppm.
The determined P, loads are presented in Fig. 14. The same figure also
shows the P, loads determined through experimental tests (depicted as
diamond-shaped points) according to Daunys et al. (2008), along with
their mean values represented by a dotted line. The numerical results
show a high level of agreement with the mean values of the experimental
data, with a deviation of up to 3 %.

The Kq values were determined by performing a linear numerical
analysis of the C(T) specimen tension where previously found P, was
used as a loading.

Fig. 15 presents a comparison between the K, values obtained
through numerical analysis and experimental tests. In the figure, it is
evident that all numerically computed Kq values surpass the average
values determined experimentally, although the difference remains
within 11 %. Furthermore, the trend in the shape of the numerically
calculated K values aligns with the results of the experiment. Specif-
ically, as the hydrogen concentration increases from 0 ppm to 100 ppm,
the numerically derived Kq decreases by 2.99 MPay/m, while the

X

Fig. 12. FE model of C(T) specimen with mesh and boundary conditions.
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Fig. 13. Force versus crack opening displacement curve for P load determi-
nation (ASTM E399-12e3, 2018).

2000
1950 R
1900 ;;\
1850 \\\\:\\: "””,,
1800 St =3
2211750 ‘\\\“" R A
5 <
1700
1650
1600 > <& Experiment
1550 -——— Experiment average
ABAQUS
1500 T T : T
0 20 40 60 80 100 120 140

Hydrogen concentration (ppm)

Fig. 14. Comparison of the numerically determined P, load with experimental
data of the zirconium alloy vs. hydrogen concentration.

experiment value decreases by 4.5 MPa\/ m. This reflects a reduction of
8 % for numerical simulation and 13 % for experiment. Beyond the 100
ppm concentration, there is a slight increase in the K, values determined
numerically as well as experimentally.

According to ASTM E399-12e3 (2018) requirements, some of the
conditions were not satisfied for K evaluation. In all calculation cases,
the condition Pjq/Pq < 1.1 was not fulfilled (here Pyq — maximal
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Fig. 15. Comparison of the numerically determined K, value with the exper-
imental data factor of the zirconium alloy vs. hydrogen concentration.

tension force, N; see Fig. 13). Therefore, conditional fracture toughness
cannot be equalised with the critical stress intensity factor, Kq # Kic.
This means that even at relatively high hydrogen concentration levels
Zr-2.5Nb TMT-2 alloy maintains its ductility and according to the
research methodology algorithm (Fig. 2) and the recommendations of
the ASTM E399-12e3 (2018) standard, the critical J-integral Jjc must be
determined.

6. Numerical determination of the critical J-integral
6.1. Methodology for numerical determination

The third step of the research algorithm (Fig. 2) is the numerical
determination of the critical J-integral Jj¢ of the zirconium alloy. The
main idea behind this research step, the same as for the numerical
determination of the Ky, is the simulation of the tension experiment of
the C(T) specimen according to ASTM E1820-15a (2015) standard. Ac-
cording to the specifications outlined in this standard for the determi-
nation of the critical J-integral Ji, it is necessary to create a curve that
depicts the relationship between the J-integral J; and the extension of
the crack Aa. However, numerical simulation of accurate crack exten-
sion (growth) is an extremely complicated task. Therefore, in our case,
the crack extension was found by solving the second-order polynomial
function defined by the ratio between the crack opening displacement V
and the load P vs. the crack extension Aa curve. Sullivan and Crooker
(1977) introduced an approach in which crack opening displacements
were used to find the crack extension. They proposed the utilisation of a
polynomial function a/W = f(E,B,V,P) for this purpose. Given that this
polynomial function will be integrated into the developed methodology
to numerically determine the fracture toughness for assessing the
extension of the crack, we suggest substituting the length of the crack a
with the crack extension Aa. In this research step, mechanical properties
were used the same as in the Kj¢ calculation for nonlinear analysis.
Determined Jj¢ results were compared with the experimental data found
in (Daunys et al., 2008).

For the numerical calculation of Jic, the identical FE model employed
in the determination of Kj¢ (as detailed in Section 5.1 and depicted in
Fig. 12) was utilised. Only the fatigue crack length a; was slightly longer
and equal to 2.2 mm. In addition, the point for measuring the crack
opening displacement was changed to the RP point. The results of nu-
merical simulations for the C(T) specimen tension tests are illustrated in
Fig. 16. The numerical calculation results are compared with the values
obtained by experimental tests. It is evident that, at lower levels of crack
mouth opening V, a strong alignment between numerical and experi-
mental findings was observed across all cases. However, in the case of
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Fig. 16. Comparison of numerically determined P-V curves with experimental data at hydrogen concentrations: a) 0 ppm; b) 52 ppm; ¢) 100 ppm; d) 140 ppm.

zirconium alloys containing hydrides, the deviation between numerical
and experimental results emerges as the V values exceed the peaks of the
experimental curves. Despite this disparity, the tensile forces Ppqy
determined by numerical simulation remain in close proximity to the
experimental values, with deviations not exceeding 5 %.

6.2. Results of the numerical determination of critical J-integral
To find the polynomial function, experimental data from studies on

the Zr-2.5Nb TMT-2 alloy without hydrogen, as conducted by Daunys
et al. in 2008, were used. The established relationships between EBV/P
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Fig. 17. Dependence of EBV/Ppa, on Aa/W of zirconium alloy

without hydrogen.
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on Aa/W are shown in Fig. 17. The second-order polynomial equation
derived from the mean curve is as follows:

@: 15719(%)2&401.5(%) 1 45.155. @)

To determine Jy, the J-Aa curves were generated using Equation (3)
along with the results of the numerical simulation. An illustration of a
numerically derived Ji-Aa curve for zirconium alloy without hydrogen is
displayed in Fig. 18. In particular, the curve derived from the numerical
simulation lies within the range of the experimental data until Aa = 1.2
mm, which indicates good alignment with the experiment. As indicated
in the ASTM E1820-15a (2015) standard, first the conditional J-integral
value Jg should be found and if all conditions required by the standard
are met only then Jq can be equalised to elastic fracture toughness Jic. Jo
can be found at the intersection point of Ji-Aa curve and an offset line of
0.2 mm. And, as shown in the figure, in the case of Zr alloy without
hydrogen, the conditional J-integral value J, = 104 kN/m.

ASTM E1820-15a (2015) standard requirements and conditions have
been checked for all simulations and all have been met. Hence, it is
possible to conclude that the derived value of J, is equal to Ji¢ for all
cases, whether with or without hydrides. In other words, it can be stated
that fracture toughness has been found for the Zr-2.5Nb alloy with and
without hydride.

Comparison of numerically evaluated Jjc with experimental data is
shown as the dependencies of Jic on hydrogen concentration (Fig. 19).
The Jjc values obtained numerically show a reduction of 68 %, that is,
from 104 kN/m to 33 kN/m, while the experimental values show a more
substantial decrease of 84 %, that is, from 95 kKN/m to 15 kN/m, as the
hydrogen concentration rises from 0 ppm to 140 ppm. A good
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correlation between the numerical and experimental results is evident
up to a concentration of 52 ppm. The deviation of numerical simulation
results from experimental values deviates up to 20 % when the hydrogen
concentration remains under 52 ppm. However, beyond this threshold,
the deviation between the numerical and experimental results increases
as the hydrogen concentration continues to rise.

On the basis of the acquired results, it is recommended to use the
developed numerical methodology along with the derived polynomial
function (Eq. (3) to estimate the fracture toughness of the Zr-2.5Nb
TMT-2 alloy within the hydrogen concentration limit of up to 52 ppm.
This particular threshold proves sufficient for fracture characterisation,
considering that RBMK-type reactors tend to maintain an average
hydrogen concentration of 52 ppm after 30 years of operation (IAEA,
1996). For estimating fracture toughness beyond the 52 ppm hydrogen
concentration, it becomes necessary to improve the precision of nu-
merical evaluation. Achieving this can involve conducting an expanded
series of experimental tests on a zirconium alloy, which, in turn, results
in a more accurate determination of the polynomial function for crack
extension assessment.
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7. Conclusions

This paper presents the application of a methodology for numerical
investigation of the fracture toughness of zirconium alloy containing
hydrides, resulting in the following conclusions:

1. The methodology developed to determine the mechanical properties
of zirconium alloy containing hydrides, when compared with the
results of the experiment, yields a modulus of elasticity with a de-
viation of 9 % and a yield strength with a deviation of 14 %.

2. Numerically determined P, values compared to experimental data
show deviations of only up to 5 %. Similarly, the numerically ob-
tained Kq values deviate no more than 10 % from the experimental
data. This shows the suitability of the numerical approach presented
for assessing the elastic fracture toughness. However, the study also
highlights that the Zr-2.5Nb TMT-2 alloy retains its ductility even at
arelatively high hydrogen concentration, that is, 140 ppm, requiring
the determination of elastic—plastic fracture toughness.

3. By employing the second-order derived polynomial equation, it al-
lows predicting crack growth within the C(T) specimen. In partic-
ular, the simulated crack growth is 10 % higher than the
corresponding experimental results.

4. The numerically determined Ji¢ for Zr alloy containing hydrides
surpass the experimentally obtained values by up to 20 % when the
hydrogen concentration remains under 52 ppm. With increasing
hydrogen concentration, the deviation in numerical determination
also rises. Since the numerical and experimental results agree rela-
tively well, it is advised to employ the presented methodology and
the polynomial equation to evaluate the fracture toughness of the Zr-
2.5Nb alloy with thermomechanical treatment TMT-2 up to the 52
ppm hydrogen concentration threshold.
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