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Abstract 
 
During hypothetical loss-of-coolant accidents (LOCA), zirconium-based nuclear fuel 
claddings can be exposed to high temperatures in the βZr phase domain and absorb 
substantial amounts of hydrogen (up to about 3000 weight ppm) and oxygen (up to 
about 1 weight %). This paper provides novel data about the combined effects of high 
hydrogen and oxygen contents on the mechanical behavior of the (prior-)βZr phase, as a 
function of temperature, upon cooling from the βZr phase temperature range. A protocol 
was developed to homogeneously charge Zircaloy-4 cladding tubes at different 
hydrogen contents, up to 3200 weight ppm, and oxygen contents, between 0.13 and 0.9 
weight %. Tensile tests were then performed at various temperatures between 700 and 
30°C upon cooling from the βZr domain. The results show that the mechanical behavior 
strongly depends on the testing temperature and the hydrogen and oxygen contents. 
Relationships are proposed to describe the macroscopic ductile-to-brittle transition and 
the mechanical behavior of the material as a function of temperature, hydrogen and 
oxygen contents. The predictions based on these relationships are compared to selected 
data from the literature obtained on claddings oxidized at high temperature, including 
results from semi-integral LOCA tests. Also, it is shown that considering the combined 
effects of hydrogen and oxygen is necessary to interpret the material’s mechanical 
behavior, particularly the embrittlement of claddings subjected to LOCA-relevant 
secondary hydriding.  
 
Keywords: Zircaloy-4, LOCA, secondary hydriding, hydrogen, oxygen, mechanical 
behavior, high temperature. 
 
1 Introduction 
 
During a hypothetical loss-of-coolant accident (LOCA) in light water reactors, the fuel 
cladding made of zirconium alloys can be subjected to internal pressure and exposed to 
steam at high temperature (HT), between 700 and 1200°C typically, before being cooled 
at a rate of about 1-10°C/s down to 500-800°C, then water-quenched by the emergency 
core cooling system [1]. Internal pressure can lead to ballooning and burst of the 
cladding due to a decrease in the system pressure outside the fuel rod and the 
degradation of cladding strength [2,3]. During heating, the low-temperature hexagonal 
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close-packed αZr phase transforms into the HT body-centered cubic βZr phase [4]. A 
significant fraction of the oxygen resulting from the oxidation reaction by steam at HT 
diffuses into the metal. Once the oxygen solubility limit is reached in the βZr phase, a 
metallic layer of oxygen-stabilized αZr phase, called αZr(O), forms between the oxide 
and the βZr phase layers. During cooling, the βZr phase transforms back to the αZr phase 
and forms the so-called prior-βZr structure with the typical Widmanstätten structure that 
can be easily distinguished from the equiaxed αZr(O) structure [5,6]. Also, at the end of 
the LOCA transient, the cladding is subjected to thermally-induced internal stresses 
associated with additional axial tensile loading, which may cause failure [7–9]. In 
accordance with the safety requirements, it is essential that the cladding retains some 
mechanical resistance or ductility to ensure its integrity and a coolable core geometry 
during and after a LOCA transient. At the end of a LOCA transient, the cladding’s 
mechanical strength and ductility mainly result from the mechanical properties of the 
residual prior-βZr phase layer [6,10–12]. It was found that the mechanical behavior of 
this layer is strongly influenced by its oxygen and hydrogen contents [6,11,13,14].    
 
In order to investigate the behavior of fuel claddings during the LOCA scenarios, a 
large number of so-called “semi-integral” LOCA tests have been performed not only 
with single unirradiated or irradiated fuel rods [2,7,9,15,16] but also with a bundle of 
rods [17,18]. Such tests reproduce the full effects of a LOCA transient on the cladding: 
heating, ballooning and burst, HT oxidation in steam followed by cooling and water-
quenching with or without an additional tensile load. The results have shown a fast and 
substantial secondary hydriding of the cladding after only a-few-tens-of-seconds 
exposure to steam at HT [2]. Secondary hydriding consists of massive hydrogen uptake, 
up to thousands of weight ppm (wppm) locally, observed at a few centimeters away 
from the burst opening. The results of these semi-integral LOCA tests showed that, 
depending in particular on the HT oxidation and mechanical loading conditions, 
cladding fracture during reflooding can occur (i) in the burst region where the oxidation 
level is the highest, (ii) in the secondary hydrided region where the hydrogen content is 
the largest, or (iii) between these two zones, where the hydrogen content and the 
oxidation level are high but not maximal. Then, the cladding’s failure during quenching 
and its location (when it exists) are often related to the residual thickness of the βZr layer 
and the “local” hydrogen content [7,9]. Besides, apart from the structure effects, i.e. βZr 
layer thinning due to steam oxidation associated with oxygen diffusion at HT, the post-
secondary hydriding embrittlement of the cladding is often exclusively related to the 
high hydrogen contents in the secondary hydrided regions [7,9]. However, the oxygen 
content in the βZr layer is also expected to play a role. Thus, it should be taken into 
account to interpret more accurately the results of the semi-integral LOCA tests, 
especially when investigating the hydrogen-induced embrittlement mechanisms in the 
secondary hydrided regions [19,20]. Indeed, recent results [19] have shown that the 
larger the hydrogen concentration in the βZr phase in the secondary hydrided regions, 
the higher the oxygen content. Precisely, after oxidation at 1100 and 1200°C, high 
oxygen contents, attaining up to 1-1.2 weight % (wt%), equivalent to about 5 atomic % 
(at%), were measured in the βZr phase in the presence of high hydrogen contents, up to 
about 3000-4000 wppm, or 20-25 at% [19]. It is important to note that the solubility 
limit of oxygen in the βZr phase at 1100-1200°C is lower than 0.5-0.6 wt% in the 
absence of hydrogen [6,21,22]. This correlation between hydrogen and oxygen contents 
in the βZr phase in the secondary hydrided regions can be essentially related to 
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hydrogen’s thermodynamic effect on oxygen solubility and diffusivity in this phase at 
HT [2,13,21,23–25].    
 
So far, the majority of data about the mechanical properties of the (prior-)βZr phase were 
obtained on materials enriched either in hydrogen or in oxygen. Furthermore, they often 
concern hydrogen and oxygen contents lower than the high contents of interest here. In 
addition, these data were mostly obtained at low temperatures, 20 and 135°C, typically. 
However, it is obvious that temperature significantly affects the mechanical behavior of 
the (prior-)βZr material and the respective effects of oxygen and hydrogen [6,10,11]. A 
few data also suggested that oxygen and hydrogen have combined effects on the 
mechanical properties of the (prior-)βZr phase [19].  
 
The present work is devoted to thoroughly studying the mechanical behavior of the 
(prior-)βZr phase containing both hydrogen and oxygen with high contents as a function 
of temperature upon cooling from the βZr domain. The first section of the present paper 
describes the material and experimental procedures. A protocol was developed to 
produce, from Zircaloy-4 cladding tubes, “model” prior-βZr phase materials 
homogeneously charged with hydrogen and oxygen at different contents: 1000-3000 
wppm of hydrogen and 0.5-0.9 wt% of oxygen. These contents are in the same order of 
magnitude as those likely to be encountered in the (prior-)βZr layer of claddings 
oxidized at HT under steam and having experienced LOCA-relevant secondary 
hydriding. Note that this step required many optimization works. To our knowledge, 
this is the first time that prior-βZr phase materials containing such high contents of both 
hydrogen and oxygen were fabricated from cladding tubes in a controlled manner. The 
procedure used to characterize the mechanical behavior of these model materials upon 
cooling from HT is then presented. The tests were performed between 700°C and room 
temperature (RT). 700°C is the typical temperature before final quenching upon semi-
integral lOCA transients. The experimental results obtained are presented in Section 3. 
In Section 4, these data are used to determine relationships describing the evolutions of 
the macroscopic ductile-to-brittle transition and the mechanical properties as a function 
of hydrogen and oxygen contents and temperature. Finally, the results are discussed and 
compared with selected data from the literature in Section 5, including those from semi-
integral LOCA tests. 
 
2 Materials and experimental procedures 
 
2.1 Sample preparation 
 
The samples were prepared from stress-relieved annealed low-tin Zircaloy-4 fuel 
cladding tubes with a typical chemical composition of 1.3 wt% Sn, 0.2 wt% Fe, 0.1 
wt% Cr, 0.13 wt% O, less than 5 wppm H, Zr balance. Their outer diameter and wall 
thickness were 9.5 mm and 0.57 mm, respectively. Tube samples were homogeneously 
charged at different hydrogen contents, from about 1000 to 3000 wppm (about 10-20 
at%), and different oxygen contents, between approximately 0.5 and 0.9 wt% (2-5 at%). 
The preparation protocol consists of three main steps: hydrogen charging, oxygen 
charging, and homogenization, which are detailed in the following.   
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2.1.1 Hydrogen charging 
 
As-received Zircaloy-4 66 mm-long cladding tube segments were first charged with 
hydrogen at different contents, from about 1000 to 3000 wppm. The hydrogen charging 
was conducted at 800°C in a flowing argon/hydrogen gas mixture using a protocol 
based on that developed in [11] and [26]. The hydrogen partial pressure was chosen as 
approximatively 5.2-5.5x103 Pa with the exposure duration to argon/hydrogen flow at 
800°C depending on the desired hydrogen content [26]. To fully homogenize the 
hydrogen concentration, the samples were then heat-treated at 800°C for about one hour 
under nearly pure argon gas, then slowly cooled at a few °C/min down to RT.  
 
The hydrogen contents were systematically measured on all the samples after hydrogen 
charging using an inert gas fusion thermal conductivity technique (HORIBA EMGA-
821 analyzer). The hydrogen content measurements were conducted on three to seven 2 
mm-long rings sectioned at different locations on the 66 mm-long tubes to check axial 
homogeneity. Each ring was then divided into three parts so that three measurements 
were performed to verify the hydrogen concentration’s azimuthal homogeneity.  
 
2.1.2 Oxygen charging 
 
After hydrogen charging, some samples were charged with oxygen at contents between 
about 0.5 and 0.9 wt%, using a two-steps protocol based on the one used in [6,10,11] to 
charge non-hydrided materials with oxygen. First, the samples were cut into two 30 
mm-long segments that were then oxidized (two-sided oxidation) under flowing steam 
at 1000°C in the facility called DEZIROX 2 [28]. The oxidation times were determined 
on the basis of the target amount of oxygen using the available oxidation kinetics 
established in prior studies [29]. At the end of steam oxidation, the samples were 
directly dropped into RT water. The weight gain due to oxidation was then calculated 
from the sample mass measured before and after oxidation, providing the average 
amount of oxygen absorbed, hereafter referred to as the oxygen content deduced from 
the weight gain.  
 
Metallographic examinations have shown that the oxide layer thickness is homogeneous 
along the samples as well as between inner and outer sample surfaces. Hydrogen 
content measurements carried out on some samples after oxidation have not revealed 
significant hydrogen pick-up, a few tens of wppm at most. This indicates that the 
oxidation times applied were shorter than those inducing significant hydrogen uptake at 
1000°C, i.e. for post-breakaway oxidation [30].    
     
2.1.3 HT homogenization  
 
After hydrogen charging and steam oxidation at 1000°C, the samples were heat-treated 
at 1200-1300°C under inert gas to homogenize oxygen by reducing the oxide layer’s 
thickness by oxygen diffusion across the sample thickness. For this purpose, a protocol 
based on a procedure successfully applied to hydrogen-free sheet samples [31] was 
developed and optimized in our study. It can be summarized as follows:  
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− The samples were first encapsulated in quartz bulbs to prevent air oxidation at HT. 
The free volume inside the bulb has been reduced as much as possible in order to 
limit hydrogen desorption during the homogenization heat-treatment. Thus, 3-4 30 
mm-long tube samples containing the same average hydrogen and oxygen contents 
were inserted into a quartz tube with 10 mm of internal diameter and 12-15 cm of 
length. A 7-8 mm-diameter full cylindrical quartz rod was then placed inside the 
remaining free volume. 

− Before sealing the quartz bulbs, a primary vacuum was applied to remove the 
residual air. A certain amount of argon (99.997 volume %) was then injected into 
the bulbs with a gas pressure depending on the hydrogen content: 100 mbar for 
hydrogen contents below 1000 wppm, 50 mbar for 1500-2000 wppm of hydrogen, 
and 20 mbar for hydrogen contents around 3000 wppm. The gas pressures were 
chosen to prevent the bulbs from contraction, ballooning, or even burst, but also to 
limit hydrogen desorption during the heat-treatment at 1200-1300°C (related to the 
evolution of the hydrogen partial pressure according to Sieverts’ law [32]).   

− The quartz bulbs were then heat-treated at 1200-1300°C for four hours in a furnace. 
The annealing temperatures were limited to 1300°C as to avoid damage to the quartz 
tubes used. The heat-treatment temperatures were chosen considering that 
temperature had to be sufficiently high to fully transform the material into the βZr 
phase, but not too high to limit hydrogen desorption at HT. The treatments were 
finally performed at 1300°C for samples containing less than 1000 wppm of 
hydrogen and at 1200°C for those containing more hydrogen. At the end of the heat-
treatments, the bulbs were rapidly taken out of the furnace, then broken in RT water 
to obtain a water-quenched microstructure. The samples containing less than 1000 
wppm of hydrogen were directly quenched in RT water. The samples charged with 
2000-3000 wppm hydrogen were cooled at 1-3°C/s down to 1100°C before water 
quenching with the aim to allow the samples to reabsorb some of the hydrogen that 
may have desorbed during the treatment at 1200°C. No sample failed during water-
quenching, allowing further mechanical characterizations.   

 
2.1.4 Oxygen and hydrogen contents measurements 
 
After HT homogenization, the samples’ microstructure, the average oxygen and 
hydrogen contents, and their homogeneity, were systematically characterized (in 
addition to the analyses made after each step of the model material preparation 
protocol). 
 
Hydrogen content  
 
The hydrogen content measurements performed after homogenization using the 
HORIBA EMGA-821 analyzer show nearly no hydrogen desorption during the heat-
treatments. There may have been some hydrogen losses (for example during the one 
hour annealing at 800°C under nearly pure argon, according to the Sieverts’ law [27]) 
but in amounts too small, i.e. smaller than the uncertainties resulting from hydrogen 
charging and hydrogen content measurement (considering that the hydrogen contents 
studied here are very high), to be clearly observed. 
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In order to check the axial homogeneity of the hydrogen concentration, hydrogen 
content measurements were performed at three different positions of some tube samples 
(at the two ends and in the middle) using the HORIBA EMGA-821 analyzer. Besides, a 
non-destructive analysis using neutron radiography was carried out at the Léon 
Brillouin laboratory (LLB, CEA, CNRS, Université Paris-Saclay, France) on a 35 mm-
long tube sample containing, on average, 2600-2700 wppm of hydrogen and 0.4 wt% of 
oxygen (content deduced from the weight gain), heat-treated at 1200°C. Samples with 
known hydrogen contents (previously measured by HORIBA EMGA-821 analyzer) in 
the range investigated were used as reference samples for hydrogen content calibration 
[19,33]. Note that hydrogen plays a major role in neutron absorption and the 
contribution of oxygen can be neglected. As shown in Fig. 1, the variation is only ±10% 
in hydrogen concentration along the sample’s whole length. The azimuthal variation in 
the hydrogen content is only a few wppm to a few tens of wppm.  
 

 
 

Fig. 1. Hydrogen contents measured on a Zircaloy-4 tube sample containing 2600-2700 wppm of 
hydrogen and 0.4 wt% of oxygen on average, heat-treated at 1200°C, using the HORIBA EMGA-821 

analyzer and neutron radiography. 
 
 
Oxygen content  
 
An example of the microstructure of a sample charged with hydrogen and oxygen after 
homogenization heat-treatment is illustrated in Fig. 2. It is shown that the 
microstructure exhibits a 100% prior-βZr structure with neither residual oxide layer nor 
oxygen-enriched αZr(O) layer.  
 
In order to indirectly check the homogeneity (at the macroscopic scale) of the oxygen 
content, which is known to have a significant hardening effect on prior-βZr [13], 
microhardness measurements were carried out across the sample thickness using a 
Vickers diamond indenter with a load of 100g. The microhardness profiles made an 
angle of 45° from the tube radial direction, with a distance of 50 μm between 
indentation marks. As shown in Fig. 2(a), the oxygen distribution in the samples is 
macroscopically uniform after HT homogenization. Slight variations in the 
microhardness values can be observed, related to oxygen redistribution resulting from 
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the βZr-to-αZr phase transformation during cooling, leading to the formation of oxygen-
enriched and oxygen-depleted zones at the microstructure scale [6,24]. In the case of 
materials charged with both hydrogen and oxygen, it is found that hydrogen has no 
significant effect on the Vickers microhardness values and that only the effect of 
oxygen can be pointed out. This observation is consistent with the result given in [19]. 
This confirms that for the water-quenched prior-βZr structure, the hardening effect of 
oxygen is significantly more important than that of hydrogen.  
 
Infrared absorption analyses (LECO TC500 analyzer) performed on samples only 
charged with hydrogen showed slight oxygen uptake (about 0.1 wt%) during hydrogen 
charging, so these samples contain approximately 0.2-0.3 wt% of oxygen on average. 
 
The hydrogen contents in the samples can be approximatively divided into four 
principal ranges: 20-30, ~1000, ~2000, and ~3000 wppm; completed with three sets of 
oxygen contents: ~0.2, ~0.5, and ~0.9 wt%. These contents cover most of the content 
ranges encountered in the prior-βZr layer within fuel claddings that have experienced 
(semi-)integral LOCA transients with secondary hydriding. 
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Fig. 2. (a) Polarized optical micrograph of the transverse cross-section of a sample containing 3000 wppm 
hydrogen and 0.83 wt% oxygen, (b) Vickers microhardness values measured after homogenization heat-

treatments at 1200-1300°C across the thickness of samples charged with hydrogen and oxygen.  
 
 
2.2 Mechanical testing 
 
2.2.1 Specimen preparation 
 
In order to characterize the macroscopic mechanical behavior of the model materials 
upon cooling from the βZr domain, uniaxial tensile tests were performed on specimens, 
with 8 mm of gauge length and 2 mm of gauge width, fabricated from Zircaloy-4 
cladding tube segments homogeneously charged with hydrogen, at a few wppm to 3200 
wppm, and with oxygen, at 0.13-0.84 wt%. The specimen geometry, already used in 
[11], is illustrated in Fig. 3. The tensile specimens were machined by electro-erosion 
(tungsten wire). This technique helps minimize the force applied to the samples during 
machining, which could lead to the failure of samples highly enriched in hydrogen and 
oxygen, likely to be very brittle at low temperature. Despite the precautions taken 
beforehand, many specimens were broken during preparation, especially those 
containing both high hydrogen contents and high oxygen contents, ~2000-3000 wppm 
hydrogen and ~0.9 wt% oxygen typically.              
 

 
Fig. 3. Tensile specimen geometry. 

 
In addition to the characterizations mentioned in Section 2.1.4, for each specimen, 
average hydrogen and oxygen content measurements were systematically performed on 
130-150 mg offcuts resulting from the specimen machining. The oxygen contents of the 
specimens were estimated from: 

- the weight gain measured after steam oxidation at 1000°C and prior to HT 
homogenization; 

- 100g Vickers microhardness measurements performed across the prior-βZr layer 
thickness of some machining offcuts after HT homogenization using the 
correlations proposed by Brachet et al. [13] relating the oxygen content to the 
microhardness value for the water-quenched prior-βZr structure (this relationship 
may tend to slightly overestimate the oxygen content in the presence of high 
hydrogen contents); 

- Electron Probe Microanalyses (EPMA) performed on some machining offcuts 
after HT homogenization, with oxygen profiles measured across the whole prior-
βZr layer thickness, parallel to and near the microhardness profiles.    
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It has been found that the oxygen contents deduced from the weight gains are in good 
agreement with those estimated from microhardness and EPMA. As a result, it is 
assumed that there was no significant oxygen uptake during the HT homogenization 
treatments. The oxygen contents mentioned hereafter for each specimen are deduced 
from the weight gain measurements.     
 
2.2.2 Experimental procedures 
 
The tensile tests were carried out on a MTS servo-hydraulic tensile testing system 
equipped with a 2.5 kN load cell, using the same experimental procedures presented in 
[11,26]. During the tests, the specimen holder’s temperature was directly monitored 
using two Chromel-Alumel thermocouples spot-welded on its upper and lower regions, 
and another welded next to the specimen, providing the so-called “furnace” 
temperature. Because of the specimen’s small size and fragility, it was not possible to 
directly weld thermocouples on it. Consequently, it was necessary to carry out 
calibration tests to estimate the specimen’s temperature from the furnace temperature 
during a typical thermal cycle applied before and during the tensile tests (the specimens 
were heat-treated in the βZr domain and mechanically tested upon cooling), as illustrated 
in Fig. 4.  
 
Due to the potential fragility of the specimens and the HT reached during the tensile 
tests, it was not possible to utilize an extensometer to measure the displacement of the 
specimen gauge region directly. Therefore, the displacement fields in the specimen 
gauge region were determined by two-dimensional (2D) digital image correlation 
(DIC). In order to obtain sufficient optical contrast for image correlation, the gauge 
surface of each specimen was painted beforehand with a random pattern consisting of 
points made of a titanium dioxide-based white fluid using an airbrush. The white 
titanium dioxide was chosen since it exhibits good HT resistance and good contrast with 
the dark specimen surface. A rectangular window was made on one side of the furnace, 
through which images of the specimen surface were taken using a fast Photron camera 
(Fastcam SA1.1) at a rate of 250 images per second. The specimen surface was 
illuminated in white light using two LED lamps  
 
2.2.3 Testing conditions 
 
The tensile tests were conducted at various temperatures between 700 and 30°C upon 
cooling from 1000-1200°C in the βZr domain: 700, 580, 500, 400, 350, 135, and 30°C. 
The tests were performed in the air so that a thin oxide layer of about 3-5 μm of 
thickness was formed on the specimen surfaces. It has been believed that the thin 
zirconia layer formed in situ may help avoid hydrogen desorption at HT. Along with 
this, a certain quantity of oxygen diffuses into the metal, leading to the formation of a 
thin αZr(O) layer of about 3-7 μm of thickness beneath the oxide layer, but no significant 
oxygen enrichment in the βZr layer. Besides, no zirconium nitride was observed after 
testing. The white titanium dioxide points used for DIC remained visible after the heat-
treatment at HT. 
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As shown in Fig. 4, after being mounted on the testing machine, the specimen was 
rapidly heated up to the βZr domain at 1000-1200°C, at about 8-10°C/s up to 1000°C 
then 4°C/s between 1000-1200°C on average. Maximum temperatures of 1000°C and 
1150-1200°C were applied to the specimens only charged with hydrogen and to those 
charged with both hydrogen and oxygen, respectively. On the one hand, the temperature 
needs to be high enough to transform the materials into the βZr phase. The choice was 
made on the basis of thermodynamic predictions at equilibrium, obtained by the 
Thermo-Calc software associated with the Zircobase database [32,34]. However, under 
the dynamic conditions of the tests performed, the temperatures above which the 
material is entirely in the βZr phase are certainly higher than those predicted at 
equilibrium. On the other hand, the temperature chosen should not be too high to limit 
air oxidation and oxygen diffusion from the external specimen surfaces into the 
underlying metallic layer. Once the maximum temperature was attained, the furnace 
was immediately turned off so that the specimen was directly cooled down to the target 
temperature for the tensile test that was then launched without delay. The specimen 
cooling rate was higher than 5-6°C/s between the beginning of cooling and 700°C, then 
~1-2°C/s from 700 to 500°C, and lower than 1°C/s for temperatures below. These 
relatively rapid cooling rates are of the same order of magnitude as those expected 
during a LOCA transient before the final water-quenching from 500-800°C [1].  
                     

 
Fig. 4. Typical thermal cycle applied during the tensile tests: evolution of the temperature measured on 
the specimen holder (furnace temperature) and the specimen surface (specimen temperature); the blue 

stars denote the temperatures at which the tensile tests were performed. 
 
The tests were performed under displacement control, including during the thermal 
cycle (tests had been carried out with a force control during the thermal cycle to 
compensate for the thermal expansion effects, but the control was not satisfactory). To 
limit the stresses during the thermal cycle before the tensile test, a gap was initially left 
between the moving holder and the specimen, allowing the specimen to expand freely. 
The specimens were subjected to a maximum compressive stress of approximately 4-5 
MPa during the thermal cycle, i.e. in the elastic range of the material. The tests were 
performed at a constant crosshead displacement rate of 0.8 mm·s-1, equivalent to an 
approximate mean strain rate of 0.1 s-1 in the specimen gauge region. This relatively 
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rapid strain rate, leading to testing durations of 1-2 s typically, made it possible to limit 
both oxidation and metallurgical evolutions of the materials during the tests, as well as 
temperature variations. It was estimated that the specimen temperature variation during 
the test and the temperature gradient along the specimen gauge length do not exceed 
10°C. Besides, the strain rate applied is expected to be faster than that commonly used 
in semi-integral LOCA tests, based on the rough estimates made from the data reported 
in [7,35]. The mechanical behavior of the material probably depends on the loading rate. 
However, this effect is expected to be second-order compared to the combined effects of 
temperature, hydrogen, and oxygen. 
 
2.2.4 Data analysis 
 
The tensile load, crosshead displacement, and furnace temperature were routinely 
recorded throughout the tests. The digital image correlation (local approach) was 
performed on a 1.5-1.8x8 mm2 zone called the region of interest (ROI), using the VIC-
2D™ software.  The Green-Lagrange strains were calculated from the displacement 
fields. Axial and hoop strains were then averaged over the whole analyzed surface. The 
uncertainty on the mean strains determined has been estimated at approximately 
±0.0004 at best.            
 
The engineering axial stress was defined as the ratio of the force measured by the load 
cell to the specimen’s initial cross-section in the gauge region. The maximum axial 
strain determined by DIC was limited to a few % because of the pattern’s cracking 
(embrittled after the HT treatment) for larger strain levels. As a consequence, the 
engineering axial strain was deduced from the DIC for the elastic domain and the 
beginning of plasticity, up to 0.03 % of plastic strain. For higher axial strain levels, the 
axial strain was estimated by dividing the crosshead displacement by the specimen 
gauge length. In this case, the plastic part (supposed to be fully related to the specimen) 
of the strain determined from the crosshead displacement was isolated by removing the 
elastic part of the strain determined from the crosshead displacement using the initial 
slope of the stress-strain curve (with the strain obtained from the crosshead 
displacement). The total strain was then obtained by adding this plastic strain to the 
elastic strain calculated from the stress using Young's modulus determined from the 
stress-strain curve with the strain obtained by DIC. 

 
The following mechanical parameters were determined from the engineering stress-
strain curves: Young’s (elastic) modulus (E), yield stress at 0.2% offset (YS), ultimate 
tensile strength (UTS) consisting of the maximum stress that the material can withstand 
during the tensile test, uniform elongation (UE, plastic strain at the maximum stress, 
corresponding to the plastic strain at the onset of necking in the case of existence), and 
plastic strain at failure (PSF). Besides the plastic strain at failure, the reduction of cross-
section area at fracture (Z) was measured from optical images taken perpendicularly to 
the tensile direction on both sample’s fracture surfaces to characterize the ductility of 
the material. It has been estimated that the absolute uncertainty of these measurements 
is about ±0.08. UE, PSF and Z are null as the specimen fails in the elastic domain 
(brittle failure). Tabular data from the tensile tests are given in Appendix.      
 



Revised version submitted to JNM  12 

3 Experimental results 
 
3.1 Stress-strain response 
 
Fig. 5 gives examples of engineering stress-strain curves obtained for specimens 
charged with hydrogen and oxygen at different contents, tested at various temperatures 
between 700 and 30°C upon cooling from the βZr domain. It is shown that the 
mechanical response strongly depends on temperature and hydrogen and oxygen 
contents.      
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Fig. 5. Engineering stress-strain curves for Zircaloy-4 charged at different hydrogen and oxygen contents, 
tested in tension at various temperatures between 700 and 30°C upon cooling from the βZr phase domain. 
 
3.2 Elastic modulus 
 
Fig. 6 shows the temperature dependence of E. As mentioned earlier, thin ZrO2 and 
αZr(O) layers formed on the specimen surfaces due to air oxidation during the tensile 
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tests. These phases, which are likely not to be cracked at the beginning of the tensile 
tests, have elastic moduli significantly higher than that of the (prior-)βZr phase less 
enriched in oxygen [6,12,36]. However, given their relatively small thickness compared 
to the whole thickness of the specimen, it is reasonable to assume that their contribution 
to the elastic modulus value is included in measurement uncertainty.   
 
As can be observed in Fig. 6, the elastic moduli of the materials increase continuously 
as temperature decreases between 700 and 30°C, regardless of hydrogen and oxygen 
contents. However, given scattered data, neither hydrogen nor oxygen in the content 
ranges studied, i.e. up to 3200 wppm of hydrogen and 0.84 wt% of oxygen, has 
significant effects on the elastic modulus. This is consistent with results from the 
literature for prior-βZr only charged with hydrogen, up to 3000 wppm, or with oxygen, 
up to about 1 wt% [6,11,36].           
 

 
Fig. 6. Temperature dependence of E of the (prior-)βZr material charged at different hydrogen (in wppm) 
and oxygen (in wt%) contents; data for materials only charged with 1700-3200 wppm hydrogen are from 

[11]. 
 
3.3 Fracture and ductile-to-brittle transition 
 
Fig. 7 clearly shows a significant decrease in PFS upon cooling between 700 and 30°C, 
whatever the hydrogen and oxygen contents. It is noticed that all the specimens with the 
hydrogen and oxygen contents in the ranges studied are ductile at 700°C, with PFS 
values greater than 0.08. Contrary to the materials only charged with hydrogen, for 
which the hydrogen-related effect on material ductility is negligible at temperatures 
above 500°C [11], it is found that in the presence of oxygen, hydrogen reduces the 
ductility of the material considerably, as illustrated in Fig. 7(a). It can be seen that there 
exists a so-called “critical” temperature below which the materials become 
macroscopically brittle for a given couple of hydrogen and oxygen contents. This 
temperature is considered as the macroscopic ductile-to-brittle transition (DBT) 
temperature of the material. This temperature increases with the hydrogen and oxygen 
contents. The results indicate that the hydrogen-induced embrittlement is intensified 
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when the material is also charged with oxygen, and vice versa. These observations are 
in good agreement with those based on Z presented in Fig. 8. Note that a slightly 
negative Z is obtained for some brittle specimens due to the measurement uncertainty. 
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Fig. 7. Temperature dependence of the global PFS of the (prior-)βZr material containing: (a) ~0.2 wt% 
oxygen and different hydrogen contents (in wppm), (b) ~0.5 wt% oxygen and different hydrogen contents 

(in wppm), (c) ~2000 wppm hydrogen and different oxygen contents (in wt%); data on materials only 
charged with 1700-3200 wppm hydrogen are from [11]. 
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Fig. 8. Temperature dependence of Z of the (prior-)βZr material containing: (a) ~0.2 wt% oxygen and 
different hydrogen contents (in wppm), (b) ~0.5 wt% oxygen and different hydrogen contents (in wppm), 
(c) ~2000 wppm hydrogen and different oxygen contents (in wt%); data on materials only charged with 

1700-3200 wppm hydrogen are from [11]. 
 
 
The macroscopic failure mode transition is delimited as follows: the materials are 
classified as ductile, nearly brittle, and brittle if the plastic strain at failure is higher than 
0.01, between 0.01 and 0.005, and below 0.005, respectively. The plastic strain at 
failure is used rather than the reduction of cross-section area at fracture to establish the 
macroscopic DBT since the latter’s measurements exhibit a considerably higher 
uncertainty. However, this would not change the trends and conclusions based on the 
plastic strain at failure.  
 
The macroscopic failure modes determined from our results and data available from the 
literature [6,12,13,37–40] for materials either charged with hydrogen or oxygen are 
shown in Fig. 9 and Fig. 10. 
 
In the case of materials only charged with hydrogen, it can be seen from Fig. 9 that our 
results are, on the whole, in good agreement with those reported by Bai [38] for 
Zircaloy-4 flat specimens containing up to 3200 wppm of hydrogen, tested in tension at 
different temperatures between 20 and 350°C after hydrogen charging at 700°C and 
cooling at a rate lower than 0.02°C/s. Pshenichnikov et al. [37] observed, after cooling 
at 5°C/s from 727-927°C, macroscopically ductile failure at RT for very high hydrogen 
contents up to 3400 wppm and a DBT at RT for the material charged with 4850 wppm 
hydrogen at 927°C. This result appears to be different from ours, which indicate a DBT 
at RT for about 1000 wppm hydrogen, and from the observations reported by Brachet et 
al. [13], who showed nearly-brittle failure at RT on the material charged with 600-700 
wppm hydrogen and directly quenched into water from 1000°C. This difference in the 
failure mode would be related to the oxygen content in the hydrogen-charged materials 
tested in our study, which is higher by about 0.1 wt%. This additional oxygen is likely 
to have a significant effect on the embrittlement of the material. Besides, the faster 
cooling rate applied by Brachet et al. [13] probably induces additional embrittlement 
caused by the hardening effects of finer microstructure constituted by a significant 
amount of hydrogen remaining in solid solution within the Zr matrix and 
submicrometric hydrides, as observed in [41]. Furthermore, according to Bai [38], the 
materials tested at a faster strain rate exhibit lower ductility for a given set of hydrogen 
content and testing temperature, potentially resulting from the material viscosity. Our 
study’s tensile tests were performed at a strain rate of 10-1 s-1, which is much greater 
than those applied in other studies, commonly in the order of 10-4-10-3 s-1 [12,31,37,38].                     
 
As shown in Fig. 10, the DBT temperatures determined from our results in the case of 
materials only charged with oxygen are consistent with the results reported by Sawatzky 
[39] and Garde et al. [40]. Nonetheless, these DBT temperatures are higher by several 
tens of °C than those obtained by Stern et al. [6]. This difference would be explained by 
the difference in microstructure resulting from different cooling rates. Indeed, the 
samples tested by Stern et al. [6] were cooled at a faster rate (direct water-quenching), 
leading to a more brittle, finer, and more chemically homogeneous microstructure. In 
contrast, as illustrated in [26] and already discussed more in-depth in [24], in our case, 
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significant oxygen/hydrogen partitioning has occurred upon cooling at a few °C/s before 
the tensile tests, probably inducing localized “softer” zones within the tested (prior-)βZr 
structure.          
 

 
Fig. 9. DBT of the prior-βZr material as a function of temperature and hydrogen contents; data from our 

study and the literature [6,12,13,37,38]; pseudobinary Zircaloy-4-hydrogen phase diagram at equilibrium 
obtained by Thermo-Calc associated with the Zircobase database; DBT boundaries calculated by Eq. (2) 
for oxygen contents of 0.13 wt% (content for the data from the literature) and 0.2 wt% (content for the 

results from this study). 
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Fig. 10. DBT of the prior-βZr material as a function of temperature and oxygen content; data from our 

study and the literature [6,12,39,40]; DBT boundary calculated by Eq. (2) established in this study for 30 
wppm of hydrogen. 

 
Finally, Fig. 11 shows the macroscopic failure modes determined from our results as a 
function of temperature, hydrogen content and oxygen content. The macroscopic DBT 
temperatures are listed in Table 1. It appears that hydrogen and oxygen have an additive 
effect (without strong coupling) on the DBT temperature that can reach about 580°C for 
the material containing about 2000 wppm hydrogen and 0.9 wt% oxygen. However, it 
should be recalled that the DBT temperatures discussed here refer to the macroscopic 
failure mode. As already reported in [11] and [37], ductile regions can be observed 
locally even when the behavior is macroscopically brittle. The discussion on the failure 
mechanisms at the microscale is out of the scope of this paper. More information can be 
found in [26]. However, it can be mentioned that this failure mode mixing brittle and 
ductile fracture at the microscale is mainly related to microchemical heterogeneities 
(oxygen and hydrogen in particular) due to partitioning during the βZr-to-αZr phase 
transformation upon cooling [24]. The distribution of oxygen and hydrogen, the fraction 
of hydrogen precipitated in the form of hydrides (or remaining in solid solution in the Zr 
matrix), the nature of hydrides and their proportion strongly depend on the cooling 
scenario and the average oxygen and hydrogen contents [26,41].  
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Fig. 11. Macroscopic DBT as a function of temperature, hydrogen content, and oxygen content for the 

prior-βZr material; DBT boundary calculated by Eq. (2). 
 
Table 1. Macroscopic DBT temperatures of the (prior-)βZr material as a function of hydrogen and oxygen 

contents. 

Hydrogen content (wppm) Oxygen content (wt%) DBT temperature (°C) 
3 0.13 < 20 
30 0.46 ~ 135 

1100-1200 0.13-0.15 ~ 30 
950 0.42-0.57 ~ 400 

1700-2400 0.17-0.24 ~ 135 
2200 0.44 400-500 
2100 0.80-0.84 ~ 580 

2900-3200 0.19-0.22 350-400 
2800 0.47 ~ 500 

 
 
3.4 Yield stress, ultimate tensile strength and uniform elongation 
 
Fig. 12 and Fig. 13 show the evolutions of the YS and those of UTS as a function of 
temperature for several couples of hydrogen and oxygen contents. It is important to note 
that thin oxide and αZr(O) layers of only a few microns, formed by air oxidation at HT 
during the tensile tests, may have a slight effect on the material’s global mechanical 
response, especially at the beginning of plasticity. However, considering their slight 
thicknesses, it is estimated that these layers result in a variation of only 5% in the stress 
levels. As shown in Fig. 12 and Fig. 13, the YS and UTS increase continuously as the 
temperature decreases between 700 and 30°C in the case of ductile materials, regardless 
of hydrogen and oxygen contents.  
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Additionally, for a given oxygen content and at a given temperature below 500°C, the 
YS and UTS increase considerably in the presence of hydrogen up to 3000 wppm. The 
hardening effect of hydrogen in this temperature range would be related to the 
contribution of zirconium hydrides that extensively precipitate via a eutectoid transition 
taking place at around 500-550°C [41]. Besides, it may result from a significant amount 
of hydrogen potentially remaining in solid solution within the Zr matrix, as reported in 
[41]. However, the hydrogen-related effect appears not to significantly depend on the 
oxygen content. At 500°C, it is found that the YS and UTS increase slightly with 
increasing the hydrogen content up to 2000 wppm, then decrease slightly for higher 
hydrogen contents. 
 
At temperatures above 500°C, i.e. 700°C, whatever the oxygen contents, both the YS 
and UTS tend to decrease slightly as the hydrogen content increases. This is consistent 
with the observations reported in [11] for the materials only charged with hydrogen. 
The softening effect of hydrogen at temperatures above 500°C can be explained by an 
increase in the βZr phase fraction at a given temperature above the eutectoid transition 
(in the two-phase domain, αZr + βZr) with increasing the hydrogen content. Additionally, 
the βZr phase is known to have a lower mechanical strength at HT as compared to the αZr 
phase (prior-βZr). Furthermore, it is possible that interstitial hydrogen atoms in solid 
solution have the effect of weakening the atomic binding energy of zirconium [42] or of 
increasing the mobility of dislocations [43].                         
 
The oxygen-related strengthening effect for ductile materials can be clearly observed in 
Fig. 12 and Fig. 13. However, it is found that this strengthening seems to be 
independent of or little dependent on the testing temperature. This is consistent with the 
results obtained by Sawatzky [39] on Zircaloy-4 samples only charged with oxygen. 
Additionally, the hardening effect of oxygen appears to be more significant for the non-
hydrided samples as compared to the pre-hydrided ones. In the absence of hydrogen, the 
UTS values obtained in our study are higher than those reported by Stern et al. [6] and 
Sawatzky [39]. This difference would be related to material viscoplasticity. Indeed, the 
strain rate applied in our study is 300 times greater than those applied by Stern et al. and 
Sawatzky, in the order of 10-4 s-1. The higher UTS values measured in our case could 
also be explained by a slower cooling from the βZr phase domain (about 1-10°C/s). 
Indeed, such a cooling promotes microstructure heterogeneities with larger oxygen-
enriched αZr laths caused by the partitioning of oxygen during on-cooling phase 
transformation, which may give additional strengthening as a result of the intrinsic 
effect of oxygen in the case of ductile materials at HT [6].  
 
Below the macroscopic DBT temperature, depending on the hydrogen and oxygen 
contents, it can be seen in Fig. 13 that the UTS, corresponding to the failure stress in the 
case of brittle fracture, decreases rapidly as the temperature decreases. It is only 128 
MPa in the most brittle case tested, i.e. 2100 wppm hydrogen, 0.44 wt% oxygen, and 
350°C. Besides, Fig. 13 clearly shows the embrittlement effects of hydrogen and 
oxygen. Precisely, below the DBT temperature, the failure stress is diminished as the 
hydrogen content increases for a given oxygen content, or as the oxygen content 
increases for a given hydrogen content, with no significant effect of temperature. Also, 
it seems that there is no significant coupling between the effects of hydrogen and 
oxygen. It is found that for a similar oxygen content and at a given temperature below 
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the DBT temperature, the failure stress obtained in our work is lower than that measured 
by Sawatzky [39]. Again, this may be due to the slower cooling applied in our work, 
promoting the formation of larger oxygen-enriched αZr laths, more brittle in the case of 
macroscopic brittle failure.  
 

 
Fig. 12. Temperature dependence of the YS of the (prior-)βZr material charged at different hydrogen and 

oxygen contents; data on materials only charged with 1700-3200 wppm hydrogen are from [11]: 
experimental results (symbols) and predictions of the model presented in Section 4.4 (lines). 
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Fig. 13. Temperature dependence of the UTS of the (prior-)βZr material charged at different hydrogen and 

oxygen contents; data on materials only charged with 1700-3200 wppm hydrogen are from [11]: 
experimental results (symbols) and predictions of the model presented in Section 4.4 (lines). 

 
Fig. 14 illustrates the influence of hydrogen and oxygen on the UE as a function of 
temperature. The UE tends to increase monotonically as the temperature decreases 
between 700 and 500°C, then decreases continuously for temperatures below, regardless 
of hydrogen and oxygen contents. These tendencies are consistent with those observed 
by Garde et al. [40] for Zircaloy-4 charged with about 0.5 wt% oxygen. At 700°C, the 
UE is significantly higher in the case of non-hydrided materials as compared to the 
materials charged with hydrogen. In the case of the hydrided materials, necking occurs 
very soon at the beginning of macroscopic plasticity for a very low plastic strain level. 
This rapid plastic strain localization in the presence of high hydrogen contents would be 
related to a larger fraction of the βZr phase and a higher amount of hydrogen in solid 
solution as compared to a non-hydrided material, resulting in a softening at this 
temperature. Besides, it seems that at 700°C, there is no obvious influence of oxygen on 
the UE for both non-hydrided and hydrided materials. This is in good agreement with 
the observations made by Garde et al. [40], who reported a nearly constant UE at 750°C 
for Zircaloy-4 charged at different oxygen contents up to about 0.9 wt%.  
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At a given temperature below 500°C, the UE decreases continuously as the hydrogen 
and oxygen contents increase due to the hardening and embrittlement effects of these 
two elements at these temperatures. This is consistent with the observations reported in 
the literature for samples only charged with either hydrogen or oxygen [6,11,40].   
 
          

  
Fig. 14. Temperature dependence of the UE of the (prior-)βZr material charged at different hydrogen and 

oxygen contents; data on materials only charged with 1700-3200 wppm hydrogen are from [11]. 
 
4 Modeling 
 
Based on the experimental data presented in the previous section, relationships are 
proposed to describe the uniaxial mechanical behavior of the material as a function of 
temperature and oxygen and hydrogen contents. It should be emphasized that these 
relationships are empirical/phenomenological, with no physical ingredients. For 
example, they do not explicitly take into account the evolution of the phases in the 
material. Therefore, there is no guarantee that they are relevant outside the strain rate, 
temperature, hydrogen content, and oxygen content ranges in which they have been 
established, i.e. strain rate of about 0.1 s-1, temperatures between 30 and 700°C, 
hydrogen contents between a few wppm and 3200 wppm, and oxygen contents varying 
from 0.13 to 0.9 wt%. Furthermore, these relationships have been determined for 
materials cooled at a few °C/s to a few tenths of °C/s from the βZr domain. Thus, their 
application to materials subjected to very different cooling rates, e.g. direct water-
quenching from the βZr domain, should be done with caution. 
 
4.1 Elasticity 
 
Elasticity is described by Hooke’s law: σ = Eεe, where σ is the Cauchy stress, εe is the 
logarithmic elastic strain. No significant effect of hydrogen and oxygen on E was 
observed. The following correlation is proposed to relate E (in GPa) to temperature T 
(in °C):   
 
 E = -0.07T + 91 (1) 

3 H_0.13 O

1100-1200 H_0.13-0.15 O

30 H_0.46 O

950 H_0.42-0.57 O

1700-2400 H
0.17-0.24 O

2900-3200 H_0.19-0.22 O

2200 H_0.44 O
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As shown in Fig. 6, this relationship is capable of predicting reasonably well the 
experimental Young’s moduli, with an uncertainty of ±10 GPa.  
 
4.2 Ductile-to-brittle transition 
 
On the basis of the experimental data obtained, the following correlation is proposed to 
describe the macroscopic DBT temperature as a function of hydrogen and oxygen 
contents by considering an additive effect of these two elements (no coupling): 
  

Tc = -317.5 + (2100CH - 2500CH
2 ) + (1293.7CO - 714.1CO

2 ) (2) 
 
where CH and CO are the hydrogen content (in wt%) and the oxygen content (in wt%), 
respectively. Tc is the macroscopic DBT temperature in °C. For a given couple of 
hydrogen and oxygen contents, the material is considered as ductile when the testing 
temperature is higher than the critical temperature Tc. The boundary described by Eq. 
(2) is shown in Fig. 9, Fig. 10, and Fig. 11, together with experimental data. It appears 
that this relationship describes satisfactorily well the DBT of the material charged either 
with hydrogen or oxygen, but also with both hydrogen and oxygen.  
   
4.3 Brittle case: failure stress 
 
In the case of brittle materials, i.e. at testing temperatures below the macroscopic DBT 
temperature Tc (Eq. (2)) for a given couple of hydrogen and oxygen contents, the 
evolution of the ultimate tensile stress UTSb (in MPa), which corresponds to the failure 
stress, can be described by the following correlation:    
  

UTSb  =  684 (1 - 1.329CH)(1 - 0.76CO) (3) 
 
where CH and CO are expressed in wt%. This relationship takes into account the isolated 
effects of hydrogen and oxygen, as well as a slight coupling between the effects of these 
elements. As shown in Fig. 13, the correlation estimates reasonably well, in the majority 
of cases, the failure stress of the brittle materials, with an uncertainty of a few tens of 
MPa, in particular at low temperatures, i.e. below 135°C, which is the saturation 
temperature during reflood in the LOCA scenario.     
 
4.4 Ductile case: plastic flow 
 
In the case of materials that exhibit a macroscopic ductile or nearly-brittle failure, i.e. 
when the testing temperature is higher than the macroscopic DBT temperature Tc, it can 
be interesting to have, as a first approach, simple relationships to determine the values 
of the YS and ultimate tensile strength UTSd. The following relationships are proposed 
to describe the values of YS (in MPa) and UTSd (in MPa) as a function of T (in °C) and 
CH (in wt%), and CO (in wt%), with a deviation smaller than 10% when compared to 
experimental values:  
 

YS = (370.3 - 0.686T + 3.926∙10-4T2)(1 +2.607(1−
T

551
)CH)(1 + 3.318CO - 1.997CO

2 ) (4) 
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UTS
 = (563.2 - 0.928T + 4.144∙10-4T2)(1 + 2.901(1−
T

567.5
)CH)(1 + 1.290CO – 0.245CO

2 ) (5) 

 
As a second approach, it is even more interesting to have a model describing the plastic 
flow. For this purpose, the total strain is divided into a sum of elastic, εe, and plastic, εp, 
parts. The effect of viscosity is not taken into account since the tests were performed at 
a single strain rate of 10-1 s-1. The elasticity is described by Hooke’s law with the 
temperature-dependent elastic modulus given by Eq. (1). Once the initial yield stress σy 
is reached, the following isotropic and non-linear strain-hardening law is proposed to 
describe the evolution of the Cauchy stress σ as a function of the accumulated 
logarithmic plastic strain p:  
        

σ(p) = σy + Hp + Q(1 − exp(-Dp)) (6) 
 
In the case of monotonic tensile loading, p = εp. σy, H, Q, and D are material 
parameters. They were identified from the experimental stress-plastic strain data for 
plastic strain levels higher than 0.0005 to the onset of necking when it exists. 
Considering that plastic strain is isotropic and associated with no volume change, the 
logarithmic plastic strain and the Cauchy stress were determined from engineering 
plastic strain εpeng and engineering stress σeng using the following relationships: ε� =
ln�1 + ε����� and σ = σeng�1 + ε�����.  
 
First, the parameters of Eq. (6) were determined independently for each test, i.e. for a 
given set of temperature, hydrogen content, and oxygen content. Then, based on the 
results obtained, the following correlations were developed to describe the evolution of 
σy (in MPa), H (in MPa), Q (in MPa), and D (dimensionless) as a function of T (in °C), 
CH (in wt%), and CO (in wt%):        
 

σy = (343.6 - 0.592T + 3.008∙10-4T2)(1 + 3.368(1−
T

531.1
)CH)(1 + 2.827CO - 1.563CO

2 ) (7) 

H = (1800.7 - 4.033T + 2.647∙10-3T2)(1 + 4.722(1−
T

811.6
)CH)(1 - 0.259CO + 3.373CO

2 ) (8) 

Q = (135 - 0.248T + 1.033∙10-4T2)(1 + 4.074CH)(1 + 0.538CO) (9) 

D = (241.6 - 1.254T + 1.911∙10-3T2)(1 + 1.038CH)(1 -0.145CO - 0.593CO
2 ) (10) 

 
These relationships include slight coupling between the effects of hydrogen and oxygen. 
As illustrated in Fig. 15, the model reproduces reasonably well the evolution of the 
plastic flow stress and the effects of temperature and hydrogen and oxygen contents. As 
shown in Fig. 12 and Fig. 13, it is able to predict the values of YS and UTS with an 
uncertainty lower than 10% (except the material containing about 3000 wppm hydrogen 
tested at 500°C for which the deviation reaches 15-20%).         
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Fig. 15. Examples of stress-plastic strain curves, up to the experimental UE: experimental (symbols) and 
calculated (lines) for the (prior-)βZr material containing 2100-2200 wppm hydrogen and 0.44 or 0.8 wt% 

oxygen, tested at 500, 580, or 700°C. 
 
 
5 Comparison to results obtained on claddings oxidized at HT 
 
The relationships presented above describing the mechanical behavior of the (prior-)βZr 
material as a function of temperature and hydrogen and oxygen contents have been 
established on the basis of results of tensile tests performed with a strain rate of 0.1 s-1 
on model materials. These materials were cooled at 5-6°C/s down to 700°C then at ~1-
2°C/s from 700°C to 500°C, and finally at less than 1°C/s for lower temperatures. In 
this Section, the predictions of these relationships are compared to data from the 
literature obtained at RT on claddings oxidized at HT after pre-hydriding [8] or during 
semi-integral LOCA tests with secondary hydriding [7].  
 
Desquines et al. [8] performed tensile tests at RT on Zircaloy-4 tube samples pre-
hydrided up to 3500 wppm, oxidized under steam at 1200°C, then directly quenched 
into RT water. They reported global failure stress values calculated by dividing the 
failure load by the cladding’s whole thickness, including the oxide and αZr(O) layers. 
These external layers exhibit more brittle behavior at low temperature than the 
underlying prior-βZr layer [24]. In claddings oxidized at HT, cracks are often observed 
in the αZr(O) layer after quenching (without additional mechanical loading) [25, 35]. 
These cracks are assumed to result from the internal stresses generated during cooling 
[44]. It is expected that cracks propagate in the oxide layer at the beginning of the 
tensile test performed after quenching [45]. Thus, it is assumed that the oxide and αZr(O) 
layers crack for a loading level significantly lower than the load leading to sample 
failure, so the load is only sustained by the prior-βZr layer. Hence, the failure stress 
values reported in [8] have been normalized to the section of the prior-βZr layer in the 
corresponding sample, which was evaluated from the total cladding thickness and the 
thicknesses of the oxide and the αZr(O) layers measured after oxidation. The comparison 
of our results to the data from [8] is only made for samples oxidized at 1200°C with an 
equivalent cladding reacted (ECR, i.e. total thickness of cladding metal that would be 

0.80 wt% O - 700°C

0.44 wt% O - 700°C

0.44 wt% O - 580°C

0.44 wt% O - 500°C

2100-2200 wppm H
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converted into oxide, assuming that all the oxygen absorbed is reacted with the cladding 
to form stoichiometric ZrO2) value of about 17% calculated using the Baker-Just 
equation [46]. For such oxidation conditions, the βZr layer’s thickness remains 
significant and the oxygen solubility in this phase is nearly reached (without αZr(O) 
penetrations) in the presence of a large amount of hydrogen. Samples containing 
hydrogen contents between approximately 80 and 3000 wppm were considered. The 
prior-βZr layer in these samples is expected to be brittle (or nearly brittle) at RT, so Eq. 
(3) is used to predict the failure stresses. The hydrogen content in the metallic part is 
given in [8]. The oxygen content in the prior-βZr layer is not provided in [8]. During HT 
steam oxidation, a significant amount of oxygen diffuses from the oxide layer into the 
βZr layer. In the absence of hydrogen, the oxygen solubility in this phase at 1200°C is 
slightly above 0.4 wt%. The experimental failure stress values from [8] normalized to 
the prior-βZr section were compared to those calculated by Eq. (3) for 30°C with the 
hydrogen contents reported in [8] and 0.4 wt% oxygen. The results shown in Fig. 16 
indicate that the calculated failure stresses are considerably higher than the experimental 
ones. Indeed, in the presence of hydrogen, the amount of oxygen diffusing into the βZr 
layer at HT is increased. The following relationship established by Brachet et al. [19] is 
used to estimate the oxygen content CO (in wt%) in the prior-βZr layer of the samples 
tested in [8] from the hydrogen content CH (in wppm): 
 

CO = 2∙10��CH + 0.4395 (11) 
 
This relationship was established with hydrogen contents ranging from approximately 
400 to 4000 wppm (and thus for oxygen contents between about 0.4 and 1.2 wt%), on 
the basis of measurements performed on samples steam oxidized for ~160s at 1200°C, 
corresponding to a Baker-Just ECR value close to 17% for two-sided HT oxidation.   
Fig. 16 shows the results obtained using the oxygen contents deduced from Eq. (11). 
The predictions are much closer to the experimental data when the additional oxygen 
content resulting from hydrogen's thermodynamic effect is taken into account. A 
deviation of a few tens of MPa is observed between the experimental and calculated 
failure stress values. This difference could be related to the internal stresses in the 
oxidized cladding resulting from cooling [44], which have not been taken into account. 
Besides, it could be due to the microstructure of the prior-βZr materials tested in this 
study as a result of the cooling rate applied [41]. However, despite these deviations, the 
trends are fully consistent. This shows that Eq. (3), established from results obtained on 
model materials, is able to describe, at least semi-quantitatively, the behavior of the 
prior-βZr layer, in the case of brittle failure, in claddings oxidized at HT, including the 
effects of hydrogen and oxygen.    
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Fig. 16. Comparison of the experimental failure stress values (normalized to the prior-βZr section, reported 

in [8] for tensile tests performed at RT on Zircaloy-4 cladding samples pre-hydrided at several contents 
between 80 and 3000 wppm, oxidized under steam at 1200°C with a Baker-Just ECR of about 16-17%, 

then directly quenched into water at RT) and the failure stress values calculated by Eq. (3) (at RT) taking 
into account the hydrogen content in the prior-βZr material and 0.4 wt% oxygen or oxygen contents 
depending on the hydrogen contents deduced from Eq. (11); the corresponding hydrogen content (in 

wppm) and oxygen content (in wt%) are specified. 
 
In [7], Thieurmel et al. presented results of semi-integral LOCA tests consisting of 
ballooning-burst, steam oxidation at 1200°C, cooling at 5-15°C/s down to 700°C 
followed by reflooding with RT water. Axial loads of 250, 540, and 750 N were applied 
during reflooding. As shown in Fig. 17, they determined a local fracture/no-fracture 
threshold for the case of out-of-burst brittle failure, i.e. in the secondary hydrided 
region, during water-quenching from 700°C associated with additional tensile loading. 
They considered that the load is entirely sustained by the prior-βZr layer, so the failure 
stress was determined by reporting the applied load at failure to the cross-section of this 
layer. Besides, it was assumed that all the hydrogen is concentrated in the prior-βZr 
layer. So, the hydrogen content in this layer was determined from the mean hydrogen 
content measured at the failure location and its volume fraction. Then, Thieurmel et al. 
[7] proposed an equation, illustrated in Fig. 17, that relates the failure stress of the prior-
βZr layer to its hydrogen content. Fig. 17 shows the evolution of the failure stress 
determined from Eq. (3) for the prior-βZr material in the case of brittle failure at RT as a 
function of the hydrogen content, for 0.4 wt% oxygen. It can be seen that the failure 
stresses predicted for 0.4 wt% oxygen are significantly higher than those estimated by 
Thieurmel et al. [7]. Indeed, the oxygen content in the (prior-)βZr layer, which was not 
specified in [7], is expected to be higher than 0.4 wt% in the presence of high hydrogen 
contents, as discussed earlier. As shown in Fig. 17, by considering the effect of 
additional oxygen in the (prior-)βZr phase using the correlations given in Eq. (11), the 
failure stress values calculated with Eq. (3) decreases considerably and become fully 
consistent with the experimental data reported by Thieurmel et al. [7]. This result 
confirms the importance of taking into account the additive effects of hydrogen and 
oxygen contents and the ability of the relationship developed to predict the failure stress 
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of the prior-βZr layer in the secondary hydrided regions of claddings having experienced 
a LOCA transient.   
  
 

  
Fig. 17. Evolution of the failure stresses of the prior-βZr material as a function of its hydrogen content: 
values determined from semi-integral LOCA tests having led to out-of-burst failure during quenching 
from 700°C after oxidation at 1200°C associated with secondary hydriding [7] and associated values 

predicted with Eq. (3) (at RT) by taking into account the hydrogen content in the prior-βZr material and 
0.4 wt% oxygen or oxygen contents depending on the hydrogen contents deduced from Eq. (11); 

magnification for failure stress values below 80 MPa. 
 
6 Conclusions 
 
This paper investigated the combined effects of temperature and of high hydrogen and 
oxygen contents on the macroscopic mechanical behavior of Zircaloy-4 upon cooling 
from the βZr phase temperature range. Model (prior-)βZr materials homogeneously 
charged at different hydrogen contents, up to about 3000 wppm, and oxygen contents, 
up to 0.9 wt%, were prepared from Zircaloy-4 cladding tubes such as those likely to be 
encountered in the LOCA-relevant secondary hydrided regions.             
 
The mechanical behavior of the (prior-)βZr materials upon cooling from the βZr domain 
was characterized using uniaxial tensile tests performed at a strain rate of 10-1 s-1 and 
various temperatures between 700 and 30°C during cooling (at a cooling rate between a 
few °C/s to a few tenths of °C/s) from 1000-1200°C. Among the important findings are 
the following:  

- The mechanical behavior of the (prior-)βZr material strongly depends on its 
hydrogen and oxygen contents and the loading temperature.   

- The elastic modulus increases during cooling, with no significant effects of 
hydrogen and oxygen in the content ranges studied.  

- For given hydrogen and oxygen contents, the material ductility decreases 
significantly as the temperature decreases. The macroscopic ductile-to-brittle 
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transition temperature increases continuously with increasing the hydrogen and 
oxygen contents, with an apparent additive effect of these two elements. It 
reaches about 580°C for the material containing about 2000 wppm hydrogen and 
0.9 wt% oxygen.  

- When the material is macroscopically ductile, the flow stress increases 
continuously with decreasing temperature, regardless of the hydrogen and 
oxygen contents. Oxygen has a strengthening effect, whatever the hydrogen 
content. This effect does not significantly depend on temperature in the range 
tested. Hydrogen has a softening effect above 500°C, mainly due to an increase 
in the proportion of the βZr phase and the hydrogen amount dissolved in this 
phase, regardless of oxygen content. Below 500°C, the hardening effect of 
hydrogen can be seen, resulting from the presence of both hydrides and/or 
hydrogen atoms potentially remaining in solid solution in the zirconium matrix 
at low temperatures.  

- When the material is macroscopically brittle, i.e. at temperatures below the 
ductile-to-brittle transition temperature, the failure stress decreases as the 
hydrogen content and/or the oxygen content increase.  

- Relationships are proposed to describe the macroscopic mechanical behavior of 
the material as a function of hydrogen and oxygen contents and temperature, i.e. 
ductile-to-brittle transition, elasticity, plasticity in case of ductile failure and 
failure stress in the case of brittle failure. 

- The failure stresses predicted by the relationship proposed for the brittle case are 
consistent with some results reported in the literature. These results were 
obtained (i) by tensile tests performed on cladding tubes pre-charged with high 
hydrogen content, oxidized under steam at HT then water-quenched at room 
temperature, and (ii) by semi-integral LOCA tests in which the cladding, having 
experienced secondary hydriding during oxidation at HT, failed during 
quenching associated with additional loading. It emerges that taking into account 
the cumulative (additive) effects of hydrogen and oxygen is necessary to 
correctly predict the mechanical response during cooling of the cladding 
oxidized at HT with secondary hydriding. Thus, it is necessary to consider the 
higher oxygen content resulting from the thermodynamic effect of hydrogen on 
oxygen solubility and diffusivity. 

 
The data and relationships obtained can be useful for finite element simulations to study 
the mechanical response, during and after cooling/quenching, of the claddings having 
undergone HT oxidation and secondary hydriding that show gradients of oxygen and 
hydrogen contents, such as those observed under LOCA conditions. Besides, these 
elements can be used to determine relevant testing conditions for semi-integral LOCA 
tests in the future.  
 
The data have been obtained for a single strain rate. One perspective of this work would 
be to study the effect of strain rate. Furthermore, the materials tested were cooled at a 
moderate rate. Considering the cooling rate’s effect on the microstructure of the (prior-
)βZr material, it would be of interest to carry out the same characterizations on materials 
cooled at other rates, in particular faster ones. Indeed, the macroscopic mechanical 
behavior of the material is strongly related to the complex heterogeneous microstructure 
resulting from the phase transformations, microchemical partitioning of alloy elements, 
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in particular of hydrogen and oxygen, and hydride precipitation occurring during 
cooling. A first tensile test performed in situ under scanning electron microscope and 
fracture surface observations have shown that the deformation and the fracture of the 
material are heterogeneous at the microscale. The last perspective would be to improve 
understanding of the deformation and failure mechanisms at the local scale, as well as to 
relate the macroscopic mechanical behavior of the material to its microstructure. 
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Appendix A. Tabular data 
      
 
Table A.1. Main mechanical properties of the (prior-)βZr material obtained from uniaxial tensile tests: T 
is the testing temperature estimated from the temperature measured on the specimen holder (see Section 

2.2.3); CH is the hydrogen content measured using HORIBA-EMGA 821 before the tensile tests; CO is the 
oxygen content estimated from the weight gain after steam oxidation; E is the Young modulus; YS is the 

engineering stress at 0.2% of engineering plastic strain; UTS is the ultimate tensile strength; UE is the 
uniform elongation; and PSF is the plastic strain at failure; Z is the reduction of cross-section area at 

fracture. 

 

T (°C) 
CH 

(wppm
) 

CO  
(wt%) 

E  
(GPa) 

YS 
(MPa) 

UTS 
(MPa) 

UE  
(-) 

PSF 
(-) 

Z 
(-) 

Macroscopic 
failure 

30 17 0.13 99 517 651 0.043 0.063 0.12 Ductile 
30 17 0.13 101 493 642 0.049 0.082 0.27 Ductile 
135 17 0.13 79 388 525 0.042 0.085 0.27 Ductile 
350 17 0.13 55 224 320 0.063 0.162 0.41 Ductile 
350 17 0.13 59 211 305 0.064 0.142 0.43 Ductile 
500 17 0.13 48 161 239 0.071 0.196 0.72 Ductile 
700 17 0.13 38 121 144 0.033 0.298 0.99 Ductile 
700 17 0.13 39 134 156 0.038 0.288 0.99 Ductile 
30 30 0.46 90 - 391 0.000 0.000 0.04 Brittle 
135 30 0.46 75 631 682 0.006 0.006 0.07 Nearly-brittle 
350 30 0.46 67 373 416 0.035 0.086 0.07 Ductile 
350 30 0.46 72 359 399 0.039 0.091 - Ductile 
500 30 0.46 55 263 331 0.043 0.126 0.22 Ductile 
680 30 0.46 48 196 211 0.034 0.417  Ductile 
30 1150 0.13 89 573 632 0.005 0.005 -0.04 Nearly-brittle 
135 1150 0.13 70 473 629 0.037 0.042 - Ductile 
135 1150 0.13 74 473 628 0.029 0.031 0.13 Ductile 
345 1150 0.13 60 317 391 0.044 0.128 0.18 Ductile 
350 1150 0.13 63 303 409 0.052 0.152 - Ductile 
500 1150 0.13 51 216 276 0.056 0.186 - Ductile 
690 1150 0.13 42 91 101 0.016 0.271 - Ductile 
690 1150 0.13 40 73 81 0.007 0.241 - Ductile 
135 950 0.57 79 - 436 0.000 0.000 - Brittle 
350 950 0.57 62 406 424 0.003 0.003 0.06 Brittle 
410 950 0.42 64 331 371 0.006 0.005 - Nearly-brittle 
500 950 0.57 46 290 335 0.034 0.118 0.39 Ductile 
680 950 0.42 31 167 186 0.009 0.225 - Ductile 
30 930 0.81 74 - 126 0.000 0.000 - Brittle 
135 930 0.81 60 - 146 0.000 0.000 - Brittle 
350 860 0.82 50 - 298 0.000 0.000 - Brittle 
400 860 0.82 54 335 394 0.019 0.020 - Ductile 
500 930 0.81 33 290 331 0.026 0.073 - Ductile 
690 860 0.82 13 167 174 0.005 0.174 - Ductile 
30 2120 0.18 94 - 417 0.000 0.000 -0.03 Brittle 
30 2000 0.21 82 - 402 0.000 0.000 0.09 Brittle 
130 2100 0.2 67 - 483 0.002 0.002 0.09 Brittle 
135 1850 0.18 63 - 383 0.000 0.000 -0.06 Brittle 
135 2100 0.21 76 474 575 0.008 0.008 -0.04 Nearly-brittle 
135 1960 0.2 70 492 497 0.002 0.002 0.12 Brittle 
300 2520 0.2 54 403 527 0.021 0.021 0.10 Ductile 
350 2000 0.21 55 318 431 0.046 0.102 0.47 Ductile 
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400 2520 0.2 46 336 445 0.040 0.098 0.53 Ductile 
500 1950 0.19 36 221 270 0.032 0.154 0.74 Ductile 
500 2400 0.18 41 226 283 0.040 0.167 0.68 Ductile 
580 2000 0.21 37 158 168 0.018 0.246 0.99 Ductile 
700 1710 0.19 25 77 82 0.008 0.296 0.99 Ductile 
700 2400 0.19 26 83 85 0.004 0.357 0.99 Ductile 
350 2200 0.44 79 - 128 0.000 0.000 - Brittle 
400 2200 0.44 64 - 219 0.000 0.000 - Brittle 
500 2200 0.44 47 283 368 0.027 0.037 0.10 Ductile 
580 2200 0.44 48 225 272 0.017 0.138 0.21 Ductile 
690 2200 0.44 32 150 167 0.010 0.176 0.29 Ductile 
500 2100 0.84 49 - 189 0.001 0.001 0.11 Brittle 
580 2100 0.8 47 209 223 0.003 0.004 0.08 Nearly-brittle 
690 2100 0.8 35 166 193 0.010 0.081 0.21 Ductile 
30 3210 0.185 99 - 298 0.000 0.000 0.10 Brittle 
30 3000 0.21 97 - 378 0.000 0.000 0.25 Brittle 
135 2875 0.22 68 - 396 0.000 0.000 0.08 Brittle 
355 3220 0.22 58 419 479 0.007 0.007 0.11 Nearly-brittle 
350 2910 0.21 56 407 496 0.010 0.010 -0.07 Nearly-brittle 
400 2935 0.15 54 381 389 0.002 0.002 0.10 Brittle 
500 3000 0.22 49 197 259 0.042 0.163 0.74 Ductile 
700 3000 0.22 42 113 114 0.003 0.308 0.99 Ductile 
700 3000 0.21 40 98 102 0.004 0.278 0.99 Ductile 
500 2800 0.47 62 235 274 0.005 0.005 0.01 Nearly-brittle 
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