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Highlights:  

• Cyclic strain softening occurs in neutron irradiated recrystallized zirconium alloys when 

subjected to cyclic loading 

• The cyclic strain softening is due to the clearing of irradiation defects by gliding dislocations 

• The more rapid cyclic strain softening observed during internal pressure test is explained by 

the easier clearing of loops by dislocations gliding in the basal plane. 

• The polycrystalline model developed reproduces correctly this complex behavior 

 

Abstract: 

During normal operating conditions, zirconium alloy nuclear fuel cladding tubes experience various 

biaxial loadings with complex strain path histories. Experiments have been conducted on neutron-

irradiated thin cladding tubes in order to study the response to changes in the loading path. These 

tests consist of alternate internal pressure tests and axial tensile tests. During the internal pressure 

test steps, the flow stress exhibits significant cyclic strain softening, while axial tensile tests exhibit a 

smaller degree of cyclic strain softening. TEM analyses of the tested samples have revealed that the 

observed mechanical behavior can be attributed to clearing of irradiation-induced defect by gliding 

dislocations. The cyclic strain softening observed for internal pressure tests is due to clearing of defect 

by dislocations gliding in the basal planes. The smaller degree of cyclic strain softening in tensile tests 

is due to clearing of defects by dislocations gliding in the prismatic and pyramidal planes. A 

polycrystalline model has been developed to simulate these tests. This model is able to reproduce 

many features of the complex behavior of the material and provides a better understanding of the 

role of the clearing of defects and the contribution of kinematic hardening on the behavior of neutron-

irradiated recrystallized zirconium alloys. 
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Introduction 

Zirconium alloys are used in the nuclear industry as fuel rod cladding in pressurized water reactors. 

Since the cladding is the first confinement barrier against the dissemination of radioactive species, it 

is of prime importance to guarantee its mechanical integrity throughout its lifetime.  

During normal operating conditions, the cladding experiences various biaxial loadings with complex 

strain path histories. Furthermore, during severe power transients, the applied stress on the clad can 

be significant, leading to irreversible plastic deformation. In order to adequately predict the stress and 

strain states in the clad and then to guarantee its mechanical integrity, a good knowledge of the 

response of irradiated zirconium alloys to strain path changes is required.  

In the open literature, very few articles report results concerning changes of loading path tests 

conducted on neutron-irradiated zirconium specimens. Researchers (O’Donnell and Langer, 1964) 

(Wisner et al., 1994) have conducted cyclic tension-compression tests on specimens taken along the 

transverse direction of a thick sheet. However, it is difficult to perform this type of test on thin cladding 

tubes. In order to study the response of thin cladding tubes to changes in the loading path, non-

standard tests have been proposed (Onimus et al., 2018). These tests are not representative of loading 

that may occur inside the reactor, where creep, stress relaxation and even irradiation creep occur. 

Instead, these tests are intended to evaluate how thin cladding tubes reacts to significant changes in 

loading path, in relationship with the deformation mechanisms. 

Several authors (O’Donnell and Langer, 1964) (Wisner et al., 1994) (Onimus et al., 2018) (MacEwen et 

al., 1981) (Christodoulou, 1989) (Kassam and Wang ,1993) (Delobelle et al., 1996) (Li et al., 2003) have 

performed cyclic tests and tests with changes in loading path on non-irradiated zirconium alloys. These 

tests have been able to show the well-known anisotropic behavior of zirconium alloys, but they have 

also revealed the complex strain hardening behavior of these materials. The multiaxial strain hardening 

behavior of metals is often analyzed and modeled (Miller, 1987) (Lemaitre and Chaboche, 1990) 

(Chaboche, 1989) (Chaboche, 2008) using the concept of a yield surface. In this framework, strain 

hardening is the result of the expansion of the yield surface, which is called “isotropic” hardening, and 

the translation of the yield surface, which is referred to as “kinematic” hardening. One common 

example of kinematic hardening is the Bauschinger effect during cyclic tension-compression tests, 

where a test conducted in tension can lead to a reduced yield stress in subsequent compression, when 

compared to the yield stress measured in compression without previous tension. Within this 

framework, it is convenient to define two quantities: the kinematic stress tensor (�), which is 

associated to the translation of the yield surface, and the isotropic stress (�), a scalar quantity, which 

is associated to the size of the yield surface (Chaboche, 1989). The evolution of a Von Mises yield 

surface during an axial tensile test is represented schematically on Figure 1 assuming a) only isotropic 
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hardening (increase of the size of the yield surface) or b) only kinematic hardening (translation of the 

yield surface). 

 

  

a) 

 

b) 

Figure 1: Schematic of the evolution of a Von Mises yield surface during an axial tensile test assuming: a) only 
isotropic hardening, b) only kinematic hardening. 

 

In the case of non-irradiated recrystallized zirconium alloys, it has been demonstrated, mainly by using 

tension-compression tests on thick tubes or thick specimens, that the Bauschinger effect is strong 

(MacEwen et al., 1981) (Christodoulou, 1989) (Kassam and Wang ,1993) (Delobelle et al., 1996) (Li et 

al., 2003), thus proving that the kinematic hardening is significant. On the other hand, only limited 

isotropic hardening has been reported (Li et al., 2003) (Onimus et al., 2006). The role of the kinematic 

hardening on the creep behavior of zirconium alloys has also been demonstrated (Sedláček and 

Deuble, 2016). 

Concerning neutron-irradiated recrystallized zirconium alloys, O’Donnell and Langer (O’Donnell and 

Langer, 1964) and Wisner et al. (Wisner et al., 1994) have shown that a striking phenomenon occurs 

during cyclic tension-compression tests. In contrast to non-irradiated recrystallized zirconium alloys, 

which exhibit cyclic strain hardening, neutron-irradiated recrystallized zirconium alloys exhibit cyclic 

strain softening. Furthermore, by analyzing the stabilized hysteresis loops, Wisner et al. (Wisner et al., 

1994) have shown that the irradiated material exhibits a Bauschinger effect, proving that kinematic 

hardening also occurs after irradiation. Except for these results, very few is known concerning the 

influence of change of loading path on the behavior of neutron irradiated zirconium alloys. 

Furthermore, there is yet no physically based model able to reproduce the behavior of this materials 

in these conditions. 
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More generally, cyclic mechanical behavior hexagonal close-packed (hcp) metals and alloys has always 

been an important field of research for fatigue or forming issues. Recently, improvements have been 

made to model and simulate the influence of changes in strain-path on the behavior of various hcp 

metals, often involving both dislocation glide and twinning (Capolungo et al., 2009; Proust et al., 2009; 

Knezevic et al., 2013). 

Concerning the modeling of irradiated alloys for nuclear applications, several authors have recently 

proposed various approaches to account for the presence of irradiation defects using crystal plasticity 

modeling (Barton et al., 2013; Xiao et al, 2015; Xiao et al., 2016; Hure et al., 2016; Chakraborty and 

Biner, 2016). In the case of irradiated zirconium alloys, there has been only few attempt to take into 

account irradiation effects into a crystal plasticity framework (Onimus and Béchade, 2009; Erinosho 

and Dunne, 2015). 

 

This paper describes non-standard mechanical tests involving changes of strain path, conducted on 

neutron-irradiated thin tubes made of a recrystallized zirconium alloy. The material and the testing 

machine are first described, and then the results are presented and analyzed. Transmission Electron 

Microscopy observations of the microstructure after testing are discussed in light of the observed 

mechanical behavior. A physically based polycrystalline model (Onimus and Béchade, 2009) (Onimus 

et al., 2012) is improved to describe the observed behavior. Numerical simulations are then compared 

to the experimental results. 

 

Experimental details 

Material studied and irradiation conditions 

Two specimens made of a Zr1%Nb recrystallized zirconium alloy have been used for this study. The 

chemical composition of the alloy is given in Table 1.  

 

Table 1 : Chemical composition of the recrystallized Zr1%Nb cladding tubes (wt %). 

Alloy Sn Fe Cr Nb O 

Zr1%Nb <0.003 0.037 0.0049 1.0 0.14 

 

The alloy exhibits equiaxed grains with a typical grain size of 6 µm. The texture of the material is also 

typical of recrystallized zirconium alloys in the form of thin cold rolled tubes. The maximum density for 

the �0002� poles, of the hexagonal close-packed (h.c.p) crystalline grains, are in the hoop (or 

Transverse Direction, TD) – radial (or Normal Direction, ND) plane with the maximum pole density 
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tilted at 30° to the radial direction (Figure 1b), one of the �112�0� pole of the crystal being along the 

axial direction (or Rolling Direction, RD). 

 
Figure 2: a) {0002} pole figure and b) �112�0� pole figure of a recrystallized Zr1%Nb alloy thin tube. TD 

refers to the transverse or hoop direction and RD refers to the rolling or axial direction of the tube. A 

level value equal to one corresponds to the isotropic texture. 

 

The two samples were taken from a fuel rod irradiated in a nuclear power plant up to 5 PWR cycles 

(corresponding to a burn up of 61 GWd/t and to a neutron fluence of approximately 12×1025 n/m2 (E 

> 1 MeV)) at a temperature of approximately 350°C.  

 

Mechanical testing machine, mechanical tests and sample geometry 

The mechanical testing machine is installed in a hot cell and is able to load a tubular sample with a 

tensile force and an internal pressure via pressurized oil. Thus, biaxial mechanical loading can be 

achieved where both an axial stress (	

) and a hoop stress (	��) can be applied simultaneously or 

successively on the same sample. For these tests, it is convenient to define a biaxiality ratio (�) as: � =
	

/	��. In order to study the effect of a change in the loading path, we have performed alternate 

loading and unloading steps with a biaxiality ratio of � = 	

/	��=0.47, corresponding to a simple 

internal pressure test (IP) without additional external axial force. They are followed by loading-

unloading steps corresponding to simple axial tensile test (AT). In this case, the biaxiality ratio should 

be infinite, but because of a software constraint, a biaxiality ratio of  � = 	

/	��=100  was adopted.  

The experiment conducted on one of the irradiated samples, referred to as IP-AT, consists of an 

internal pressure (IP) loading-unloading step followed by an axial tensile (AT) loading-unloading step, 

this sequence being repeated six times. The total strain increment in the hoop direction for each 

internal pressure step is 0.5%. The total strain increment in the axial direction for each axial tensile 

step is 1%. The second experiment, referred to as AT-IP, consists of an axial tensile loading-unloading 
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step, followed by an internal pressure (IP) loading-unloading step. Once again, the sequence is 

repeated six times. The total strain increment in the axial direction for each axial tensile step is also 

1%, but the total hoop strain increment for each internal pressure step is 0.6%. The mechanical tests 

were conducted at 350°C. The applied strain rate was constant and equal to 3×10-4 s-1 in the hoop 

direction for the internal pressure tests and 3×10-4 s-1 in the axial direction for the axial tensile tests. 

The details concerning the mechanical tests are listed in Table 2. 

The tubular samples had an external diameter of 9.5 mm, thickness of 0.57 mm, and length of 90 mm. 

The axial force is applied to the tube using a servo-hydraulic actuator. The machine uses silicone-based 

oil in a hydraulic cylinder to apply an internal pressure of up to 2000 bar to the sample. Testing can be 

performed at temperatures of up to 400 °C.  

Four radial extensometers, which are grouped into two diametrically opposed pairs, are mounted 

every 90° around the sample and measure the hoop strain throughout the test. Each extensometer 

consists of a ceramic rod that passes through the wall of the furnace to contact the sample inside the 

furnace. The opposite end of the ceramic rod is connected to an LVDT sensor outside the furnace that 

measures the linear displacement of the rod. The four rods are positioned so that they contact and 

measure the sample at its mid-plane. The change in external diameter is measured at 350°C during the 

test and the initial diameter is measured at room temperature. The thickness of the tube is also 

measured at room temperature. 

The axial strain of the sample is measured using an extensometer that consists of two ceramic rods 

that contact the sample inside the furnace. The gauge length of the axial extensometer is 25 mm and 

is accurately measured at 350°C. A capacitance probe outside the furnace measures the displacement 

of the rods to determine the sample strain.  
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Figure 3: Schematic of the biaxial testing machine installed in a hot cell.  

 

Table 2: Mechanical tests performed on neutron-irradiated Zr1%Nb samples. 

 IP-AT AT-IP 

Step Biaxiality 
ratio 

Total strain 
increment 

Biaxiality 
ratio 

Total strain 
increment 

1 α=0.47 0.5% α=100 1% 
2 α=100 1% α=0.47 0.6% 
3 α=0.47 0.5% α=100 1% 
. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 
10 α=100 1% α=0.47 0.6% 
11 α=0.47 0.5% α=100 1% 
12 α=100 1% α=0.47 0.6% 

 

The formulas used to analyze the mechanical tests have been detailed in (Onimus et al., 2018) and are 

recalled in Appendix. All the stress and strain values given here are true stresses and true strains. The 

plastic strain tensor components are computed by substracting the elastic deformation to the total 

deformation. In the following, the true stress is plotted as a function of the true plastic strain.  

 

Moreover, in order to have a better understanding of the effect of the cumulated plastic strain on the 

behavior of the material, an equivalent cumulated plastic strain has been computed. Furthermore, in 

order to compare the tests with each other, the stress –plastic strain curves have been translated so 

that the beginning of each step of the test starts with zero equivalent plastic strain. This is referred to 

as the translated equivalent plastic strain. 

During the experiments, it has been observed that the hoop extensometers that were used for these 

tests did not correctly measure the reduction in diameter during the axial tensile tests. Therefore, the 

equivalent cumulated plastic strain assuming an isotropic behavior has been computed rather than the 

anisotropic experimental equivalent cumulated plastic strain. During each axial tensile test, the 

increment in equivalent plastic strain is thus given by equation 1. For each internal pressure test, it is 

given by equation 2. The equivalent cumulated plastic strain is then computed by adding the equivalent 

plastic strain increment for each step. This computation is done in exactly the same way to analyze the 

experiments and the numerical simulations described in the last section of this article. 

∆���� = ∆�

�
  (1) 

∆���� = �
√� ∆���

�
   (2) 

Furthermore, with this equivalent plastic strain computed for isotropic behavior, it is possible to 

evaluate the flow stress for an equivalent plastic strain offset chosen as ∆���� = 0.1%.  
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Transmission Electron Microscopy method 

After testing, two thin foils were taken, in a hot cell, from the specimen AT-IP. Small tiles were cut out 

of the thin tube, then mechanically polished and eventually double-jet electro-polished in a glove box 

using a Struers Tenupol with a solution of 90% ethanol and 10% perchloric acid at 5°C. Conventional 

Transmission Electron Microscopy was then conducted on a JEOL2100 operating at 200 kV. A double-

tilt sample holder was used to observe the grains, with different diffraction vectors and different points 

of view with respect to the orientation of the grain.  

 

Results of the mechanical tests 

Evaluation of the elastic properties 

It is often noticed that the elastic anisotropy of zirconium alloys rolled tubes is weak in the  � − � plane. 

It is thus convenient to consider that the behavior is isotropic, characterized by the Young’s modulus 

(�) and the Poisson’s ratio (�). The mean value of the Young’s modulus measured during the axial 

tensile tests is equal to 83 GPa. The mean value of the elastic slope measured during internal pressure 

tests is equal to 112 GPa. From the elastic slope during internal pressure tests, the Poisson’s ratio is 

found to be of the order of 0.42, according to the formula given in (Onimus et al., 2018). These values 

are in correct agreement with values reported in the literature. For example, from their experiments 

on Zircaloy-4 containing 1000 ppm oxygen, Northwood and Rosinger (Northwood and Rosinger, 1980) 

found a Young’s modulus of 77 GPa at 350°C. A value of 78 GPa at 350°C was also obtained by Delobelle 

et al. (Delobelle et al., 1996) on recrystallized Zircaloy-4. At 315°C, Schwenk et al. (Schwenk et al., 1978) 

obtained a Poisson’s ratio of 0.41. This last parameter does not seem to evolve much with 

temperature. For their modeling, Delobelle et al. (Delobelle et al., 1996) used a Poisson’s ratio of 0.4 

at 350°C for recrystallized Zircaloy-4. In the following, a value of 0.4 is used for the Poisson’s ratio, and 

values close to 80 GPa are used for the Young’s modulus. 

 

Analysis of the kinematic hardening and isotropic softening 

In order to analyze the kinematic hardening, the second steps of each test have been compared to the 

first steps of each test. Indeed, as one can see on Figure 1b, if the material exhibits kinematic 

hardening, a prior axial tensile test should lead to a reduced yield stress during the subsequent internal 

pressure test. For this purpose, the stresses (hoop or axial) are plotted as a function of the translated 

equivalent plastic strain on Figure 4. The IP-AT test is shown as thick blue continuous lines and the test 

AT-IP as thin blue continuous lines.  
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a) b) 

Figure 4: Comparison between the first and second steps of a) internal pressure test, b) axial tensile 

test. The stress is shown as a function of the shifted cumulated plastic strain. The IP-AT test is shown 

as thick blue lines and the AT-IP test is shown as thin blue lines. The simulations are shown in red 

dotted lines.  

 

It can be seen in Figure 4a that the second step of test AT-IP performed with internal pressure loading 

is very similar to the internal pressure test performed without a prior test (the first step of test IP-AT). 

Only the strain increment is different, but the evolution of the stress is the same. This suggests that 

the internal pressure test has not been noticeably affected by the prior axial tensile test. This is also 

true for the axial tensile tests (Figure 4b). Consequently, there is no clear evidence of the kinematic 

hardening during these tests.  

 

As it was done in (Onimus et al., 2018) (Onimus et al., 2006), it is also interesting to analyze the 

unloading during the internal pressure tests. During the unloading, a phenomenon similar to the 

Bauschinger effect may be observed. If the kinematic stress component in the considered loading 

direction exceeds the isotropic stress (� � �), plastic deformation can occur at the end of the 

unloading (Feaugas, 1999). This phenomenon can be evidenced by a non-linearity on the stress-strain 

curve during the unloading and can be best observed when the stress is plotted as a function of the 

plastic strain (or cumulated equivalent plastic strain). Figure 5 shows the stress as a function of the 

cumulated equivalent plastic strain enlarged over a strain range of 0.5 % to show the unloading of step 

11 of the test IP-AT and the unloading of step 12 of the test AT-IP, as examples. Indeed, for these late 

steps, the effect must be more evident than for previous steps. However, when looking carefully to 

the experimental results, no significant non-linearity of the unloading can be observed in Figure 5. This 

is also true for all other internal pressure steps. This result is in good agreement with what was already 
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observed in (Onimus et al., 2006). Although this method must be considered with care, this result 

suggests that the component of the kinematic stress tensor (�) remains lower than the isotropic stress 

(�) in this loading direction.  

 

 

a) 

 

b) 

Figure 5 : Hoop stress, during internal pressure steps, as a function of the cumulated equivalent 

plastic strain enlarged over a strain range of 0.5 %. a) Step 11 of the test IP-AT and b) step 12 of the 

test AT-IP. The result of the simulation using the polycrystalline model is also plotted.  

 

In order to study the effect of the successive cycles, the axial and hoop stresses are represented as 

function of the equivalent cumulated plastic strain in Figure 6. 

 

a) 

 

b) 
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c) d) 

Figure 6: Stress (hoop or axial) as a function of the cumulated equivalent plastic strain for the two 

tests. The experimental result is shown as a blue continuous line and the result of the simulation is 

shown as a red dotted line.  

 

When analyzing the cyclic behavior during internal pressure tests, a striking phenomenon can be 

noticed. A significant decrease of the maximum stress is observed as the cumulated plastic strain 

increases (from 548 to 468 MPa for test IP-AT, and from 562 to 508 MPa for test AT-IP, which 

corresponds to a decrease of 80 and 54 MPa respectively). On the other hand, during axial tensile tests, 

the decrease of the maximum stress remains limited (from 500 to 485 MPa for test IP-AT and from 503 

to 481 MPa for test AT-IP, which corresponds to a decrease of only 15 and 22 MPa respectively).  

The flow stress for a plastic strain offset of ∆���� = 0.1%, has been plotted as a function of the 

equivalent cumulated plastic strain. It can be seen that for the internal pressure tests, the hoop flow 

stress decreases as the cumulated equivalent plastic strain increases. More precisely, for a flow stress 

at 0.1% offset plastic strain, the decrease is equal to 80 MPa for test AT-IP test. Concerning the flow 

stresses measured in the axial direction during the axial tensile tests, the flow stress for an offset of 

0.1%, increases of 20 MPa for test IP-AT and decreases of 6 MPa for test AT-IP. No trend can therefore 

be deduced from this last plot, the flow stress for these two offsets being nearly constant. 
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Figure 7: Evolution, as a function of the cumulated equivalent plastic strain, of the flow stress (axial 

or hoop) measured for an equivalent plastic strain offset of 0.1% for the tests conducted on neutron-

irradiated Zr1%Nb. The simulated evolutions of the flow stress during the cyclic tests are also shown.  

 

Results of the Transmission Electron Microscopy observations 

TEM observations, done after the AT-IP mechanical test conducted on neutron-irradiated Zr1%Nb 

alloy, show numerous small <a>-loops in high density (figure 7a). Furthermore, when using a g=0002 

diffraction vector few <c>-component loops are also observed, as long black segments, along with fine 

beta-niobium nano-precipitates induced by irradiation and native coarser beta-niobium precipitates 

(figure 7b). These observations are in good agreement with what is commonly observed in as-

irradiated Zr1%Nb alloy (Onimus and Béchade, 2012) (Doriot et al., 2005) (Bossis et al., 2009) (Doriot 

et al., 2014) (Doriot et al., 2018).  
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Figure 8: a) Numerous <a>-loops, b) <c>-component loops, beta-Nb nano-precipitates and native 

coarser beta-Nb precipitates observed with diffraction vector g=0002.  

 

The most striking feature, which can be attributed to the mechanical test, was the observation of 

cleared bands also called dislocation channels. A careful analysis has been conducted to analyze the 

gliding planes corresponding to these channels. The method used was the same as the one described 

in (Onimus et al., 2004) (Onimus et al., 2005) (Onimus et al., 2012). From the orientation of the traces 

of the channels and from the knowledge of the tilt corresponding to the edge-on observation of the 

channel, the gliding plane is deduced. Nevertheless, it is often difficult to distinguish between prismatic 

and pyramidal channels since the traces are often close to each other, and furthermore the planes are 

observed edge-on for close orientations. 

In the two thin foils studied, 38 grains have been analyzed and it was noticed that 28 out of these 38 

grains contained dislocation channels. In 9 grains, basal channels were observed and in 19 grains 

prismatic or pyramidal channels were observed. Although it is difficult to unambiguously assess the 

habit plane of the channels in this last case, it seems that for 11 grains out of these 19 grains, channels 

were prismatic channels. For 3 grains, channels were pyramidal channels, and for 5 grains, it was not 

possible to distinguish between prismatic and pyramidal habit planes.  

Images showing a wide basal channel are given in figure 8. It can be seen that the basal channel is 

predominantly parallel to the basal plane as shown by the g-vector, also parallel to the “walls” made 

of beta-Nb nano-precipitates and the “corduroy” contrast. The channel exhibits a bending probably 

due to the cross-slip of <a>-dislocations, from the basal plane to the prismatic or pyramidal plane. 

Observed at high magnification, this basal channel appears to be well cleared (figure 8b). 

 

Images showing prismatic channels are given in figure 9. In that case, the channels appear straight and 

do not exhibit any cross-slip. Observed at high magnification (figure 9b), the prismatic channel seems 

to be full of entangled linear dislocations. The image observed at high magnification (figure 10b), for 

the grain containing pyramidal channels also exhibits entangled dislocations within the channel. 
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Figure 9: Dislocation channels in the basal plane observed at a) low magnification, b) high 

magnification, with an orientation such that the electron beam is close to the zone axis B~〈112�0〉 
using a diffraction vector g=101�0. 

 

 

Figure 10: Dislocation channels in the prismatic plane observed at (a) low magnification, (b) high 

magnification with an orientation such that the electron beam is close to the zone axis B~"0001# using 

a diffraction vector g=101�0. 
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Figure 11: Dislocation channels in the pyramidal plane, observed at (a) low magnification, (b) at high 

magnification in the grain on the right of the picture shown in (a). The picture (b) is obtained with an 

electron beam close to the zone axis axis B~〈112�3〉 using a diffraction vector g=11�01. 

 

Discussion on TEM observations 

It is well known that neutron irradiation strongly affects the microstructure of zirconium alloys by 

creating a high density of small <a>-loops. These loops act as obstacles against dislocation glide and 

lead to strong irradiation-induced hardening. However, for a sufficient applied stress, these obstacles 

can be cleared by the gliding dislocations, creating zones free of defects, the dislocation channels, 

where further dislocations can glide easily. Previous TEM observations done after internal pressure 

tests conducted at 350°C on neutron-irradiated recrystallized zirconium alloys have been able to show 

channels in the basal plane (Onimus et al., 2004), but no channels were found in prismatic planes. This 

proved that basal slip is easier than prismatic slip after irradiation. This has been interpreted in terms 

of interactions between gliding dislocations and radiation induced loops. When a dislocation glides in 

the basal plane, the junction created with the loop is glissile, and the glide cylinder of the loop is parallel 

to the basal gliding plane. On the other hand, when the dislocation glides in the prismatic plane, the 

junction created is sessile, and the loop glide cylinder is not parallel to the gliding plane of the 

dislocation. This explains the stronger hardening of prismatic slip and the reduced ability to clear loops 

compared to basal slip. Furthermore, the three basal slip systems can contribute to clearing the basal 

channel, whereas only one prismatic slip system can contribute to create the prismatic channel. 

 

This analysis has recently been confirmed and improved using dislocation dynamics simulations 

(Drouet et al., 2014). It has been shown that when a dislocation gliding in the prismatic plane 

encounters a <a> loop, in three cases out of six, a helical turn is formed, which is a strong pinning point 
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for the screw dislocation. On the other hand, if the dislocation glides in the basal plane, in five cases 

out of six, the loop can be easily dragged away by the dislocation.  

 

Despite the difficult clearing of loops by prismatic glide, TEM observations done previously (Onimus et 

al., 2004) (Onimus et al., 2005) have revealed that when the basal plane is not well orientated for slip, 

which is the case for axial tensile tests, prismatic slip and <a>-pyramidal slip occur. In that case, 

prismatic and pyramidal channels are observed, but these channels did not seem as well cleared as 

basal channels, which is consistent with the analysis in terms of dislocation and loop interactions.  

 

The TEM observations presented in this paper are in good agreement with these previous 

observations. Indeed, since both internal pressure tests and axial tensile tests have been conducted 

on the specimen analyzed, channels have been created in the basal, prismatic, and pyramidal planes.  

 

Discussion of the mechanical test results in the light of deformation mechanisms 

Discussion on the kinematic hardening 

It is known that non-irradiated zirconium alloys exhibit a strong kinematic hardening because of a so-

called “composite effect”. Indeed, the plastic behavior of the individual h.c.p crystalline grains is 

anisotropic. The prismatic slip systems with <a> glide direction are easily activated, whereas the first 

order pyramidal planes with <c+a> glide direction are very difficult slip systems. The deformation of 

the grains along the <c>-axis is therefore very difficult. During mechanical tests, the well orientated 

grains for <a> glide deform plastically, but the poorly orientated grains for <a> glide remain elastic. A 

Bauschinger effect then arises (MacEwen et al., 1981) (Christodoulou, 1989). In the case of neutron-

irradiated zirconium alloys, a significant Bauschinger effect is also reported after low cycle fatigue test 

(Wisner et al., 1994). It is mostly due to this composite effect. An additional phenomenon is also 

believed to increase the kinematic hardening. The dislocation channeling phenomenon leads to a 

localization of the plastic strain within the channels. The localization of the plastic strain is believed to 

induce strain incompatibilities at the tips of the channels leading to back stresses and thus an 

additional kinematic hardening.  

 

During our tests conducted on neutron-irradiated samples, kinematic hardening was also suspected to 

occur. However, the influence of the prior loading did not induce any significant effect on the 

subsequent tests suggesting that the kinematic hardening is in fact very limited during these tests. This 

is confirmed by the shape of the unloading during the internal pressure steps (figure 3). Since no non-

linearity was observed during the unloading, this proves that the kinematic stress component in this 

direction (�) remains lower than the isotropic stress (�).  
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The tests also showed a flow stress that decreases at each cycle for every plastic strain offset. This 

phenomenon can be interpreted as a progressive shrinkage of the yield surface as the cumulated 

plastic strain increases. In other words, this phenomenon is due to an “isotropic” strain softening. 

However, when analyzing each step independently, a typical strain hardening behavior is observed. 

This macroscopic strain hardening during monotonic tests can be explained by considering that the 

kinematic hardening balances the “isotropic” softening during monotonic tests, but as the cyclic test 

proceeds, the maximum flow stress decreases. This phenomenon can then be considered as an indirect 

evidence of kinematic hardening. 

 

To conclude, our experiments suggest that there is a limited kinematic hardening during plastic 

deformation of recrystallized zirconium alloys after irradiation. This kinematic hardening remains small 

compared to the high flow stress of the material. This will be further discussed in the last section of 

this paper using the polycrystalline model. 

 

Discussion on the cyclic strain softening 

Our mechanical tests have shown that a cyclic strain softening occurs for irradiated zirconium alloy 

cladding tubes, in good agreement with the cyclic strain softening observed by Wisner et al. (Wisner 

et al., 1994) during tension-compression tests. This cyclic softening can be attributed to the clearing of 

loops by gliding dislocations during the dislocation channeling process. Because of the clearing of 

loops, a local strain softening occurs, inside the channels. During monotonic tests, this local strain 

softening is balanced by the kinematic hardening that arises because of the internal stresses present 

in the material at the polycrystalline scale. However, during cyclic tests, this local strain softening is 

evident.  

 

The stronger cyclic strain softening observed during internal pressure tests, compared to the smaller 

softening observed during axial tensile tests, is nicely explained by the microscopic deformation 

mechanisms observed by TEM. Indeed, during internal pressure tests, basal slip is activated, whereas 

prismatic and <a>-pyramidal slip are predominant during axial tensile tests. Several experiments have 

shown that the dislocation channeling mechanism is easier in the basal plane than in the prismatic or 

pyramidal planes (Onimus et al., 2004) (Onimus et al., 2005). Furthermore, previous observations 

reported cleared basal channels and only partially cleared prismatic channels, in good agreement with 

the analysis of the interaction between dislocations and loops.  
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To summarize, during internal pressure steps, the basal slip is activated which induces a clearing of 

loops leading to a significant cyclic strain softening. During axial tensile steps, prismatic and <a>-

pyramidal slips are mainly activated, inducing a less efficient clearing of loops and therefore a smaller 

degree of cyclic strain softening. 

 

According to our TEM observations, an additional phenomenon seems to occur. Prismatic and 

pyramidal channels appear to contain many entangled linear dislocations. These dislocations may 

contribute to a strain hardening inside prismatic and pyramidal channels, which partially counteracts 

the strain softening occurring in these channels. 

 

The fact that the second step of the test AT-IP, which corresponds to an internal pressure loading, is 

not affected by the prior axial tensile test can also be well understood in terms of deformation 

mechanisms. During the axial tensile test, prismatic and pyramidal channels are created, but this does 

not affect the subsequent creation of basal channels during the following internal pressure test. This 

is also true for the test conducted in the axial direction after an internal pressure test (step 2 of test 

IP-AT). The basal channels created during internal pressure tests do not affect the subsequent creation 

of prismatic channels. For this reason, the internal pressure steps and axial tensile steps are 

independent. 

 

Polycrystalline Modeling 

Principle of the polycrystalline model 

The polycrystalline model used in this paper was first reported in (Onimus and Béchade, 2009) (Onimus 

et al., 2012). Many improvements have recently been made to the model. The principle of this type of 

model is to consider the material as a heterogeneous medium in the form of a polycrystalline 

aggregate. Then, from knowledge of the behavior of the individual grains and their orientations, the 

polycrystalline model is able to deduce the effective properties of the polycrystal (Kocks et al., 1998).  

Crystallographic orientations used for the simulation 

The crystallographic texture of the material (figure 1) is represented, in the modeling, by a set of 240 

crystallographic orientations (figure 10). It has been verified, by introducing a more refined 

orientations set, that the results are only slightly modified (less than 3% increase in axial flow stress 

for axial tensile test).  
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Figure 12: Discretized a) { }0002  and b) { }0211  pole figures representative of the texture of the 

material. 
 

Homogenization procedure 

The polycrystalline model used relies on a procedure first proposed by Cailletaud and Pilvin (Cailletaud, 

1992) (Cailletaud and Pilvin, 1994) and then used by many researchers (Feaugas et al., 1997) (Barbe et 

al., 2001) (Hoc, 2001) (Diard et al., 2005) (Rousselier and Leclercq, 2006) (Vincent, 2008) (Evrard et al., 

2008) (Priser et al., 2010) (Gérard et al., 2013). This procedure is based on a postulated explicit 

concentration rule (equations 3, 4 and 5) that relates the local stress %	&' in the considered 

crystallographic phase (() (all the grains with the same crystallographic orientation) to the 

macroscopic applied stress %Σ'. 

	& = Σ + 2+,1 − -. /0 − -&1  (3) 

with 

0 = ∑ 3&-&&∈5   (4) 

and 

-6& = �6&� − 7 /-& − 8�&�1 9�6&�9  (5) 

In equation 3, + is the shear modulus and - is given by equation 6, where � is the Poisson ratio. 

- = �,:;<=.
><,>;=.  (6) 

In equation 4, 3& refers to the volume fraction of each considered crystallographic phase ((). 

In equation 5, �6&� refers to the local plastic strain rate and �&� to the current plastic strain. The tensor 

-& in equation 3 is an internal variable that evolves non-linearly with the local plastic strain (�&�) of the 

crystallographic phase, according to Eq. (5). This mathematical formulation is well adapted to simulate 
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cyclic tests. This model is not itself self-consistent from the homogenization theory point of view. It 

has therefore been proposed to adjust the two parameters, 7 and 8, which govern the evolution of 

the internal variable -&, on the local response of the model developed by Berveiller and Zaoui 

(Berveiller and Zaoui, 1978) which is self-consistent, thus ensuring that the model is close to a self-

consistent model. More details on this procedure can be found in (Onimus and Béchade, 2009). 

 

Crystal plasticity 

At the grain scale, the mechanical behavior is governed by the glide of dislocations on various slip 

systems. Four types of slip systems are taken into account in the model: 

- the three prismatic slip systems with <a> Burgers vector (?), 

- the three basal slip systems with <a> Burgers vector (0), 

- the six first order pyramidal slip systems with <a> Burgers vector (ΠA), 

- the twelve first order pyramidal slip systems with <c+a> Burgers vector (ΠB). 

 

The resolved shear stress on each slip system (CD) is computed, according to equation 7. 

CD = >
� 	&: FGD⨂ID + ID⨂GDJ  (7) 

In equation 7, GD is the normal of the considered slip system and ID is the glide direction of the 

considered slip system. 

The plastic strain rate tensor for each crystallographic phase (() undergoing shear strain on the various 

slip planes is expressed according to equation 8, where KD6  is the shear strain rate. 

�6&� = >
� ∑ KD6 FGD⨂ID + ID⨂GDJD∈L  (8) 

 

Constitutive equations accounting for the effect of neutron irradiation 

The shear strain rate on each slip system is governed by the flow law (equations 9 and 10).  

KD6 = MD6 sign,|CD − SD| − CDT. (9) 

MD6 = UAS V0 ;  %|XY;ZY|;XY[
\ ']^ (10) 

The function sign,S. can be defined as sign,S. = S/|S| and gives the sign of S. The parameters, G 

and _, chosen for this flow law (_ = 5 MPa.s1/n and G = 10) are such that the model exhibits a very 

low strain rate sensitivity. In equation 9 and 10, CD is the resolved shear stress and CDT   the critical 

resolved shear stress. The local internal variable SD that appears in equation 9 and 10 is a scalar 

algebraic quantity that induces a non-linear kinematic hardening at the grain scale as proposed by 

Méric et al. (Méric et al., 1994). Its evolution is given by equation 11. 

SD6 = D̀KD6 − 7DSDMD6   (11) 
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With SD,0. = 0  (12) 

 

The effect of neutron irradiation on the behavior of the material is taken into account by the choice of 

the critical resolved shear stresses CDT and their evolution. The effect of irradiation is mainly to create 

numerous small <a>-loops that act as obstacles against dislocation glide, in a similar way as “forest” 

dislocations. This hardening, at the slip system scale, can be simply accounted for by expressing 

(equation 13) the critical resolved shear stress as the sum of a constant critical resolved shear stress 

(CDTa), that can be regarded as the non-irradiated critical resolved shear stress, and a term proportional 

to the square root of the linear dislocation loop density (bDc  in m-2), where bDc  is simply expressed as 

equation 14. 

CDT = CDTa + �Dc+dDebDc   (13) 

bDc = fg  (14) 

In equation 14, f is the loop number density (in m-3) and g is the mean loop diameter (in m). The 

quantity 1/ebDc  corresponds to the mean distance between loops in the glide plane of a dislocation. 

The Burgers vector length is equal to dD = A  for all slip systems with <a> Burgers vector. For pyramidal 

slip with <c+a> Burgers vector, the Burgers vector length is equal to dD = 1.88A  (with B A⁄ = 1.593).  

 

The parameter �Dc  accounts for difference in the effective strength of the various interactions between 

the dislocation and the loop. In the case of basal slip, the effective strength of the interaction (�Dc =
�kc ) is small since basal slip is more easily activated after irradiation. On the other hand, the effective 

strength between a loop and a dislocation gliding in the prismatic or pyramidal plane must be higher 

than the effective strength of basal slip (�lc � �kc , �mnc � �kc ).  

 

Due to dislocation glide, a clearing of loops occurs within the dislocation channels. As shown in (Onimus 

et al., 2012) (Onimus et al., 2004) (Onimus et al., 2005) the clearing of loops is easy in the basal plane. 

Following the approach proposed in (Onimus and Béchade, 2009) (Onimus et al., 2005) the equation 

15 describing the evolution of loops within the basal channels has been adopted.  

opYq
or = −skbDc"∑ MD6D∈k #  (15) 

Since all three basal slip systems have the same glide plane in the h.c.p lattice, the glide on one slip 

system contributes to the clearing of loops for the other slip systems. This is why the sum of the 

shearing rates on all three basal systems (t ∈ 0) is taken into account in equation 15. 

On the other hand, the decrease of the loop density in one prismatic channel does not affect the loop 

density in another prismatic slip system, or in the basal or pyramidal channels, the loop densities in 

these slip systems then evolve separately, in an uncoupled way, according to equation 16. This explains 
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why although physically, there is only one loop density per grain, it is necessary to distinguish the loop 

densities of the various slip systems. 

opYq
or = −sDbDcMD6  for t ∈ ?⋃ΠA  (16) 

Because the prismatic and pyramidal channels are less cleared than basal channels, the coefficient 

characteristic of the clearing capability must be lower for prismatic and pyramidal slip than for basal 

slip (sl < sk  and smn < sk ). 
It should also be mentioned that only few <c+a> dislocations have been observed, as reported in 

(Onimus et al., 2012). Pyramidal channels have not been associated with these dislocations. The 

clearing of loops by pyramidal <c+a> slip has not been observed and is thus not taken into account in 

the model. This slip system is only hardened by irradiation and its loop density does not evolve 

(equation 17). 

opYq
or = 0 for t ∈ ΠB  (17) 

The initial loop density is the same for every slip systems, and is equal to bDc,0. = fag = 5×1014 m-2 

with fa=5×1022 m-3 and =d 10 nm, in good agreement with TEM observations (Carpenter and 

Northwood, 1975). 

 

Because of the significant clearing of loops in the basal channels, and the associated strong localization 

of the plastic strain inside these channels, it has been proposed (Onimus and Béchade, 2009) to 

introduce a kinematic hardening at the slip system scale for basal slip (equations 10, 11 and 12). 

Indeed, the localization of the plastic strain is believed to induce significant back stresses because of 

strain incompatibilities arising at the tip of the channels on the grain boundary. Concerning prismatic 

and pyramidal slip systems, because the clearing of loops appears to be limited, the associated strain 

localization may be also limited. Thus no intragranular kinematic hardening is taken into account for 

these slip systems (SD = 0 for t ∈ ?⋃ΠA ∪ ΠB). 

This model has 15 coefficients that must be adjusted to fit the experimental behavior of the material: 

the four initial critical resolved shear stresses (Cla, Cyna , Cka , CyTa ), the four effective strengths of the 

dislocation loop interaction (�lc , �ync , �kc , �yTc ), three coefficients for the clearing of loops 

(sl , syn , sk ), two coefficients for the basal intragranular kinematic hardening (`k, 7k). The two 

parameters, 7 and  8, are also adjusted simultaneously on the response obtained, using the isotropic 

texture, with the Berveiller and Zaoui model (Berveiller and Zaoui, 1978) as described in (Onimus and 

Béchade, 2009).  
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Simulation procedure for the strain path change tests and fitting of the parameters 

The mechanical tests have been simulated using the SiDoLo software, which was developed by Pilvin 

(Andrade-Campos et al., 2007) (Pilvin, 2010). The quasi-biaxial approach has been adopted for the 

simulation of the tests as described in (Onimus et al., 2018).  

The tests are computed with constant axial strain rate for axial tensile tests or with constant hoop 

strain rate for internal pressure tests, in agreement with the experiments. For internal pressure tests, 

the axial stress must be equal to half of the hoop stress. However, the hoop stress is initially unknown 

since it is the outcome of the simulation. Therefore, an iterative procedure has been adopted where 

the tests are simulated several times before converging to the required biaxiality ratio. Furthermore, 

a specific procedure ensures that each step starts and ends with zero stress, as for the experiment, 

and that each step smoothly follows its predecessor.  

Because the hoop extensometers did not correctly measure the reduction in diameter during the axial 

tensile tests, the evaluation of the agreement between simulation and experiment has been done by 

comparing the flow stress values for each step as a function of the cumulated equivalent plastic strain 

(Figure 6). The cumulated equivalent plastic strain is computed for the simulation in exactly the same 

way as for the experiment. Only the test AT-IP has been used for the refinement procedure. 

Starting from previous parameters obtained with more simple constitutive equations (Onimus and 

Béchade, 2009), the critical resolved shear stresses, the strain softening parameters and the kinematic 

hardening parameters have been adjusted. Initially, only the first monotonic steps of each test are 

computed, compared with the experiment and used for the refinement. Then some parameters are 

slightly modified to obtain the correct flow stress, as a function of the cumulated plastic strain, all along 

the full AT-IP cyclic test. At the end of this refinement procedure, one set of parameters is obtained 

(Table 4). It should be pointed out that other coefficients sets may also give correct agreement 

between simulations and experiments.  

 

Table 3: Parameters and values obtained after refinement for the neutron-irradiated material. 

Parameter (unit) Value for neutron-

irradiated material 

z (MPa)* 80000 
{ (-)* 0.4 
| (-)* 10 

}. ~�/| (MPa)* 5 

� (-) 280 
� (-) 0.53 

���  (MPa) 61 

����  (MPa) 76 

���  (MPa) 105 

����  (MPa) 140 

���  (-) 0.80 
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����  (-) 0.80 

���  (-) 0.50 

����  (-) 0.41 

��  (-) 14.0 

��� (-) 4.7 

��  (-) 120.0 

�� (MPa) 10 000 
�� (-) 200 

�~� ,�. (m-2)* 5×1014 

 

Results of the simulations and discussion 

It can be seen on Figure 6 that this polycrystalline model captures very well the main macroscopic 

phenomena occurring during the strain path change test AT-IP conducted on neutron-irradiated 

Zr1%Nb alloy. The evolution of the flow stress as a function of cumulated equivalent plastic strain is 

well reproduced.  

The maximum flow stresses for both internal pressure steps and axial tensile steps are well reproduced 

by the model and especially the significant cyclic strain softening during internal pressure steps and 

the lower softening during the axial tensile steps. However, although the maximum flow stress is 

correctly reproduced for axial tensile test, the yield is not correctly reproduced. The model predicts a 

very sharp yield whereas it is more progressive in the experiment. Concerning internal pressure steps, 

both the yield and the maximum stresses are correctly reproduced. 

The behavior recorded during the test IP-AT differs slightly from the behavior observed during the test 

AT-IP. Thus, the model adjusted on the test AT-IP cannot reproduce perfectly the behavior of the IP-

AT test. However, the qualitative trend is correctly simulated. 

It must also be noticed that  

 

Assuming that a single slip system is activated on the basal plane, and on the other planes, the 

evolution of the critical resolved shear stresses (CDT) as a function of the shear strain (KD) on the 

considered slip system can be plotted (Figure 13). Since for basal slip, a kinematic hardening has been 

added at the slip system scale, it is interesting to plot the evolution of this kinematic hardening (SD), 

also added to the critical resolved shear stress (SD + CDT), as a function of the shear strain.  
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Figure 13: Evolution of the critical resolved shear stresses (CDT) as a function of the shear strain (KD) assuming 

single slip activation for the four types of slip systems. For basal slip is also shown: the intragranular kinematic 

stress (SD) added to the critical resolved shear stress (SD + CDT). 
 

It can be noticed on Figure 13 that the intragranular kinematic hardening on the basal plane balances 

the decrease of the critical resolved shear stress up to 0.4% shear strain. It can also be noticed that the 

critical resolved shear stress on the prismatic plane is in fact rather close to the sum of the critical 

resolved shear stress and kinematic stress on the basal plane. 

 

Before going further, it is very interesting to use the model to compute the overall slip system activities, 

as defined in (Onimus and Béchade, 2009), during internal pressure tests and axial tensile tests. The 

slip system activity of the system of type � (��., �  being successively equal to ?, �A, 0, �B, is 

expressed by equation 18 and 19. 

A� = ∑ 3&&∈5 ∑ M6 ��∈�   (18) 

Computing successively the values for A� for all four types of slip systems, allows the computation of 

the sum of these values (∑ A��∈L ) over all the slip systems (� = ?⋃πA ∪ 0 ∪ πB). Then, the 

percentage of slip system activity over the whole polycrystal (��) can be computed for each type of 

slip system: 

�� = n�
∑ n��∈�   (19) 

 

The activities (��) of the various slip systems (before the unloading) during the two first steps and the 

two last steps of the test AT-IP are reported in Table 4. 
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Table 4: Slip system activities computed during four steps of the AT-IP test. 

Step Loading 
direction 

Prismatic Pyramidal-
<a> 

Basal Pyramidal-
<c+a> 

1 AT 69% 23% 7% 0% 
2 IP 1% 2% 75% 22% 
11 AT 66% 18% 13% 4% 
12 IP 1% 2% 66% 31% 

 

It can be seen that during internal pressure tests, the active slip is predominantly in the basal plane, in 

good agreement with what was observed by TEM during previous experiments (Onimus et al., 2012) 

(Onimus et al., 2004) (Onimus et al., 2005). As expected, during axial tensile tests, basal slip is rare, and 

slip occurs primarily in the prismatic and <a>-pyramidal planes, which is also in good agreement with 

what was previously observed (Onimus et al., 2004) (Onimus et al., 2005). With this in mind, one can 

look carefully at the detailed response of the model in terms of i) cyclic strain softening and ii) 

kinematic hardening. 

 

i) The rapid cyclic strain softening of AT-IP test for internal pressure is well reproduced thanks to the 

introduction of the rapid clearing of loops when basal slip is activated. This slip system is indeed mainly 

activated for this loading direction. During monotonic tests, the strain softening is partly balanced by 

the intragranular kinematic hardening and by the intergranular kinematic hardening resulting from the 

interaction between grains. Thus, we succeed in having an overall strain hardening behavior during the 

monotonic tests and at the same time a cyclic strain softening during the strain path change tests. 

The low cyclic strain softening for axial tensile test is also well reproduced thanks to the introduction 

of the low clearing of loops when the prismatic and <a>-pyramidal slip systems are activated, which is 

the case for axial tensile tests.  

Furthermore, the fact that the two loading directions are independent is well reproduced by the 

model. The significant strain softening occurring during internal pressure tests, which is due to the 

clearing of loops in the basal channels, does not affect the subsequent behavior during axial tensile 

test where primarily prismatic and <a>-pyramidal slip are active.  

ii) Concerning the kinematic hardening, it must be noted that the model reproduces the linearity during 

the unloading for internal pressure tests, even for the last steps of the AT-IP and IP-AT tests (Figure 5). 

This phenomenon was explained by the fact that the kinematic hardening (the translation of the yield 

surface) is too small compared to the isotropic stress (the size of the yield surface). This has been 

investigated further thanks to the polycrystalline model.  

The evolution of the yield surface during the strain path change tests has been computed. An offset of 

0.1% for the equivalent plastic strain is chosen to plot the yield surface. The equivalent plastic strain is 
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calculated, for each biaxiality ratio, according to equation 20. It has been checked that the difference 

with the computation used previously is small. 

���� = � �6���r
a g� = � ��

� �6 � : �6 � g�r
a    (20) 

First, the initial yield surface is computed. Then, the yield surface after 11 steps of the AT-IP test is 

computed. These yield surfaces are reported on the Figure 14. On this plot, two experimental values 

of the flow stresses at 0.1% equivalent plastic strain during internal pressure tests are also reported: 

the step 2 and the step 12 of the AT-IP test (cf. Figure 7). 

A reduction of the size of the yield surface is observed, because of the cyclic strain softening. However, 

interestingly, this reduction is anisotropic. The reduction is small in the axial direction and more 

significant in the hoop or internal pressure directions. This is because the clearing of loops is easier for 

basal slip and more difficult for prismatic and <a>-pyramidal slip. 

 
Figure 14: Simulation of the evolution of the yield surface during the strain path change tests. 
Comparison between the initial yield surface and the yield surface after the full AT-IP test. The offset 
chosen to compute the yield surface is 0.1%. Experimental values are also shown on this plot.  
 

Kinematic hardening was not observed during our experiments. Nevertheless, Wisner et al. (Wisner et 

al., 1994) have shown a Bauschinger effect using tension-compression tests in the transverse direction 

of a neutron-irradiated recrystallized zirconium alloy. It is therefore interesting to see whether our 

polycrystalline model is consistent with these previous experimental results. Using the polycrystalline 

model developed, the tension-compression tests were simulated. The stress in the transverse direction 

is plotted as a function of the plastic strain (Figure 15) and compared to the stabilized hysteresis loop 

given in (Wisner et al., 1994). There is a good agreement between the model and the reported 



28 / 35 
 

experimental observations. Furthermore, the maximum stress is computed all along the cyclic test. A 

decrease of the maximum stress is reproduced in correct agreement with the initial maximum stress 

and the steady state maximum stress given in (Wisner et al., 1994). It is possible to go even further by 

analyzing the simulated tension-compression loops in terms of kinematic hardening (�), or back stress, 

and isotropic stress (�), or friction stress, following the method described in (Li et al., 2003) (Feaugas, 

1999) (Dickson et al., 19984). An offset of 0.1% is also considered for the calculation of the yield stress 

during compression. It can be seen that the isotropic stress (�) decreases all along the test and the 

kinematic stress (�) increases at the beginning then reaching a plateau. It can also be noticed that the 

kinematic stress remains significantly lower (110 MPa) than the isotropic stress (220 MPa), as discussed 

previously.  

 

 

(a) 

(b) 

Figure 15: Simulation of cyclic tension-compression (T-C) test and comparison with experiments. a) 
Stress as a function of plastic strain and comparison with the stabilized hysteresis loop given in (Wisner 
et al., 1994). b) Simulated maximum stress as a function of the number of cycles and comparison with 
the initial maximum stress and the steady state maximum stress given in (Wisner et al., 1994). The 
simulated kinematic and isotropic stresses are also reported in this plot. The detection offset chosen 
to compute the kinematic stress (X) and the isotropic stress (R) is equal to 0.1%. 
 

Conclusion 

Strain path change tests have been conducted at 350°C on thin tube samples made of neutron-

irradiated Zr1%Nb alloy. These tests consist of alternate internal pressure tests and axial tensile tests. 

During the internal pressure test steps, the flow stress exhibits a cyclic strain softening. This is 

attributed to efficient clearing of loops by dislocations gliding in the basal plane, a slip system which is 

easily activated during internal pressure tests on neutron-irradiated recrystallized zirconium alloys at 

350°C. However, only a small degree of cyclic strain softening has been observed during axial tensile 

tests. This is attributed to the limited clearing of loops by dislocations gliding in the prismatic and 



29 / 35 
 

pyramidal planes, that are mainly activated during axial tensile tests at 350°C, after neutron irradiation. 

TEM observations conducted after the mechanical tests have confirmed this analysis.  

A polycrystalline model has been used to simulate these tests. By introducing the clearing of loops into 

the model, it is able to reproduce many features of the complex behavior observed during the 

experiments. The prediction of the slip system activation is also in good agreement with TEM 

observations. Furthermore, the model is able to reproduce correctly some data available in the 

literature such as cyclic tension-compression test. This model also provides an interesting insight into 

the role of kinematic hardening on the mechanical behavior of neutron-irradiated recrystallized 

zirconium alloys. 

Further improvements on this topic could be done, on the experimental side, by using High Resolution 

Digital Image Correlation on irradiated samples, as it has recently been done by Thomas et al. (Thomas 

et al., 2019) on proton irradiated zirconium alloys and, on the numerical side, by using advanced 

numerical tools such as the one recently developed by Gélébar et al. (Gélébart and Mondon-Cancel, 

2013; Marano, et al., 2019) using Fast-Fourier Transform algorithms. 
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Appendix: 

The stress state in the wall of a tube is triaxial (	��, 	��, 	

.. However, it can easily be shown that 

the radial component of the stress tensor (	��.  is small compared to the two other components. This 

radial component is often neglected leading to the well-known thin tube formula. A better 

approximation of the stress tensor can be obtained by using the approach described in (Onimus et al., 

2018). In this approach, it is proposed to compute a so-called “quasi-biaxial” (with superscript “qb”) 

hoop and axial stresses (	��
�� , 	

��. in the same way as in the thin-wall approximation, but without 

neglecting the radial stress, thus keeping the advantage of a simple analysis of the mechanical test. 

	��
�� = 	�� − 	�� = ?7�

2�  

	

�� = 	

 − 	�� = ?7�
4� + ¡

��7�
 

In these formulas, ? is the pressure, ¡ is the axial force, 7� is the tube mean diameter (7� = 9.5 mm) 

and � is the thickness (� = 0.57 mm).  

The values computed above are the “engineer” stress values (with subscript “eng”). To compute the 

true stress values (with subscript “true”), it is necessary to take into account the evolution of the gauge 

length and the evolution of the thickness and mean diameter of the specimen throughout the test. 

F	��
��Jr�¥� = ,	��.r�¥� − ,	��.r�¥� = F1 + ,���.�]&J 

F	

��Jr�¥� = ,	

.r�¥� − ,	��.r�¥� = F	

��J�]&F1 + ,�

.�]&J 

Concerning the strain values, the engineering axial strain is computed according to the following 

formula. 

F�

J�]& = ∆¦,�.
¦,0.  

The true axial strain is computed according to the following formula. 

F�

Jr�¥� ≈ ¨G %1 + F�

J�]&' 

A fair approximation of the mean hoop strain in the wall of the tube is obtained by using the following 

formula. 
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F���J�]& ≈ ∆7�Zr,�.
7�Zr,0. − �,0. 

The true mean hoop strain is then computed as follows: 

F���Jr�¥� ≈ ¨G %1 + F���J�]&' 

In this article, all the experimental values given are true stresses and true strains considering that the 

stress state is quasi-biaxial.  

In the case of internal pressure tests, without external axial force applied (¡ = 0), the biaxiality ratio 

is equal to  	

��/	��
�� = 1/2, leading to � = 	

/	�� = 0.47.  

Concerning the numerical simulations of internal pressure tests a biaxial stress state is applied 

	

/	��  = 1/2. This gives the same response as a fully triaxial stress state with 	

/	��  = 0.47 since 

the model is only sensitive to the deviatoric stress tensor and since the deviatoric stress of a biaxial 

stress state with 	

/	��  = 1/2 is equal to deviatoric stress of the triaxial stress state with 	

/	��  =
0.47. 
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