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1. Introduction 

2. Experimental and computational procedures 



Because previous studies have shown that hydride are still in solid solution at 400ºC for hydrogen 
content of 180wt.ppm[8, 10]), To simulate a possible vacuum drying process[11], when the temperature 
reached 400ºC during cooling, a constant load was applied to the sample which was maintained until a 
temperature of 150ºC was reached. This thermo-mechanical cycle ensured that the hydrides were 
completely dissolved[8, 10] at the maximum temperature for normal operating conditions[11]. The 
hydride microstructure was examined before and after thermo-mechanical treatments by grinding the 
samples with successively finer silicon carbide paper followed by etching in an acid solution consisting 
of 1 part of HF, 10 parts of HNO3, and 10 parts of H2O to reveal the hydrides.  

Figure 1 shows the two types of tensile specimens used in this study.  Tapered uniaxial tension 
specimens (Fig. 1 (a)) were machined from Zircaloy-4 sheet with their stress axis oriented in the long-
transverse direction of the sheet, which corresponds to the hoop direction of the cladding tube. The 
taper within the gauge section caused the tensile stress to vary by approximately 45% over the length 
(13.06 mm) of the gauge section, which had a maximum width of 3.75mm. The length to width ratio of 
the gauge section exceeded the four-to-one ratio recommended by ASTM for such specimens. [12]

The other type of sample was the double- flat plane-strain specimen, which 
imposes a multiaxial stress state on the sample [13]; see Figure 1b. To achieve multiaxial stress state 
conditions within the tests specimens, Zircaloy-4 sheet with a width of 12.7 mm and length of 40 mm 
were machined to have a notch opening of 2 mm and a notch radius of 1 mm.  This specimen 
configuration creates a range of multiaxial stress states that can be characterized by the stress 
biaxiality ratio / , where  is the major principal stress and  is the minor principal stress. The 
small thickness of the sheet creates a plane-stress condition such that the third principal stress = 0. 
As shown by finite element analysis a characteristic of the double edge notch specimen is that in the 
elastic regime, it creates biaxial stress states that vary from / = 0.57 at the center of the gauge 
section to / = 0 near the notch, as seen in Figure 2.  With this knowledge, the effect of stress 
biaxiality on the radial hydride precipitation can be studied by correlating the hydride microstructure with 
the local stress state at a given location.  In this study, the loads applied to the specimens were in the 
elastic range for the locations where hydride reorientation was documented.   

Figure 1. (a) Tapered uniaxial tension specimen and (b) double-edge notched specimen. 
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The spatial variation of stresses in the double edge notch specimen requires the use of finite element 
analysis as shown in Figure 2(a) to obtain the local stress values. The threshold stresses for hydride 
reorientation in double edge notch tension samples were obtained by matching the finite element 
results and the metallographic images at the same location for the onset of hydride reorientation. The 
major and minor principal stresses ( 1 and 2, respectively) were calculated by both two-dimensional 
and three-dimensional finite element analyses at a known applied load, using the finite element 
software ANSYS. The Zircaloy-4 sheet material was assumed to have isotropic material properties, and 
the yield stress at 400ºC of Zircaloy-4 sheet ( y = 300 MPa) was determined by previous studies 
performed on the same material [8, 9] and confirmed by experiment in the present study. The computed 
stresses and the stress biaxiality ratio ( 1 2) were mapped onto the hydride microstructures in the 
metallographic images as shown in Figure 2(b).   It is important to recognize that both the maximum 

1 and the stress biaxiality ratio ( 1 2) vary with location within the double edge notch 
specimen; this feature enables the correlation of a range of stress states with hydride orientations 
within such a specimen.  

Figure 2. (a) The principal stress and stress biaxiality distribution from notch to center of gauge section; 
note that 1 2 = 0.57 at the center of the section and 1 2 = 0 near the notch. (b) An example of map 
of the major principal stress with reference to the hydride microstructure. 
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3. Results and discussion 



Figure 3. The hydride microstructure of a tapered uniaxial tension sample after the 2-cycle thermo-
mechanical treatment. The threshold stress for hydride reorientation is approximately 155MPa. The 
image is a through-thickness view of the microstructure. 

The hydride reorientation behavior under multiaxial stress states ( / >0) was examined by matching 
the locations of the metallographic images and finite element analysis derived from the double edge 
notched specimens. Figure 4 depicts both the resulting hydride microstructure after a hydride 
reorientation test within a double-edge notch tension sample and the stress biaxiality ratio /
present during the test at the center plane of the sample and plotted from the center of the specimen to 
the notch tip.  The hydride microstructure in the Figure 4 is that viewed on the normal  plane which 
contains both the transverse and rolling directions of the sheet specimen -  in 
Figure 4 are oriented parallel to the plane of view, and therefore, they are not observable in the 

the sample 
(or parallel to the normal direction) and can be clearly seen. 

By examining specimens subjected to a range of applied loads it was possible to assess the locations 
for the onset of hydride reorientation. As shown in Figure 4, the location within the double-edge notch 
specimen dictates the local stress state such that the stress biaxiality at the notch is equal to zero 
(uniaxial tension), but it increases rapidly with distance from the notch such that / =0.57 near the 
center of the gauge section under the elastic conditions for this analysis.  We should note that at other 
locations near the notch (above or below the minimum width section) the state of stress is also near 
uniaxial tension, i.e. / can be found at various locations within 
the specimen gauge section. In the present study, the threshold stress for hydride reorientation was 
determined for a range of stress biaxiality ratios by identifying the location where the onset of radial 
hydrides occurred and calculating the corresponding stress state at that location for the given load. 
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4. Conclusions 
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