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ABSTRACT 

The effect of long tenn exposure (to 10.8 Ms) of Zircaloy-2 to BaO, SrO, 

Ceo2, La2o3, Gd2o3, and Y2o3 at 623 and 973 K has been studied. The results 

of room temperature tensile tests show that the specimens were severely 

embrittled irrespective of the oxide environment, although annealing times 

longer than 3.6-5.4 Ms were needed for embrittlement at 623 K. Embrittlement 

is due to the presence of a nonstoichiametric double oxide on the surface, 

which facilitates the transfer of oxygen from the oxides to the metal. 
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One of the enduring problems in the Pellet-Clad-Interaction (PCI) 

failure of zircaloy~clad LWR fuel rods is the nature of the chemical 

environment involved in such failures. As part of an extensive inves

tigation to address just this problem, we have tested a variety of 

fission product environments for activity in the embrittlement of 

Zircaloy-2 [1,2]. Zircaloy-2 has by weight 1.5% Sn; 0.15% Fe; 0.08% Cr; 

0.05% Ni; rest Zr. Over 26% of the fission products generated during 

irradiation of the fuel rods consist of the alkaline earths,Ba and Sr, 

the· rare earths, Nd, Ce, and La, andY [3]. They will exist primarily 

as the oxides,in the fuel rods [3]. Although these oxides are relatively 

nonvolatile (vapor pressures of the binary oxides are of the order of 

10-6 MPa at 2000 K[3]) ·and are not expected to migrate to the 

cladding, their presence in the uo2 fuel could dramatically alter the 

. oxygen potential and, in turn, the oxidation response of the inside 

;: surface of the zircaloy cladding. The presence of Gd2o3 in U?2 fuel 

rods, for example, has been found to enhance the oxidation rate of 

:z±rcaloy cladd:ifig [4]. Since the fuel rods are operated for long times, 

these effects could become quite significant over the operating life

times~- , Finally; it was of interest to know if other thennodynamically 

more stable rare earth sesquioxides would react with zircaloy, since we 

have previously shown that Nd2o3 embrittles Zircaloy-2 [2]. The 

purpose of this paper is to present some results of slow strain rate 

. tensile tests on Zircaloy-2 specimens after long-tenn exposure to 

Uniax-ial tensile tests at room temperature were perfonned on 
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Zircaloy-2 flat tensile specimens (1.016 mm thickness) which had been 

annealed in the individual oxide powders (purity > 99.5%) at 623 and 

973 K for times from 0.18 to 10.8 Ms (50- 3000 hours). The degree of 

embrittlement was determined by comparing the results of annealing in 

the oxides with those on identical specimens annealed in high-purity 

argon, in terms of the fracture morphology and of variation of the 

tensile properties with the annealing parameters. 

Even at the low annealing temperature of 623 K the specimens were 

sever.ely embrittled, irrespective of the oxide environment, although 

annealing times longer than 3.6 .- 5.4 l'-1s (1000 - 1500 hours) were needed 

for· embrittlement to occur (Fig. 1). The specimens broke with a reduc

tion of area of less than 5%, as compared with over 75% for the samples 

annealed in the argon environment. Figures 2 and 3 show typical 

fracture surface morphologies of specimens from argon and the oxide 

environment, respectively. The fracture in argon is completely ductile. 

This is mostly true of the specimens annealed in the oxides for times to 

3.6-Ms (1000 hours)~ although some intergranular cracks can also be 

observed, Fig. 3a. By contrast, the fractures are completely intergranu

lar on ±onger exposure, Fig. 3b. 

Since these oxides were severely embrittling to the zircaloy 

specimens even at 623 K, the degree of embrittlement was expected to be 

greater at 973 K. Hence, all annealing at 973 K was limited to a 

maximum of 1. 8 Ms (500 hours)~ Not surprisingly, the specimens were 

completely embrittled after only 0.18 Ms (50 hours) exposure. In fact, 

the specimens annealed in 1a2o3, Gd2o3, Y2o3, and Ceo2 were so brittle 

that they broke during clamping in the tensile testing machine and no 
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tensile tests could be performed. Fig. 4 is an example of the fracture 

surface of such a specimen broken by hand. It shows a bald surface, 

characteristic of brittle failure due to through-section embrittlement. 

In the case of SrO and BaO, the specimens still retain some ductility 

even after 1.8 MS annealing (Fig. 5), although the fracture morphology 

(Fig. 6) is essentially indistinguishable from the morphology on longer 

exposure at 623 K (Fig. 3d). 

These results can be explained as follows. Thennodynamicall y the 

sesquioxides are more stable than Zr02 [3], and Zircaloy-2 should not 

react with these oxides. By x-ray diffraction, we identified Zro2 and 

M2zr2o7 OM = La, Gd, Y) as the products formed on the metal surface. 

In the Zro2-M2o3 systems [5] there exists a range of homogeneity .. This 

means that during· the annealing process Zro2 and a nonst_oichiometric 

double oxide :form on the surface, which then serves as the means of 
. . . . ' . 

transferring oxygen from the sesquioxide to the metal with subsequent 

dis.solution into the metal. Also, cracks· in the surface oxide provide 

easy pathS for transport of oxygen (Fig. 7). At 623 K, the rate of 

di~fusion of oxygen is relatively slow and longer annealing times 

are needed to dissolve enough oxygen (> 5 wt % [6]) in the metal to 

embrittle it. At 973 K, the rate of diffusion is very rapid and 

enough oxygen will have dissolved in the specimens after only 0.18 

Ms (SO hours) to cause complete embrittlement. Ceo2, by contrast, is 

thermodynamically unstable with respect to Zr [3]. Thus, oxygen will 

be much more easily available to react with the zircaloy specimens, 

forming Zro2 and the double oxides Ce2zr2o7 and ce2zr3o10 . In the 

case of SrO and BaO, the zirconates, SrZr03 and BaZr03, were the only 
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componnds· formed,on the metal surface. The surface layer was highly 

cracked, which, as noted earlier, provides easy transport paths for 

diffusion of oxygen. The fact that the specimens retain some 

ductility after exposure to SrO and BaO even at 973 K suggests that 

oxygen may be less readily available. Thermodynamically SrO and BaO 

are more stable than Zr02[3] and the surface layers consist of the 

zirconates only. During annealing the MO - MZr03 (M = Sr, Ba) system 

will be relatively stable (there are no known nonstoichiometric 

compounds in the M- Zr-0 system) and transfer of oxygen from the 

oxide to the metal will be more difficult. 

As mentioned earlier, these oxides could affect the oxidation 

response of the zircaloy cladding, a not insignificant consideration 

over· the operating lifetime of the fuel rods. And, as the present 

results have shown, even at 623 K these oxides embrittle zircaloy. 

Although the cladding is not exposed directly' to these fission product 

oxides during reactor operation, more research is clearly needed to 

establish the effect of these oxides on zircaloy, expecially in uo2 

fuel doped with these oxides. Such research is_in progress. 
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Figure 1. Variation of Tensile Proper!ies as a Function of Annealing 

Time for Zircaloy- 2 Specimens Expo sec. to Argon and the 

Oxides at 623 K. 
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XBD816 - 5875 

Figure 2. Fracture Surface of a Specimen ..Annealed at 973 K for 1. 8 

T1s in Argon. 
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Figure 3. (a) Scanning Electron ~1icrograph of the 

Fracture Surface of Specimens Annealed 

at 623 K in SrO, 3.6 Hs 
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Figure 3. (b) Scanning Electron tticrograph of the 

Fracture Surface of Specimens Annealed 

at 623 X in SrO, 10.8 ns. 
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Figure 4. Fracture Surface of a :rand-:3roken Zircaloy-2 Specimen 

Armealed in La2o3 at 973 K for 1. 8 tis. 
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XBB81 6-5876 

Figure 6. Fracture Surface of a Specimen Armealed in SrO at 973 I( for 

1. 8 11s. 
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Figure 7. Optical Nli.crograph of a Specimen Annealed in La2o3 at 

973 K for 1.8 Ms Snowing Cracks in the Surface Oxide 

(Magnification: 450 times) . 
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