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Zirconium (Zr)-based alloys are commonly used in the nuclear industry for a variety of applications, 

such as nuclear reactor fuel cladding in pressurized water reactors, and as a hydrogen isotope absorbing 

material in tritium producing burnable absorber rods (TPBARs). Zr alloys are widely used in such 

applications due to their favorable mechanical behavior (e.g. yield strength, fracture toughness, creep, 

etc.), corrosion resistance, and low thermal neutron cross-section [1]. Despite these many desirable 

properties, corrosion of Zr alloys can limit component lifetime. A better understanding of oxide 

formation mechanisms and kinetics could thus enable improved alloy design and predictive capabilities 

related to fuel assembly degradation, such in a reactor operating environment, in spent fuel storage 

pools, or during an accident scenario (e.g. Fukushima-Dai Ichi, Three Mile Island, and Chernobyl).  

 

Traditionally, oxidation kinetics of Zr alloys are studied in both pre- and post-transition regimes by 

performing long-term corrosion experiments (tens to hundreds of days) in which coupons are exposed to 

a corrosive environment, periodically removed, and weighed to measure coupon weight gain due to 

oxide formation as a function of exposure time [2]. While significant insight into Zr alloy oxidation can 

be obtained through such ex situ studies, there are inherent issues to these characterization efforts, 

particularly related to sample preparation and time scales for analysis.  

 

Through use of a novel environmental reactor chamber connected to a local electrode atom probe 

(LEAP) via an environmental transfer hub (ETH), we are able to expose nanoscale volumes of Zircaloy-

4 to an oxygen gas atmosphere at elevated temperature, then analyze the oxide and oxide/metal (O/M) 

interface formed during very early stage of oxidation via APT [3]. This new approach, shown 

schematically in Figure 1(a), allows us to gain unique atomic-scale insight into: (1) initial, protective 

oxide stoichiometry formed, (2) O/M interfacial morphology, (3) alloy element concentration and 

partitioning adjacent to the O/M interface.  

 

Results from the present study are summarized in Figure 1(b). We find that the initial protective oxide 

layer formed during Zirc4 oxidation approaches a Zr:O ratio of 2:1. This is distinctly different than the 

oxide layer formed in atmosphere during APT needle transfer (Zr:O ratio of 3:1). Additionally, we 

observe solute element partitioning (Sn, Fe) during high temperature oxidation. Partitioning of such 

alloying elements could impact corrosion resistance and hydride formation in the Zircaloy-4 system. The 

APT observations are also correlated to complementary analysis of needle specimens in an aberration 

corrected transmission electron microscope to reveal the morphological and structural changes of oxide 

layer. This multimodal analysis of the early stages of oxidation by the two complimentary methods 

enabled a comprehensive atomic scale understanding of oxidation mechanism of Zircaloy-4 [4].    
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(a) (b) 

Figure 1. (a) Schematic of in situ oxidation and analysis via APT and an annex reactor system. (b) 

Summary of results from oxidation of Zirc4 via the method shown in (a). Element distribution maps for 

Zr, ZrO, Sn, and Fe are shown for before oxidation, and after 1 and 5 minutes exposures to 300°C, 

0.15 psi, O2 gas. Element distribution maps show oxide film formation on the needle specimen, and Sn 

and Fe partitioning as oxidation time increases.  
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