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1. Introduction 
 

Zirconium alloys are used as cladding materials for fis-
sionable fuel in nuclear reactors mainly for their mechanical 
properties. Their characteristics after long-term oxidation 
under service conditions in a reactor are intensively investi-
gated. In order to define their fail-safety, it is necessary to 
know their mechanical characteristics after long-term service 
and high temperature oxidation, as well as the reasons for 
changes in those characteristics. 

This paper presents the summary of mechanical proper-
ties, results of X-ray diffraction and electron microprobe 
measurements of the Zr1Nb alloy after various exposition 
time prior to hardening, which simulated the LOCA condi-
tions (Loss Of Coolant Accident). Correlations between the 
measurements are discussed. 

 

2. Experimental 
 

The samples were small tubes from Zr1Nb material with 
600 m wall thickness, which are identical to actual cladding 
tubes. LOCA was simulated by heating at 950 °C in steam for 
0, 3, 6, 9, 15, 30, 60 and 120 minutes and subsequent harden-
ing in water with ice. 

Regarding to the previous results13, this article contains 
new measured data. Samples were examined by X-Ray dif-
fractometer Panalytical X’Pert PRO equipped with high-
temperature chamber Anton Paar HTK 1200 N, Nanoin-
denter XP and scanning electron microscope (SEM) 
Quanta 200 with EDAX EDS and WDS X-Ray detectors, 
mostly termed Electron Probe MicroAnalysis (EPMA). 

Nanoindentation and microprobe data were measured on 
the cross-section of the tube wall. Nanoindentation measure-
ments were taken with the load of 8 mN in 5 m intervals 
using the Berkovich indenter4. The indentation hardness HIT 
and indentation modulus EIT were measured by the IIT 
(Instrumented Indentation Testing) method5,6. 

As it can be seen in the picture of the cross-section in 
Fig. 1, there are different layers in the material: an oxide layer 
under the surface and two different regions in the metal. The 
picture was taken by the BSE (Back Scattering Electrons) 
detector in SEM. The various grey levels correspond to vari-
ous values of atomic weight of elements in the material: 
lighter elements appear darker. 

Under the oxide layer, there is an oxygen-stabilized Zr in 
the Alpha phase Zr(O). In greater depth, there is Alpha phase 
where there is not enough oxygen to prevent the phase trans-
formation from Alpha to Beta phase at high temperature. The 
oxygen-poor structure in the middle of the wall thickness is 
called the Prior Beta phase7. 

Problem is that X-Ray diffraction after high-temperature 
experiments (discussed in other paper8) showed certain 
amount of undissolved Beta phase in that region. That is why 
calling all the material as Beta phase may cause misunder-
standing. Identified Beta phase by X-Ray diffraction was 
located in Alpha Zr phase region. The oxygen-rich region 
Alpha Zr(O) phase and the oxygen-poor region Alpha Zr were 
marked with arrows (Fig. 1). 

The differences between the layers correspond to differ-
ent amounts of oxygen. However, the oxygen solubility is 
also affected by other influences9, such as hydrogen content 
and its solubility in the material. EPMA results in [au %] 
percentage represent [wt.%] (weight percentage). Standard-
ized percentage by weight during the low content volume of 
oxygen has to be compared very carefully with values meas-
ured by other methods. This cautions us to be very careful and 
determine the oxygen content in Auxiliary Units (au). EPMA 
measurements were carried out from the edging of the sample 
towards to the centre (Fig. 1). 

Lattice parameters and unit cell volumes were calculated 
by Rietveld’s method from diffraction patterns. Biaxial lattice 
stress was calculated only from the -Zr diffraction line (102) 
drift from the reference position according to formula: 

where E is Young modulus,  is Poisson number, d0 is refer-
ence interplanar distance, d is measured interplanar distance. 

 
3. Results of Measurements 
 

EPMA data measured on the cross-section of samples 
are shown in Fig. 2 in micrometers from the Alpha Zr(O)/ 
Alpha Zr layer interface. Higher oxygen content in the Al-

MICROSTRUCTURE AND LOCAL MECHANICAL CHARACTERISTICS OF Zr1Nb 
ALLOY AFTER HARDENING 

Fig. 1. Typical cross-section of the hardened sample (exposition 
time 3 min) with marked oxides, Alpha Zr(O) and Alpha Zr phases 
and locations of hardness and EPMA measurements. The SEM micro-
graph was taken by the BSE 
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pha Zr(O) phase is clearly visible as well as the difference 
between the distributions of oxygen in dependence on various 
exposition times prior to hardening. 

EPMA values were measured along the same measuring 
line as the indentation hardness. The summary results for all 
samples are shown in Fig. 3ah. The beginning of coordinates 
is in the Alpha Zr(O)/Alpha Zr layer interface. The correlation 
between the oxygen content and indentation hardness values 
in Fig. 3 is evident. 

Fig. 2. Oxygen depth-profiles on the cross-sections in dependence 
on different exposition time prior to hardening 

a) t = 0 min 

b) t = 3 min 

c) t = 6 min 

d) t = 9 min 

e) t = 15 min 

f) t = 30 min 

g) t = 60 min 

h) t = 120 min 

Fig. 3a–h. Oxygen depth-profiles and indentation hardness values 
measured by the nanoindentation method 
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Fig. 4 shows a comparison of the indentation hardness 
and indentation modulus values in the Alpha Zr phase in all 
samples. Fig. 5 contains the EPMA-measured oxygen content 
compared with corresponding indentation hardness values in 
the Alpha Zr phase. There is a close correspondence between 
oxygen content and indentation hardness. 

Fig. 6 contains X-ray diffraction patterns (in detail men-
tioned in8) for all samples with very weak oxide signal related 
to ZrO2. Quantification of the oxide signal using the phase 
analysis was attempted, even though this was very difficult 
due to weak signal. Tab. I shows these results together with 
the EPMA results from the same region. 

High local hardness is accompanied by high local oxy-
gen concentration (Fig. 5). Biaxial stress and unit cell volume 
determined from X-Ray diffraction have almost the same 
tendency (Fig. 7). Hardness course have increasing tendency 
with increasing exposition time except samples exposed for 6 
and 9 minutes (Fig. 8). The sample exposed for 6 minutes has 
the smallest unit cell volume together with the highest amount 
of oxygen (Fig. 9). This could be caused by presence of oxy-

Fig. 6. X-Ray diffraction patterns measured in the centre of each 
sample. Weak oxide signals are only detectable at the longest exposi-
tion times prior to hardening 

Fig. 4. Indentation hardness and indentation modulus measured 
in Alpha Zr 

Fig. 5. Indentation hardness measured by nanoindentation and 
corresponding oxygen content measured by EPMA in Alpha Zr  

Table I  
X-Ray quantitative phase analysis of ZrO2 content together 
with results of EPMA measurement of the oxygen content 

Exposition time 
[min] 

X-Ray ZrO2  
[wt.%] 

EPMA O  
[au.%] 

  0 0 1.39 

  3 0 1.30 

  6 0 2.03 

  9   0.5 1.49 

 15    0.28 1.75 

 30    0.54 1.61 

 60    0.44 1.64 

120    1.35 1.90 

Fig. 7. Cell volume measured by X-Ray together with stress for 
various exposition times prior to hardening measured in Alpha 
Zr 

Fig. 8. Cell volume measured by X-Ray together with indentation 
hardness for various exposition times prior hardening measured 
in Alpha Zr 
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gen in grain boundaries, not in interstitial positions in crystal-
lographic lattice. 

Under various conditions9, which had been investigated 
before, there was some amount of hydrogen in the material, 
which might have changed its mechanical characteristics in-
dependently on the oxygen content. However, no such influ-
ence was observed in these samples, in which hydrogen con-
tent was negligible. 

 
 
4. Conclusions 
 

This paper is based on a part of long-time investigation 
and characterization of mechanical and other properties of 
a new Zr1Nb alloy. In this article were evaluated the relations 
of oxygen content, unit cell parameters and biaxial stress to-
gether with nanoindentation hardness. There is a close corre-
spondence between oxygen volume and microhardness.  

 
This work was supported by the project MPO ČR No. 2A 
1TP1/037 and project Kontakt  AIP No. MEB 080869. 
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Zirconium alloys are used as cladding materials for 

atomic fuel in nuclear reactors mainly for their mechanical 
properties. Their characteristics after long time oxidation 
under service conditions in a reactor are intensively investi-
gated. In order to define their fail-safety and damage toler-
ance, it is necessary to know their mechanical characteristics 
after long-term service and high temperature oxidation as well 
as the reasons for changes in those characteristics. 

This paper presents the summary of mechanical proper-
ties, results of X-ray diffraction and electron microprobe 
measurements of the Zr1Nb alloy after various exposition 
times prior to hardening, which simulated the LOCA (loss of 
coolant accident) conditions. Correlations between the meas-
urements are discussed. 

 
 
 

Fig. 9. Cell volume measured by X-Ray together with oxygen 
content for various exposition times prior hardening measured by 
EPMA in Alpha Zr 


