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Abstrakt 
 Slitiny na bázi zirkonia patří ke konstrukčním materiálům používaným v jaderné 
energetice zejména jako obaly palivových článků jaderných reaktorů chlazených vodou. Jejich 
korozní chování za provozních, extremních či havarijních podmínek je stále předmětem 
rozsáhlého celosvětového výzkumu. Obsahem článku je komparativní rentgenové difrakční 
studium slitin Zr1Nb a Zircaloy 4 (Zry-4S) oxidovaných za podmínek tzv. tepelného přechodu 
(oxidace ve vodě pří 360 °C s krátkodobým šokem v páře při 500 °C). Vzhledem ke vzniku 
výrazné kvantitativně proměnlivé textury v oxidických vrstvách vzorků se ukázalo, že střední 
hodnota zbytkových napětí σ v oxidických vrstvách je použitelnou charakteristikou pro porovnání 
odlišného korozního chování studovaných slitin. 
 Klíčová slova: zirkoniové slitiny, rentgenová difrakce, zbytková napětí. 

 
Abstract 

Zirconium alloys are currently used as cladding materials of fuel elements of water-
cooled power reactors. However, their behavior under extreme conditions is still the object of 
extensive research. The comparative XRD study of Zr1Nb and Zircaloy 4 (Zry-4S)is presented in 
this paper. The aim of the study was determination of residual stresses σ and analysis of the 
microstructure of oxide layers formed on tubular specimens oxidized under temperature transient 
conditions (oxidation in water at 360 °C with a short-time shock in steam at 500 °C). The 
specimens of both the alloys which had not undergone the temperature transition were also 
studied. A strongly quantitatively varied texture occurred in oxide layers. Thus, the average values 
of residual stresses σ in oxide layers represent a useful XRD characteristic for the different 
behavior of the two alloys. 
 Key words: zirconium alloys, XRD, residual stresses. 
 

INTRODUCTION  
 

Zirconium alloys are widely used in nuclear power engineering as fuel cladding materials 
in nuclear reactors. The description and understanding of their corrosion behaviour under the 
conditions of primary circuits are of prime importance for optimization of both operation and 
safety of nuclear reactors. Therefore corrosion behavior of Zr-based alloys have been extensively 
studied in the world. Non-destructive investigation of corrosion properties of these alloys is 
performed also at the Faculty of Nuclear Sciences and Physical Engineering, Czech Technical 
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University. The investigation has been performed in cooperation with UJP Praha Inc., where the 
comparative out-of-pile experimental study on long-term corrosion behavior of Zr-based alloys 
(Zr1Nb, ZIRLO, low-tin and standard Zircaloy-4) in different corrosion environments is underway 
exposing all alloys in identical conditions. The aim of study is focused on the relation between the 
corrosion kinetics and the microstructural characteristics of the ZrO2 oxide layers which have 
been investigated by means of several physical methods including XRD. The following features 
have been examined using X-ray diffraction techniques [1,2]: 

• the evolution of macroscopic stresses σ in oxide layers during oxidation,  
• the stress state of the oxide/metal systém as a whole, 
• the microscopic characteristics such as crystallite size D and lattice strains ε  for both 

the components of oxide/metal systém, 
• the lattice constants a, c and crystallographic unit cell volume Vb for α-Zr matrix of 

oxidized specimens. 
It would be appeared that the parameters observed can contribute to better understand of the 
corrosion processes [3,4] and are useful for comparative study the corrosion behavior of Zr-based 
alloys under both the same or different oxidation conditions [5,6]. 
 

EXPERIMENTAL 
 
Oxidation conditions 

Transition oxidation in water steam at 500 °C (1 day for Zr1Nb and 0,003 day for Zry-4S) 
was applied on unoxidized specimens and on a specimen preoxidized in water at 360 °C for 21 
days. All the specimens were further oxidized in pure water at 360 °C for various times up to 170 
days. The specimens of both the alloys which had not undergone the temperature transition were 
also studied. The kinetics of oxidation of the alloys under investigation were represented by 
weight gain (or Tox) being measured after each exposure. 

 
Diffraction method used 

The „sum of the surface principal stresses“ technique with a reference substance [1] was 
used with regard to the specific experimental conditions, especially to the marked texture of oxide 
layers and the shape of specimens to determine the stresses in oxide layers and metal underlying. 
The method is based on the determination of lattice strains εhkl from which, subsequently, the 
stresses were calculated by using appropriate macroscopic Young’s moduli. The evaluation of the 
crystallite size and lattice strains was performed by using a „single-line“ method with the Pearson 
VII approximation of the profiles´ shape [2]. 

 
Experimental conditions 

An ω - goniometer SIEMENS with Cr Kα radiation was used to measure diffraction 
patterns. In oxide layers of the samples investigated the measurements were performed on the {10-
4} planes with 2θ tab = 119.5° for CrKα radiation. In metal substrates the measurements were 
performed on the {112} planes for which 2θ tab = 113.5° for the CrKα radiation. Four partially 
overlapping diffraction lines were recorded within the 2θ range of measurement: (10-4) of ZrO2 
and (112), (201), (004) of α-Zr; thus, the fitting procedure had to be used to obtain the accurate 
profile characteristics such as peak position 2θ, .integral breadth Wint, integral intensity Iint. The 
same procedure was applied on standard samples of both the alloys under investigation. 
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RESULTS AND DISCUSSION 
 

The kinetics of oxidation of the alloys under investigation are depicted in Fig.1A.  
The experimental values of the integral intensity of the oxide diffraction line (10-4) vs. 

oxide thickness are plotted in Fig.1B. Assuming that the reflective layer is of isotropic character 
we can calculate the hypothetical intensity of the selected diffraction line depending on the 
thickness of the layer. The calculated values of I are also plots in Fig.1B. 

 
  A) B) 

Fig.1 A - corrosion kinetics of Zr1Nb alloy (denoted 17) and Zry-4 S alloy (denoted 47) under 
different conditions. B – integral intensity I of the oxide diffraction line (10-4) vs. oxide thickness 
of samples investigated. The hypothetical course of diffracted intensity Icalc vs. oxide thickness is 

also shown 
 

As it followed from the experimental values of Iint, the texture in oxide layers strongly 
varied in quantity at almost each exposure. This phenomenon has been established in the earlier 
research which was concerned with the short-time oxidation of Zr1Nb alloy under temperature 
transient conditions. nsequently the plots of Wint (Fig.2A), D (Fig.2B) and ε vs oxide thickness 
have had quite inhomogeneous character. Similarly inhomogeneous courses can be observed for 
these quantities in textured layers of metal underlying of Zr1Nb alloy. 
 The results of residual stresses σ determination in oxide layers and metal underlying are 
given in Fig.3A (for Zr1Nb alloy) and Fig.3B (for Zry-4 S alloy). It can be seen that the 
distribution of stresses in a metal/oxid system as a whole has a similar character to the distribution 
reported recently [3], i.e., there exist high compressive stresses up to –1 GPa in the oxide layer and 
tensile stresses up to 220 MPa in the metal underlying. Therefore, the behavior of the two alloys 
oxidized under transient conditions can be qualitatively examined using average values of oxide 
thickness Tox, stresses σ, and integral breadth Wint. These values for oxide layers including 
crystallite size D and lattice strains ε are given in Table 1 and for metal underlying in Table 2. 
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 A) B) 

Fig.2 A – integral breadth W of the oxide diffraction line (10-4) vs. oxide thickness of samples 
investigated. B – crystallite size D vs. oxide thickness in oxide layers of samples investigated. 

 
 A) B) 

Fig.3 Stresses σ vs. oxide thickness in oxide layers and metal uderlying of samples investigated.  
A – Zr1Nb alloy (denoted 17), B – Zry-4 S alloy (denoted 47) 
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It follows from the data tabulated that:  
• oxidation of both the alloys under transient conditions leads to a rapid increase in 

weight gain (or Tox). The largest increase in Tox occurs for Zry-4 S alloy, 
• macroscopic stresses in oxide layers of Zry-4S alloy are significantly lower than those 

of Zr1Nb oxide layers in all the cases of oxidation. The greatest stresses in the oxide 
layers of both the alloys occur for oxidation in water + steam + water, 

• smaller values of Wint occur during oxidation in steam + water for both the alloys,  
• an unambiguous conclusion from D and ε average values cannot be made, probably 

because of high quantitative variability of texture of the oxide layers, 
• if we suppose that oxidation is controlled by diffusion of oxygen via oxide grain 

boundaries and pores, there may be another easy paths (or another mechanism) in the 
case of temperature transient oxidation.  

Average values of oxide thickness Tox, macroscopic stresses σ, integral breadth Wint, 
crystallite size D and lattice strains ε determined for oxide layers of the alloys under 
investigation Table 1 

alloy oxidation conditions Tox(μm) σ(MPa) Wint(2θ) D(nm) ε 

Zr1Nb 
pure water 360 °C 
steam 500 °C + water 360 °C 
wt. 360 °C + st. 500 °C + wt. 360°C 

3.33 
5,32 
3.74 

-846 
-806 
-993 

3.87 
3.26 
3.89 

10 
14 
8 

0.0037
0.0049
0.0033

Zry-4S 
pure water 360 °C 
steam 500 °C + water 360 °C 
wt. 360 °C + st. 500 °C + wt. 360°C 

3.27 
6.71 
5.63 

-668 
-539 
-923 

3.70 
2.90 
3.82 

13 
12 
9 

0.0046
0.0034
0.0043

 
Average values of oxide thickness Tox, macroscopic stresses σ, integral breadth Wint, 
crystallite size D and lattice strains ε determined for metal layers of the alloys under 
investigation  Table 2 

alloy oxidation conditions Tox(μm) σ(MPa) Wint(2θ) D(nm) ε 

Zr1Nb 
pure water 360 °C 
steam 500 °C + water 360 °C 
wt. 360 °C + st. 500 °C + wt. 360°C 

3.33 
5,32 
3.74 

187 
180 
220 

0,58 
0,68 
0,46 

168 
175 
222 

0,0014
0.0022
0.0011

Zry-4S 
pure water 360 °C 
steam 500 °C + water 360 °C 
wt. 360 °C + st. 500 °C + wt. 360°C 

3.27 
6.71 
5.63 

165 
155 
194 

0,92 
0,54 
0,89 

189 
268 
82 

0.0017
0.0014
0.0021

CONCLUSIONS 

• all the given results are in good agreement with the habitual conception of mechanical 
behavior of the oxide/metal systém as a whole  

• the distribution of stresses in oxide/metal system has the similar character as those 
being reported recently [3], i.e. high compressive stresses up to –1 GPa in oxide layer 
and tensile stresses up to 220 MPa in metal underlying exist 

• both the small crystallite size D and large strains ε in oxide as compared with these in 
metal demonstrate the high level of plastic deformation of oxide layers in comparison 
with metal near oxide/metal interface 

• residual stresses can be considered as a reliable XRD characteristic of different 
behavior of the alloys under investigation. 

This research has been supported by MSM 684077002. 



Acta Mechanica Slovaca, 1/2006 

 

154 

 
REFERENCES 

 
[1]  KRAUS, I., TROFIMOV, V.V.: Rentgenová tenzometrie. Academia Praha, 1988, 247 pp. 
[2]  De KEIJSER, Th. H. et al.: The determination of crystallite-size and lattice-strain 

parameters in conjunction with the profile-refinement method….. In: J.Appl.Cryst., 1983, 16, 
p. 309-316, ISSN 0021-8898 

[3]  VRTÍLKOVÁ, V., JAROŠ, J., GOSMANOVÁ, G., KRÝSA, J., MATĚJKA, P., 
BELOVSKÝ, L.: Properties of corrosion layers grown on Zr-based alloys. In: Proceedengs 
of 10th Intern. Conf. on Environmental Degradation of Materials in Nuclear Power Systems-
Water Reactors, August 5 to 9 2001, NACE Intern., Houston Texas, 2002, CD ROM (PDF 
0018), 10 pp 

[4]  GOSMANOVÁ, G, KRAUS, I., GANEV, N., VRTÍLKOVÁ, V.: X-ray diffraction analysis 
of Zr-based alloys oxidized in water and lithiated water at 360 °C. In: Proceedings of SPIE. 
SPIE, Washington, 2004, vol. 5400, s. 204-208. ISBN 0-8194-5323-4 

[5]  GOSMANOVÁ, G., KRAUS, I., GANEV, N., VRTÍLKOVÁ, V.: X-ray diffraction study of 
Zr-based alloys oxidized in steam at 1000 °C. In: Proceedings of . METAL 2005. 14th Intern. 
Metallurgical & Materials Conf. [CD-ROM]. Ostrava: Tanger, 2005, PDF 44, pp. 5. 
ISBN 80-86840-13-1 

[6]  GOSMANOVÁ, G., KRAUS, I., VRTÍLKOVÁ, V.: X-ray diffraction analysis of Zr-based 
alloys oxidized under temperature transient conditions. In: Proceedings of Workshop 2006. 
Prague, CTU, 2006, vol.10 part A, p. 386-387, ISBN 80-01-03439-9. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


