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Abstract

Texture and phase volume fraction of the oxide grown on Zr–2.5Nb, in static autoclaves, at 623 K, with lithiated

heavy water were investigated. It is found that both monoclinic and tetragonal zirconia are highly textured with

{100}h100i preferred crystal orientation for the tetragonal phase, and ð10�3Þ½0�10� and ð10�4Þ½401� texture for the

monoclinic phase. No change in the texture for both phases was observed with the increase of thickness of the oxide

layer. The crystal orientation relationship of both the monoclinic and tetragonal phases was found to be

ð10�3Þmkð100Þt or ð10�3Þmkð101Þt and ½100�tk½010�m. The integrated intensity over pole figures was used to calculate

the volume fraction of the tetragonal phase in the oxide layer. The volume fraction of the tetragonal phase in the dense

oxide layer near the metal–oxide interface was found to be about 8% and gradually decreases with an increase of the

oxide thickness.

� 2004 Elsevier B.V. All rights reserved.

PACS: 28.52.Fa
1. Introduction

Along with circumferential expansion, creep sag, and

irradiation growth, hydrogen ingress and formation of

zirconium hydride are major factors that affect the life-

time of the Zr–2.5Nb pressure tubes [1]. In the final

stage of manufacturing Zr–2.5Nb pressure tubes, the

tube is annealed in steam environment at 675 K for 24

h [2]. The purpose of this procedure is two-fold: to re-

lease the stress in the pressure tube caused by extrusion

during its manufacturing process and to form a thin zir-

conium oxide layer on the surface of the pressure tube.
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Like any other materials, the properties of zirconium

oxide are dependent on its microstructure and are af-

fected by the existence of strong crystallographic tex-

ture. Zirconium oxidation is controlled by an inward

diffusion of oxygen, and the knowledge of texture and

structure of the oxide layer is of technological impor-

tance because this layer controls the oxidation process

and hydrogen ingress into the tube. The oxide layer

grown on Zr–2.5Nb is predominantly monoclinic (m)

zirconia, however Raman spectroscopy studies [3] and

TEM [4,5] demonstrated that small amount of tetrago-

nal zirconia (t) is present in the oxide layer. Khatamian

and Lalonda [6] referred the minor phase as nearly cu-

bic-tetragonal (nct) phase to differentiate it from the

tetragonal phase existing above 1400 K with the c/

a = 1.451 [7].
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It was demonstrated that there is a higher percentage

of tetragonal phase in the inner oxide layer near the

oxide–metal interface than at the outer oxide layer.

The compressive stress described by Pilling–Bedworth,

for a ratio 1.56 of Zr/ZrO2, is considered as the main

factor that stabilizes the tetragonal phase in the inner

layer. The amount of tetragonal phase can be as high

as 40% of the volume in the layer near the oxide–metal

interface [8]. The acceleration of the oxidation rate in

lithiated water (70 ppm Li) seems to be linked to a grad-

ual disappearance of the tetragonal zirconium oxide

phase [9]. In general, it is accepted that the phase transi-

tion from tetragonal to monoclinic is associated with the

oxidation acceleration. When the oxide grows, the

tetragonal phase is transformed to the monoclinic phase,

which causes the formation of pores and cracks in the

oxide layer. Because those pores and cracks serve as fast

paths for oxygen diffusion through the oxide layer, the

oxide layer cannot serve as a barrier against oxygen

diffusion.

Properties of monoclinic zirconia were studied

extensively, however much less attention was paid to

tetragonal zirconia, whose presence is believed to be

associated with acceleration of oxidation kinetics in

Zr–2.5Nb. Detailed information on tetragonal zirconia

structure is important to understand the oxide growth

mechanism. In this paper the transformation of

texture and volume fraction of the tetragonal

phase in the process of oxide growth will be

analyzed.
2. Experimental procedure

2.1. Samples preparation and texture measurement

Zr–2.5Nb samples of dimension 30 · 15 · 1 mm

were machined from a pressure tube. The tube was ex-

truded at 1093–1123 K, cold worked by 20–30% and

then stress relieved in steam for 24 h at 673 K. The

specimens were cut so that the direction normal to

their surface coincides with the radial direction of

the tube. All samples were grounded using SiC paper

down to 1200 grit and pickled prior to the autoclave

tests with an acid mixture of 10% HF + 15%

HNO3 + 30% H2SO4 + 45% H2O.

Specimens were oxidized in static autoclaves at 623 K

with lithiated heavy water, pH25 �C ffi 10.4, for different

times. The Schulz reflection method [10] was used to

measure pole figures. The measurements were performed

on a Siemens D-500 texture goniometer using copper

X-ray tube. The ð11�1Þm, (111)t, (111)m and (002)m pole

figures were measured for all oxide layers, where sub-

scripts t and m indicate tetragonal and monoclinic

phases, respectively. To correct the experimental data,

texture free samples of ZrO2 powder were measured
under the same conditions as the investigated textured

specimens.

2.2. Calculation of volume fraction of tetragonal phase

The determination of the volume fraction of

tetragonal oxide phase formed in different media has

been attempted by many authors [5,11], mainly be-

cause the existence of this phase is related to proper-

ties of the barrier against oxygen diffusion near the

metal/oxide interface. Conventional X-ray diffraction

techniques can be used to determine the relative

amounts of various phases if the oxide layer is made

into powder. This method is however destructive be-

cause the oxide has to be removed from the substrate

and ground into powder. The removal of the oxide

from the metal will result in a relaxation of stresses

[12], leading to a change of relative amounts of differ-

ent phases [8,13,14] because the tetragonal phase is

stabilized by compressive stresses. Thus, the measure-

ment of phase composition should be performed with-

out removing the oxide film from the metal substrate.

Simple XRD scans made on these samples did not al-

low quantitative determination of the amount of

tetragonal and monoclinic phases, due to the existence

of texture in oxide films. Therefore, large errors can

be introduced into the determination of phase compo-

sition if the texture effect is not taken into account of

the calculation.

The technique reported by Glavicic et al. [15] allows

the quantitative determination of relative volume frac-

tions of phases in multiphase textured materials, by

averaging the intensity over measured pole figures. The

technique is based on the polymorph method developed

by Garvie and Nicholson [16] to analyze a mixture of

texture free powders of monoclinic and tetragonal zirco-

nia. The integrated intensities It(hk l) of the ð11�1Þm,
(111)m monoclinic and (111)t tetragonal pole figures

were used to determine the tetragonal zirconia volume

fraction with respect to the total volume of zirconia

using the equation:

X t ¼
V t

V m þ V t

¼ I tð111Þt
C½I tð11�1Þm þ I tð111Þm� þ I tð111Þt

ð1Þ
with

C ¼ Rð111Þt=½Rð11�1Þm þ Rð111Þm�:

The theoretical intensities R(hk l)t of the considered dif-

fraction lines and the related coefficient C, can be calcu-

lated for different radiations used. For Cu Ka, the

coefficient C is l.381 [17].
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3. Results and discussion

3.1. Texture of monoclinic and tetragonal zirconia phase

The oxidation time of the samples for texture studies

was varied from 3 days to 227 days. The oxide thickness

increases from 0.76 to 4.58 lm with increasing oxidation

time. The results presented in Fig. 1 show that both the

monoclinic phase and the tetragonal phase are strongly

textured.

Orientation distribution function (ODF) is a mathe-

matical representation of the measured texture which de-

scribes the frequencies of various spatial orientation of

the crystal reference frame within the sample reference

frame. The ODF of tetragonal zirconia was calculated
Fig. 1. Measured pole figures for the oxide layer (a) (002), (b) (111

thickness is 1.7 lm.

Fig. 2. Calculated ODF (a) section u2 = 90�monoclinic zirconia phase

thickness of 1.7 lm grown on Zr–2.5Nb specimen.
from the pole figure (111)t using TexTools software

[18]. The tetragonal phase lattice parameters a = 5.05

nm, c = 5.14 nm and ratio c/a = 1.018, were determined

from RHEED results of zirconia layer grown on Zr–

2.5Nb alloy [6], are selected for ODF calculation. As

an example, Fig. 2 shows calculated ODFs for mono-

clinic and tetragonal zirconia grown on Zr–2.5Nb sam-

ple with the oxidation time of 47 days (corresponding

to oxide thickness is 1.7 lm). The maximum intensity

of 21.8 is at Euler angles u1 = 0, w = 0, u2 = 0 and the

ideal crystal orientation of tetragonal zirconia can be de-

scribed as {100}h100i, which means that the {100}

plane is parallel to the surface of the sample and the

h100i direction is parallel to the axial direction of the

pressure tube. The accuracy of calculated ODF intensity
), and (c) ð11�1Þ monoclinic; (d) (111)t tetragonal. Oxide layer

(b) section u2 = 0� tetragonal zirconia phase, for oxide having a
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Fig. 3. Maximum ODF intensity of monoclinic and tetragonal

phases vs. exposure time of Zr–2.5Nb specimen.
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is dependent on statistical reliability of the measure-

ments and the number of pole figures used as the input

data for the calculation. The higher the number of pole

figures, the more accurate the ODF calculation result. In

our studies, only one reflection peak (111) of tetragonal

phase in zirconium oxide layer was clearly identified by

X-ray diffraction method and was used for pole figure

measurement. Considering that the ODF is calculated

from only one pole figure, there might be some error

in the intensity of ODF and associated volume fraction

of texture component. However, the calculated preferred

crystal orientation based on this method is reliable.

The ODF of monoclinic zirconia was calculated from

ð11�1Þ, (111) and (002) pole figures. The calculated

ODF for the sample with oxide thickness t = 1.7 lm is

shown in Fig. 2. This result clearly demonstrates that

there are two preferred crystal orientations, ð10�3Þ½0�10�
and ð10�4Þ½401� for monoclinic phase. It is clearly shown

in Fig. 2 that the intensity of ideal orientation of

ð10�3Þ½0�10� (marked by B) is much higher than that of

ð10�4Þ½401� (marked by A) and therefore the orientation

B is considered as the major texture component in

monoclinic phase. The ODF calculated for all samples

shows that there is no change in texture type with the

oxidation time increasing, or with the increase of the

thickness of the zirconium oxide layer.
Fig. 4. Inverse pole figures for (a) tetragonal and (b) monoc
Comparing the ODF intensity of monoclinic phase to

the tetragonal phase among all the samples as shown in

Fig. 3, one can see that the trend of ODF intensity of

monoclinic phase change is inversely proportional to

the trend of ODF intensity of tetragonal phase. It has

been demonstrated that the tetragonal phase transforms

to the monoclinic phase during the oxidation process [8]

because of the reduction of the compression stress in the

oxide film. When the monoclinic to tetragonal phase

transformation occurs, the crystal orientation relation-

ship is of great interest because it may help to under-

stand the mechanism of transformation. This

orientation relationship can be derived from statistical

analysis of the texture information of both phases. In-

verse pole figure has been adopted to illustrate statistical

orientation relationship. Fig. 4 shows the ND (normal

direction, a = 0, b = 0) inverse pole figure of both mono-

clinic phase and tetragonal phase. It indicates that for

the monoclinic phase, the maximum intensity corre-

sponds to ½10�6� direction, which is perpendicular to

the ð10�3Þ plane in monoclinic ZrO2 system. Because

structure of tetragonal zirconia can be treated as near

cubic system with its c/a = 1.018. [hk l] direction in this

case can be treated as being the normal direction of

(hk l) plane. From the ND inverse pole figures shown

in Fig. 4, it is evident that, during the phase transforma-

tion from tetragonal to monoclinic oxide, the crystal ori-

entation relationship of the two different structures

along the normal direction of the pressure tube is:

ð10�3Þmkð100Þt or ð10�3Þmkð101Þt, where m stands for

monoclinic phase and t stands for tetragonal phase. This

conclusion is supported by the ZrO2 film texture forma-

tion model proposed by Li et al. [19]. According to this

model, the oxide crystallographic orientation which can

reduce the planar compressive stress in the oxide film is

favorable during the oxide growth. Thus, in the tetrago-

nal system, the oxide orientations with {100} parallel to

the sample surface will be the most favorable during

oxide growth. For monoclinic oxide, the ð10�3Þ orienta-
tions are the most favorable in reducing the stress paral-

lel to the surface of the oxide film and this has been

verified experimentally [19]. Therefore, it can be con-

cluded that the orientation relationship between the
linic phase for the normal direction (ND, a = 0, b = 0).



Fig. 5. Inverse pole figures for (a) tetragonal and (b) monoclinic phase for the axial direction (AD, a = 90, b = 0).
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Fig. 6. Oxidation kinetics and computed volume fraction of the

tetragonal phase vs. exposure time of Zr–2.5Nb specimen.
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tetragonal and monoclinic oxide during the phase trans-

formation is governed by compressive stress in the oxide

film. In order to keep the low compressive stress, the

oxide orientations simply change from the most favora-

ble tetragonal orientations to the most favorable mono-

clinic orientations as the phase transformation occurs.

The above discussion explains the orientation rela-

tionship between tetragonal and monoclinic oxides

along the direction normal to the pressure tube. Fig. 5

illustrates the inverse pole figures for the monoclinic

phase and the tetragonal phase for the axial direction

of the pressure tube. The maximum intensity for the

monoclinic phase is the [010] direction, while the maxi-

mum of intensity for the tetragonal phase corresponds

to the [100] direction. It is clear that the [010]m direc-

tion of monoclinic phase is parallel to the [100]t direc-

tion of tetragonal phase.

The oxidation condition has little effect on the forma-

tion of the texture of the oxide. In our research work, the

texture of zirconia is same as the results obtained by

Glavicic et al. [15] when the oxide was grown on Zr–

2.5Nb samples with the same substrate texture, but at

different oxidation temperature and in different oxida-

tion media. Our experimental results of oxidation in

air environment also confirm that the oxidation condi-

tion has no effect on the texture of the oxide. These re-

sults will be discussed in another paper. However, the

texture of zirconia grown on Zr–2.5Nb is strongly af-

fected by the texture of the substrates. Petigny et al.

[20] demonstrated that ð10�4Þ and ð10�3Þ fiber textures

for monoclinic oxide developed on the recrystallized

Zr–2.5Nb sheet, while in our case ð10�3Þ½0�10� and

ð10�4Þ½401� texture for monoclinic oxide was found in

the oxide layer grown on Zr–2.5Nb pressure tube

substrates.

3.2. Quantitative phase analysis

The calculation of volume fraction of tetragonal

phase was based on the method discussed earlier. Fig.

6 presents the changes of the tetragonal volume fraction,

the weight-gain of the samples of Zr–2.5Nb as a func-

tion of exposure time and a decrease in the percentage
of the volume fraction of the tetragonal phase with

increasing time. The results are in agreement with those

obtained by other authors [8,11,15,20–22]. For the sam-

ple with an exposure time 3 days, the thickness of the

oxide layer was �760 nm and the volume fraction of

tetragonal phase is around 8%. According to the

RHEED results [6], the thickness of the dense layer near

the interface is between 200 and 800 nm. If we assume

that there is no phase transformation occurring for the

sample with the thickness of oxide around 760 nm, this

oxide layer can be regarded as inner dense oxide layer.

Our experimental result suggests that the volume frac-

tion of tetragonal phase in the dense layer near the

oxide–metal interface is close to or higher than 8%.

The penetration depth of X-ray is dependent on the

angle of incidence of X-ray beam on the specimen sur-

face and the mass absorption coefficient of investigated

material. In symmetrical reflection geometry, the inci-

dent angle for (111) peak of tetragonal phase is

15.14�. The X-ray penetration depth t, is defined here

as the distance from the sample surface at which the dif-

fraction intensity from the inner layer decreases to the

one-thousandth of that from the surface layer. This pen-

etration depth can be calculated from the following for-

mula [23]:

t ¼ 3:45 sin h=l; ð2Þ
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where l is linear absorption coefficient of zirconia and

its value is 581.84 cm�1.

The X-ray penetration depth calculated using for-

mula (2) is around 15 lm and this value is higher than

the oxide thickness of all samples (the maximum oxide

thickness is less than 5 lm in our case). Therefore, it is

reasonable to assume that the integrated intensity over

the pole figure reflects the diffracted intensity from the

tetragonal phase from the entire oxide layer. It is known

that zirconia grown on Zr–2.5Nb is a multilayer struc-

ture and it consists of a dense inner oxide layer near

the metal–oxide interface and a porous and fractured

outer layer. The tetragonal phase content is higher in

the dense layer near the metal–oxide interface. There-

fore, the increase of the thickness of oxide film is associ-

ated with the transformation from the tetragonal to the

monoclinic phase which decreases the percentage of

tetragonal phase in the entire oxide. At this point, our

results cannot indicate at what oxide thickness the

tetragonal to monoclinic phase transformation takes

place and what the mechanics of the transformation is.

However, tetragonal to monoclinic phase transforma-

tion has been investigated in zirconia ceramics and the

mechanics of the phase transformation has been pro-

posed [24]. No matter at what oxide thickness the phase

transformation takes place, our results indicate that the

volume fraction of tetragonal zirconia is around 8% in

the dense layer near the metal–oxide interface and it de-

clines with the increase of the oxide thickness. The value

we found is lower than the 40% reported by Godlewski

et al. [8] and the 30–35% reported by Petigny et al. [20]

when the texture of the oxide was not taken into account

in these investigations, but is similar to the value ob-

tained by latter authors when their results were cor-

rected for oxide texture. The same calculation method

was also applied to Zircaloy-4, which has different sub-

strate texture from Zr–2.5Nb. The volume fraction of

tetragonal phase in the oxide layer grown on Zircaloy-

4 is higher than that in the oxide layer grown on Zr–

2.5Nb [25]. The method that we used to calculate the

phase composition is reliable because the effect of strong

texture in the oxide layer was taken into consideration.
4. Conclusions

The texture and the phase composition of zirconium

oxide layer grown on Zr–2.5Nb alloy have been investi-

gated. The results show that tetragonal and monoclinic

zirconia in the oxide are strongly textured with the ideal

crystal orientation of tetragonal phase being

{001}h100i, while ð10�3Þ½0�10� and ð10�4Þ½401� orienta-
tion are identified in the monoclinic phase. Texture of

the monoclinic phase oxide is about 4 times stronger

than that of the tetragonal phase. No change in texture

of both phases was observed with the increase of oxida-
tion time. The crystal orientation relationship between

monoclinic phase and tetragonal phase can be described

as ð10�3Þmkð100Þt or ð10�3Þmkð101Þt and ½100�tk½010�m.
The volume fraction of both monoclinic and tetragonal

phases was calculated using integrated intensity over the

pole figures to eliminate the effect of texture in the oxide

on phase composition calculation. In addition, the re-

sults obtained indicate that the volume fraction of

tetragonal zirconia is around 8% in the dense layer near

the metal–oxide interface and it decreases with the in-

crease of the oxide thickness.
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