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Abstract

As a sequel to the previous works on the mechanical properties and texture, the corrosion resistance of Mo-

containing Zr-base alloys in LiOH-added water was studied. Experimental alloys of Zr–1Nb–1Sn–0.1Fe and Zr–1Nb–

1Sn–0.1Fe–xMo (x ¼ 0, 0.2, 0.5 wt%), prepared by plasma arc remelting, showed lower weight gains than those of the

commercial alloys including Zircaloy-4 and ZIRLO. Mo-addition resulted in a higher corrosion rate in the experimental

alloys. Increased corrosion rate in these alloys was associated with lumpy microstructure of oxides with a higher portion

of the monoclinic phase. The microstructural characteristic of oxides was attributed to the uneven distribution of b-Zr
that was stabilized by Mo. Incomplete recrystallization and decreased normal basal texture also adversely affected the

corrosion resistance of the Mo-containing alloys. It was shown, however, that the corrosion resistance of Mo-

containing alloys could be improved to the level of the Mo-free alloy by a proper heat treatment to remove the un-

desirable microstructural feature.

� 2003 Elsevier B.V. All rights reserved.

PACS: 28.41.T; 81.65.M; 42.81.B
1. Introduction

Due to advanced design requirement such as high

burnup, there are ever-increasing demands on the per-

formance of Zr-base alloys for the nuclear reactor core

applications. Accordingly, alloys with improved corro-

sion resistance have been newly introduced, examples

being ZIRLO and E635 [1,2]. These alloys consist of

balanced Nb and Sn, approximately 1 wt% each, and a

small addition of Fe, typically 0.1 wt%. To enhance the

yield strength of this alloy further, Mo-modification of

the chemical compositions was studied. It was found

that addition of approximately 0.3–0.5 wt% Mo in-

creased the yield strength by about 20% [3–5]. The Mo-
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addition also resulted in microstructural refinement,

suppression of abnormal grain growth and enhanced

damage tolerance under electron irradiation [6,7].

However, the water corrosion resistance of the Mo-

modified alloy has not been evaluated so far.

The purpose of the present work was to assess the

corrosion resistance of experimental Zr–1Nb–1Sn–

0.1Fe–xMo alloy in water containing LiOH. Particular

point of interest was the effect of heat treatment condi-

tion on the microstructure such as the extent of recrys-

tallization and second phase particle distribution in the

experimental alloys and their consequences on the cor-

rosion resistance.
2. Experimental procedure

Chemical composition of the experimental alloys was

designed on the basis of Zr–1Nb–1Sn–0.1Fe with 0, 0.2

and 0.5 wt% Mo, respectively. Sponge-type Zr (99.5%)
ed.
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Fig. 1. Weight gains of various Zr-base alloys in water con-

taining LiOH. Comparison of data was made from the Refs.

[8,9].

Table 1

Chemical compositions of experimental alloys

Nominal Analysis [wt%]

Nb Sn Mo Fe Zra

Zr–1Nb–1Sn–0.1Fe 0.97 1.03 – 0.16 Balance

Zr–1Nb–1Sn–0.2Mo–0.1Fe 1.01 1.06 0.22 0.13

Zr–1Nb–1Sn–0.5Mo–0.1Fe 0.95 1.07 0.50 0.13

a The nuclear grade sponge Zr used in the present study contained 38 ppm carbon, 530 ppm oxygen, 422 ppm Fe, 44 ppm Hf and 10

ppm Si prior to melting. During melting and subsequent treatments, the residual oxygen content of these alloys increased to ap-

proximately 1000 ppm.
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produced by Teledyne Wah Chang and Nb (99.9%), Mo

(99.95%), Sn (99.95%) and Fe (99.95%) purchased from

CERAC Co. were used for making experimental alloys.

Alloys were prepared by plasma arc remelting into

buttons of approximately 300 g each. The result of the

chemical analysis is shown in Table 1. Subsequent pro-

cessing of the experimental alloys consisted of forging

(1100 �C, 50%), homogenization (1000 �C/20 min), hot

rolling (800 �C, 50%), b-annealing (1000 �C/10 min,

furnace cooling), cold rolling (75%) and recrystallization

annealing. Four annealing heat treatment conditions

were employed: 570 �C/16 h, 600 �C/8 h, 600 �C/16 h and

650 �C/32 h followed by furnace cooling.

Corrosion test was conducted according to ASTM

G2-88 in water containing 220 ppm LiOH at 360 �C
pressurized at 17.9 MPa. Up to 100 days of exposure

was made in autoclaves. Specimens for optical micros-

copy were obtained by an etchant consisting of H2O,

HNO3 and HF in the ratio of 50:45:5 in volume. Spec-

imens for transmission electron microscopy (TEM) were

prepared by a jet polisher containing electrolyte solution

containing of HClO4 and CH3OH in the ratio of 10:90 in

volume maintained at )45 �C. For the analysis of second
phase particles, TEM micrographs were used: using 10

micrographs of various magnifications, the number

density and the mean size of the distribution were ob-

tained. For oxide phase analysis, X-ray diffraction

(XRD) method was employed, using Cu-Ka under ac-

celeration condition of 40 kV and 40 mA and with the

operating parameters of 0.5� s�1 scan rate and the inci-

dent angle of 5� in the range of 25–40� [2h0]. The

thickness of oxides ranged typically from 2 to 6 lm.

Kearns number, fn, was obtained from the inverse pole

figure by calculating the average (0 0 0 1) pole intensity

normal to the sample surface. The stress state in the

oxide layer was studied by a Micro-area X-ray diffrac-

tometer (Rigaku DMAX PSPC MDG2000).

3. Results

3.1. Corrosion resistance of experimental alloys

Compared to commercial Zr-base alloys and other

experimental alloys, the present experimental alloys
showed a good corrosion resistance when they were

heat-treated properly. This is illustrated in Fig. 1 that

compares the published data of conventional Zircaloy-4,

improved Zircaloy-4, b-quenched Zircaloy-4, ZIRLO

[8], an experimental alloy reported by Kim et al. [9] with

the present experimental alloy Zr–1Nb–1Sn–0.1Fe–

0.5Mo heat treated at 600 �C/16 h. The two experi-

mental alloys, the modified Zircaloy-4 by Kim et al. [9]

and the present alloy with Mo modification, showed

better corrosion resistance than the commercial alloys.

There was a rather large discrepancy between the pub-

lished data of ZIRLO [8,10] shown in Fig. 1 and that of

the present experimental ZIRLO alloy, Zr–1Nb–1Sn–

0.1Fe, shown in Fig. 2, which is attributed to the im-

purity level and the processing details between the

commercial alloy and the laboratory alloy.

Within the current experimental alloy compositions,

the effect of Mo addition on the corrosion resistance

sensitively varied with the heat treatment conditions. As

shown in Fig. 2, the corrosion rate increased with Mo

content under most heat treatment conditions. The de-

teriorating trend was severe for the heat treatments of

570 �C/16 h and 650 �C/32 h. However, it is noted in Fig.

2 that the corrosion resistance of the Mo-containing



Fig. 2. Weight gains in water containing LiOH of present experimental alloys heat-treated under various conditions. Note that Mo

addition is relatively harmless under the annealing heat treatment at 600 �C/16 h whereas it is detrimental under insufficient (570 �C) or
excessive (650 �C) annealing conditions.

Table 2

The �n� value in pre-transition for corrosion kinetics of Zr–1Nb–1Sn–0.1Fe (ZIRLO)+ xMo alloys in 220 ppm LiOH condition

Composition Heat treatment condition

570 �C/16 h 600 �C/8 h 600 �C/16 h 650 �C/32 h

Zr–1Nb–1Sn–0.1Fe 0.386 0.383 0.366 0.430

Zr–1Nb–1Sn–0.2Mo–0.1Fe 0.373 0.438 0.388 0.589

Zr–1Nb–1Sn–0.5Mo–0.1Fe 0.526 0.445 0.377 0.853

Corrosion kinetics, Dw ¼ ktn, where Dw, weight gain (mg/dm2); t, exposure time (days) and k, constant. The �n� values were acquired

from the data used for Fig. 1.
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alloys can be made comparable to that of Mo-free Zr–

1Nb–1Sn–0.1Fe. With the heat treatment at 600 �C/16 h,
the corrosion resistance of the alloys was unaffected by

Mo addition over most of the test period.

Except for the most deleterious heat treatment con-

ditions, the corrosion rates of the experimental alloys

were rather low and did not show abrupt transition into

an accelerated rate. For the case of 570 �C annealing and

650 �C annealing, the corrosion rate significantly in-

creased with Mo content, particularly in the early stage.

The absence of the abrupt transition in the corrosion

rate of the experimental alloys heat treated at 600 �C/16 h
was confirmed by the measurement of the corrosion rate

constant as defined by the following equation:

Dw ¼ ktn; ð1Þ

where Dw is the weight gain, k is a constant and t is

exposure time. From Fig. 2, the corrosion rate constant

n was calculated and the result is shown in Table 2. The

values of n for most experimental alloys heat treated at

600 �C were in the range of 0.37–0.59, which correspond

to the pre-transition region [11]. For the alloys heat-

treated at 650 �C/32 h, an n value of approximately
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0.85 was obtained, which is close to the value corre-

sponding to the post-transition region.

3.2. Microstructure and texture of experimental alloys

In b-annealed condition, lath structures were formed

as shown in Fig. 3, regardless of the Mo content. This is

due to the b to a transformation. Within the same mi-

crostructure, however, Mo-addition resulted in a re-

finement of the lath dimensions as evidenced by

comparing Fig. 3(a) with (b). The average thickness and

the length of the a laths were reduced by approximately

a factor of two by Mo-addition. This result is consistent

with the result previously reported by Chun et al. [3].

During growth of the alpha laths from the b phase upon

cooling, Mo atoms appear to retard the solute diffusion

rate at the advancing front of a plates as well as that at

the interlamellar interface since they partition in the b
phase.
Fig. 3. Optical micrographs of (a) Zr–1Nb–1Sn–0.1Fe and (b)

Zr–1Nb–1Sn–0.5Mo–0.1Fe alloy, all beta annealed at 1000 �C
for 10 min and furnace cooled. Note the a-lath-refining effect of

Mo.
Another significant effect of Mo was retardation of

the recrystallization. In Fig. 4, two sets of micrographs

are presented, one for Mo-free and another for Mo-

containing compositions for two different heat treatment

conditions, 600 �C/8 h and 600 �C/16 h. From the

comparison of the micrographs, it is clear the 600 �C/8 h

heat treatment resulted in complete recrystallization in

the Mo-free composition but not in the Mo-containing

composition. In the latter case, therefore, some regions

of incomplete recrystallization were identifiable – see

Fig. 4(b). The extended heat treatment of 16 h at 600 �C,
on the other hand, resulted in full recrystallization in

both compositions. Therefore the microstructure of

heat-treated samples consisted of equiaxed grains. In

this case, also, the effect of Mo as a kinetics-retardant

was apparent in that the size of recrystallized grains was

considerably smaller in the Mo-containing composition:

the average size of equiaxed alpha grains was reduced

from 2.2± 0.6 lm to 1.4± 0.3 lm by addition of 0.5 wt%

Mo as shown in Fig. 4(c) and (d).

In the Mo-containing specimens the second phase

particles showed a heterogeneous distribution, shown as

the aligned second phase particles in Fig. 5. Although

the aligned feature of second phase particles was locally

visible in all present experimental alloys the trend was

more pronounced in the Mo-containing composition

and in the specimens insufficiently annealed. The pattern

of precipitates alignment was consistent with the site

of interlamellar b-Zr, which indicates that the b phase

became the precursor for the second phase particles.

This is considered to be another consequence of the b-
stabilizing effect of Mo.

Under all recrystallization heat treatment conditions,

Mo-addition increased the number density of second

phase particles. As shown in Fig. 6, this effect was most

notable in specimens partially recrystallized at 600 �C.
The increased amount of second phase particles with

Mo content is related to the interlamellar precipitation

since the interlamellar spacing decreased with Mo con-

tent. During extended annealing at higher temperature,

especially at 650 �C for 32 h as shown in Fig. 6(b),

particles coarsening occurred regardless of Mo content.

In this process, Mo has a mild effect on the rate of

particle coarsening and a large effect on the number

density of particles.

In agreement with earlier report [3], Mo-addition,

especially in the heat treatment conditions, 600 �C/8 h

and 650 �C/32 h, was found to decrease the basal pole

intensity normal to the surface of plate as shown in Fig.

7. Reduction of the texture intensity originated from the

suppression of twinning activity in small-grained mate-

rials [12], which is applicable to the present Mo-con-

taining alloys. The Mo effect on texture was particularly

pronounced in fully recrystallized (650 �C/32h) sample.

Therefore the fraction of (0 0 0 1) surface exposed to the

surface of corrosion test sample decreased with Mo



Fig. 5. TEM micrographs of second phase particles in (a) Zr–1Nb–1Sn–0.1Fe and (b) Zr-1Nb–1Sn–0.5Mo–0.1Fe alloy, all heat-

treated at 600 �C/8 h, showing the Mo-effect of aligning the particles.

Fig. 4. TEM micrographs of (a) Zr–1Nb–1Sn–0.1Fe annealed at 600 �C/8 h, (b) Zr–1Nb–1Sn–0.1Fe–0.5Mo alloy, 600 �C/8 h, (c) Zr–

1Nb–1Sn–0.1Fe annealed at 600 �C/16 h and (d) Zr–1Nb–1Sn–0.1Fe–0.5Mo annealed at 600 �C/16 h, showing the effect of Mo in

retarding recrystallization and grain coarsening. Recrystallization is complete in (a) but incomplete in (b) whereas it is complete in (c)

and (d). The grain size of recrystallized Mo-containing alloy in (d) is considerably smaller than that of the Mo-free alloy in (c).
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Fig. 6. Effect of Mo-addition on (a) the number density and (b)

the mean size of second phase particles in experimental alloys.

Note that Mo significantly increased the number density of

second phase particles and a slight coarsening effect for the heat

treatment at 600 �C/16 h.

Fig. 7. Variation of the normal basal texture of the experi-

mental alloys annealed at various conditions as a function of

Mo content.
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content, although it still exceeded the value for the

random texture, 0.33. In partially recrystallized state

(600 �C), however, the effect of Mo on texture was

minimal. Being a plane of low surface energy [13], the

basal plane of Zr is known to have the relatively high

resistance to corrosion [14]. Within the same chemical

composition, therefore, a weakened normal basal tex-

ture means a lowered corrosion resistance.

3.3. Microstructural characteristics and stress state of

oxides

As shown in Fig. 1, the difference in the corrosion

resistance of various alloys appeared early in the test.

Therefore, tests were interrupted at an early stage and

the microstructural characteristics of oxides in each

alloy at this stage were examined. From this study, some
differences in the microstructural characteristics of ox-

ides were recognized.

Mo-addition affected the oxide morphology in the

early stage of corrosion. This is shown in Fig. 8, which

compares the microstructure of oxides in two alloys, Zr–

1Nb–1Sn–0.1Fe alloy and Zr–1Nb–1Sn–0.1Fe–0.5Mo

alloy, both heat treated identically at 600 �C/8 h and

corrosion tested up to the time corresponding to a

weight gain of 25 mg/dm2. The Mo-free alloy showed

mostly fine granular oxides. In the Mo-containing alloy,

however, the fine granular oxides coexisted with lumpy

oxides, the latter being the major constituent. The lumpy

oxides have been reported as a consequence of a pref-

erential acceleration of corrosion along the sensitive

path such as grain boundaries and particularly oriented

lattice planes of weak corrosion resistance.

Oxides in Zr-base alloys are mixtures of two phases,

tetragonal phase and monoclinic phase, the ratio of

which varies with the chemical composition of alloy and

heat treatment. The volume fraction of tetragonal oxides

was analyzed at three different stages of corrosion, 25, 50

and 100 mg/dm2, and for three different levels of Mo

content in the present experimental alloys. For the

measurement of the volume fraction of tetragonal ox-

ides, Vft, the following equation of Gravie–Nicholson

[15] was used:

Vft ¼
Itð1 1 1Þ

Itð1 1 1Þ þ Imð1 1 1Þ þ Imð�11 1 1Þ
; ð2Þ

where Ijðh k lÞ is the XRD peak intensity from (h k l) plane

of jth phase, and the subscripts t and m refer to te-

tragonal oxide and monoclinic oxide, respectively. Ap-

plication of the above equation is not warranted in the

sense of the absolute amount of a particular oxide phase

in a multi-phase matrix especially when the phase of



Fig. 8. Oxide morphology on the surface (near the oxide/metal interface) of Zr alloys formed during corrosion test of up to a weight

gain of 25 mg/dm2: (a) Zr–1Nb–1Sn–0.1Fe alloy and (b) Zr–1Nb–1Sn–0.1Fe–0.5Mo alloy. Samples were identically heat treated at 600

�C/8 h. Note the fine-scale microstructural difference; mostly fine-grained feature in the Mo-free alloy vs. lumpy feature in the Mo-

containing alloy.

Fig. 9. Effect of Mo content and the weight gain during cor-

rosion test on the amount of tetragonal oxides in the experi-

mental alloys annealed at (a) 600 �C/8 h and (b) 600 �C/16 h.
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interest is textured. However a relative variation of the

phase content can be traced down using Eq. (2) provided

that the production sequence of experimental material

and the method of XRD specimen preparation are

consistent, which was done in the present work.

As shown in Fig. 9, the volume fraction of tetragonal

oxides decreased with the weight gain as well as with the

Mo content in the alloys regardless of the annealing heat

treatment condition. There was also an effect of alloy

chemical composition on the morphology of the oxide

layer. Two different forms of oxides are shown in Fig.

10, one from Zr–1Nb–1Sn–0.1Fe (Fig. 10(a)) and an-

other from Zr–1Nb–1Sn–0.1Fe–0.5Mo (Fig. 10(b)),

which were heat treated identically at 600 �C/8 h and

corrosion tested up the a weight gain of 50 mg/dm2. The

specimen containing Mo showed a higher volume frac-

tion of the lumpy oxide whereas the Mo-free specimen

showed more needlelike feature. With the progress of

corrosion, the oxide morphology is known to change

from the needlelike to lumpy feature, which concur with

the phase change from tetragonal to monoclinic [16].

Therefore the oxide morphology is consistent with the

severer corrosion attack in the Mo-containing alloy.

Quantitative measurement of the stress state in the

oxide layer was performed by the method suggested by

Wikmark et al. [16]. In this method, the internal stress,

r, of oxide is expressed as

r ¼ � E
2ð1þ mÞ cot h0

p
180

oð2hÞ
oðsin2 wÞ

; ð3Þ

where E is Young�s modulus, m is Poisson�s ratio, h0 is

the diffraction angle for the reference plane, (2h0 ¼
68:71� for (1 3 2) plane), 2h is the deviation of the dif-

fraction angle and w is the incident angle of the X-ray

beam.

Prolonged corrosion reduced the compressive stress

in the oxide layer of the present experimental alloys and

even introduced a tensile stress in some samples. As

shown in Fig. 11 this trend was quite general, regardless

of the heat treatment time at 600 �C, although the stress

conversion from compressive to tensile was more rapid
in the partially recrystallized sample (600 �C/8 h). The

magnitude of the compressive stress also decreased with

the Mo content in the alloys. This result is consistent

with the trend of tetragonal oxides described above.



Fig. 10. Oxide morphology on the surface (near the oxide/metal interface) of Zr alloys formed during corrosion test of up to a weight

gain of 50 mg/dm2: (a) Zr–1Nb–1Sn–0.1Fe alloy and (b) Zr–1Nb–1Sn–0.1Fe–0.5Mo alloy. Samples were identically heat treated at 600

�C/8 h. Note the fine-scale microstructural difference; needle-like feature in the Mo-free alloy vs. lumpy feature in the Mo-containing

alloy.
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The oxides formed during corrosion test showed

differences in topological characteristics depending on

the alloy composition. Cross-sectional views of the

metal/oxide interfaces formed at a weight gain of 50 mg/

dm2 of two alloys, one with Mo and another without
Fig. 11. Variation of the stress state in the oxide layer formed

during corrosion test as a function of the weight gain and Mo

content in the alloys annealed at (a) 600 �C/8 h and (b) 600 �C/
16 h.
Mo, are shown in Fig. 12. In the Mo-free alloy, the

metal/oxide interface was smooth whereas the Mo-

containing alloy showed numerous irregular protrusions

at the interface of metal and oxide. The irregular topo-

logical feature at the metal/oxide interface is relevant to

the �lumpy� feature at the external surface of the oxide

(Fig. 8).
4. Discussion

The corrosion characteristics of the present experi-

mental alloys are sensitively related to the microstruc-

ture and texture. In terms of the microstructure, the

results of Figs. 2, 4 and 6 can be interpreted as signifying

that the complete recrystallization with adequate size

distribution of second phase particles is essential in im-

proving the corrosion resistance. It is shown in Fig. 4

that insufficient annealing heat treatment produced the

microstructure with a high density of dislocations. Par-

ticularly, in Mo-containing alloys, the recrystallization

rate is low and a heat treatment at 600 �C/8 h did not

produce completely recrystallized microstructure of

equiaxed grains whereas 600 �C/16 h provided full re-

crystallization. The improved corrosion resistance by

this heat treatment is evidenced in Fig. 2, which also

asserts that excessive heat treatment, such as 32 h at 650

�C adversely affects the corrosion resistance. This trend

is mainly attributed to the lumpy oxides and in part to

coarsening of second phase particles. The reverse

transformation temperature determined by DTA was in

the range of 650–660 �C upon continuous heating. An

XRD analysis revealed about 3–5 vol.% of b-Zr phase in
the samples held for 32 h at 650 �C. According to

Urbanic and Gilbert [17], filament-type or network type

b-Zr is detrimental to corrosion resistance since they

result in oxide ridges. Therefore, in order to enhance the

corrosion resistance in the Mo-containing alloy, it is

crucial to produce the microstructure with two distinct

features, complete recrystallization with minimal density

of linear defects and suppression of second phase

coarsening.



Fig. 12. Cross-sectional SEM micrographs of ZrO2 formed at a weight gain of 50 mg/dm2: (a) Zr–1Nb–1Sn–0.1Fe and (b) Zr–1Nb–

1Sn–0.1Fe–0.5Mo, both heat-treated at 600 �C/8 h. The samples were tilted so that the bottom surface of the interface is partly in view.

Note that the interface of oxide (O) and the metal matrix (M) is smooth for the sample (a) but that of sample (b) has irregular

protrusions (see the arrow mark).
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The microstructural features described above are also

the desirable attributes of cladding material for high

burnup fuels. The harsh conditions of the high burnup

raise the issue of microstructural stability as a major

concern in cladding material. Linear defects such as

dislocations tend to increase the susceptibility of clad-

ding for irradiation growth and creep while coarsening

of second phase particles may weaken the corrosion

resistance. This is because a high dislocation density

remaining in the cladding material provides accelerated

diffusion, albeit heterogeneous, which results in unde-

sirable microstructural evolution. Molybdenum in solid

solution, on the contrary, counter-balances the kinetics

of microstructural coarsening through diminishing the

diffusivity.

As for the improved corrosion resistance of the Mo-

containing alloy heat treated at 600 �C/16 h, the mi-
Fig. 13. TEM micrographs of Zr–1Nb–1Sn–0.1Fe–0.5Mo alloy ann

diffraction patterns of the intermetallic compounds: (c) for (a) with a
crostructural distribution of second phase particles is

relevant. During this heat treatment, second phase par-

ticles became more uniformly distributed, the feature

known to be beneficial for the corrosion resistance [17].

The reason for the increased uniformity in particle dis-

tribution is twofold: growth of pre-existing particles and

generation of new particles. Nucleation of additional

particles is possible because of supersaturated Mo in the

matrix. Due to the low diffusivity of Mo, precipitation is

incomplete within 8 h at 600 �C. Newly precipitated

particles with a hcp crystal structure as shown in Fig. 13,

contain high level of Mo in addition to Nb, which was

confirmed by a STEM analysis.

Phase transition in oxide is also relevant to the

corrosion rate. It is known that compressive stress

promotes formation of tetragonal ZrO2 rather than

monoclinic ZrO2 [18,19]. During cooling to room tem-
ealed at (a) 600 �C/8h and (b) 600 �C/16 h, and the selected

zone axis of [3 �33 0 2] and (d) for (b) with a zone axis of [1 �22 1 �33].



Fig. 14. Effect of the annealing parameter to the corrosion rate

of experimental Zr–1Nb–1Sn–0.1Fe–xMo alloys.
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perature, transformation of the high-temperature te-

tragonal ZrO2 phase to the low-temperature monoclinic

ZrO2 phase may become incomplete if there is a residual

compressive stress, thus the tetragonal oxide is retained.

Corrosion causes degradation of the oxides such as po-

rosity that diminishes the compressive residual stress,

which in turn reduces the volume fraction of the more

corrosion-resistant tetragonal oxide. As a consequence, a

high corrosion rate ensues.

Finally, the crystallographic texture affects the cor-

rosion properties since the surface energy of crystal

planes in Zr is anisotropic and the diffusivity of oxygen

ions is also anisotropic. Pemsler et al. [20] reported that

the corrosion rate of Zr reached a maximum for the

crystal surface for which its c-axis is inclined by 20� to

the surface. According to Bibb et al. [14], however,

planes like (0 0 0 1) and (2 1 �33 0) have high resistance to

corrosion and (2 �33 1 1) has the lowest resistance. This is

in agreement with the earlier report by Lee and Hwang

[13] that asserted (0 0 0 1) plane as the plane of the lowest

surface energy. Grain boundary character distribution is

another concurrent effect with texture. Depending on the

texture, grain boundaries of particular character and

energy are exposed to the specimen surface, which affects

local diffusion rate of oxygen ions. Mo-addition is

known to affect the texture of Zr-base alloy such that fn
of plate-shaped specimen decreases with Mo content

[3,21], which was confirmed by the present work (see

Fig. 7). With decreasing fn, the corrosion resistance of

Zr-base alloy is expected to deteriorate. It is to be noted

that the heat treatment condition of 600 �C/16 h resulted

in the best corrosion resistance and also maintained a

relatively high fn value whereas the Mo-containing alloy

showed a degraded corrosion resistance due to the low

fn value induced by the partially lath structure remain-

ing from incomplete recrystallization.

An unequivocal solution in optimizing the corrosion

resistance of Mo-containing alloys is yet to be found. At

present, the particular heat treatment condition quoted

above lacks a full explanation on why the desirable

microstructural details should be realized. In previous

works [22,23], it was reported that the corrosion resis-

tance of ZIRLO alloy sensitively varied with the an-

nealing parameter. This point was checked for the

present experimental alloy. In the evaluation of the cor-

rosion resistance of the alloy as a function of the an-

nealing parameter (A), A was defined as

A ¼
X

i

Ai ¼
X

ti expð�Q=RTiÞ; ð4Þ

where the subscript i refers to the thermal treatment

steps involved in the production schedule after b-
quenching and the value of Q was taken as 330 kJ/mol.

As shown in Fig. 14, there was no clear relationship

between the annealing parameter and the corrosion rate.
It can only be said that extreme value of A is detrimental

for corrosion, which is probably due to either insufficient

recrystallization (low A) or coarsening of second phase

particles and formation of b-Zr (high A).
Overall, the adverse effect of Mo-addition on the

corrosion resistance originated from its effect on mi-

crostructure and texture. It is necessary, therefore, to

circumvent the negative effect by proper treatment, ad-

equate recrystallization at 600 �C/16 h being an example.

When this is accomplished, the Zr-base alloys with Mo

addition will be attractive for nuclear core applications,

considering the high yield strength (thus excessive cold

work is unnecessary), microstructural refinement and

stability.
5. Conclusions

From the study of the effect of Mo on the micro-

structure and the corrosion of Zr–1Nb–1Sn–0.1Fe–xMo

experimental alloys, the following conclusions were

made:

(1) Addition of Mo in Zr–1Nb–1Sn–0.1Fe alloy affects

the corrosion resistance when there exists undesir-

able microstructural features such as heterogeneous

distribution of aligned second phase particles, in-

complete recrystallization and inadequate texture.

These microstructural factors, however, can be alle-

viated by a proper heat treatment, 600 �C/16 h, for

example, so that the corrosion resistance is restored

to the level of advanced Mo-free Zr-base alloys.

(2) Morphology and the phase composition, tetragonal

vs. monoclinic, of oxides are related to the micro-

structural characteristics prior to corrosion. Uneven

distribution or network structure of b-Zr particles

results in lumpy oxides that are associated with the
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detrimental corrosion resistance whereas uniform

dispersion of second phase particles leads to granu-

lar oxides that are associated with the improved cor-

rosion resistance.

(3) Since the corrosion resistance of the Mo-containing

experimental alloy can be made at least equal to that

of Mo-free Zr–1Nb–1Sn–0.1Fe, the Zr–1Nb–1Sn–

0.1Fe–Mo alloy system is worth investigation as a

candidate material for nuclear core application, con-

sidering other advantages such as the high strength

and microstructural stability.
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