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Abstract

Si-added modified Zircaloy-4 (Zry-4) and Zr–Si binary alloys were developed to evaluate the effect of silicon addition

on zirconium based alloys for high burn-up application. The silicon content varied from 0 to 0.1 wt% for both the

alloys. The relationships between alloy chemistry, microstructure, mechanical property and oxidation behavior were

investigated. The ultimate tensile strength of the modified Zry-4 generally increased with the increase in silicon content.

The optimum silicon content for improved oxidation resistance turned out to be 0.01 wt% from the weight gain

measurement. The weight gain decreased with decreasing Si content from 0.1 to 0.01 wt% although the Si free specimen

showed higher weight gain than the 0.01 wt% Si specimen. The details of microstuctural change with silicon addition

and its influence on tensile properties and oxidation resistance are discussed; the effects of silicon on the oxide crystal

structure, second phase precipitates and microstructure of the metal matrix are studied. � 2002 Elsevier Science B.V.

All rights reserved.

1. Introduction

Zircaloy-4 (Zry-4) has been widely used as a cladding

material in pressurized water reactors. However, the

trend to extended cycle lengths with high coolant lithium

level has led to an increased demand on the oxidation

resistance and the mechanical property of the cladding

material. It was recently found that the oxidation resis-

tance of Zry-4 was improved by the reduction of the

tin content; however, the decrease in tin content de-

graded the mechanical properties such as ultimate tensile

strength and yield strength. Based on these results zir-

conium alloys containing a potential alloying element

such as Nb, Mo and V have been designed for advanced

cladding materials [1–5]. It was reported that the oxi-

dation resistance of the zirconium-base alloys improved

by a small addition of Nb (about 0.05–0.2 wt%) com-

pared to that of Zry-4 [6–8] and the small addition

of Mo and V resulted in a further improvement of the

mechanical properties without a considerable degrada-

tion of oxidation resistance. In addition, correlations

between alloying elements, processing, microstructure,

and oxidation behavior were studied in these binary

alloys.

The authors have participated in that research for

some years and have already published previous results

on the oxidation and the mechanical properties of oxy-

gen- and copper-added modified Zry-4 alloys [9–14]. The

studies were related to a specific point of view, namely to

the increase of the strength of Zry-4 and the enhance-

ment in the oxidation resistance by alloying with oxygen

and copper as a potential substitute of tin. The addition

of small amounts of oxygen turned out to improve the

mechanical properties but degraded the oxidation re-

sistance. However, the addition of copper was reported

to improve the mechanical properties without sacrificing

the oxidation resistance. The addition of around 0.1–0.2

wt% Cu rather exhibited the slight improvement of the

oxidation resistance.

The present study is part of the authors’ continuing

research in finding the optimum content of alloying
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elements for improving the mechanical and oxidation

properties of cladding materials. In this study, the effects

of silicon addition on the tensile and the oxidation

properties of the modified Zry-4 are investigated. To

assess the influence of silicon addition on the oxidation

behavior, autoclave oxidation tests in pure water at 360

�C were conducted up to 100 days and weight gain

changes were observed as a measure of the oxidation

resistance. In addition, tensile tests at room tempera-

ture were performed and the microstructural parame-

ters such as oxide structure, precipitate distribution, and

grain structure were characterized with increasing silicon

content.

2. Experimental procedures

2.1. Specimen preparation

Three types of zirconium alloys containing silicon

were prepared. In the first class, specimens have the

standard tin content of Zry-4 (1.5 wt% Sn). The Fe/Cr

ratio of the specimens was maintained at either 2 or 0.5.

The silicon content varied from zero up to 0.1 wt%. In

the second class, the tin content was reduced to 1.0 wt%

and the Fe/Cr ratio was maintained at 2. In addition, the

silicon content increased from zero to 0.1 wt%. In the

third class, Zr–Si binary specimens were prepared by

changing the silicon content from zero to 0.1 wt%. The

chemical compositions of the present specimens are lis-

ted in Table 1.

The specimens were prepared according to the fol-

lowing procedures. Pure reactor grade sheet-type Zr and

alloying elements were arc melted into 100 g button type

ingots. The homogenized ingots were beta forged at

1010 �C and quenched into water. After the beta

quenching, the ingots were hot-rolled at 700 �C and

annealed at 650 �C under an argon atmosphere. The

plates were then cold-rolled and annealed at 700 �C
for 1h for recrystallization. The oxide scale formed on

the plates during these thermomechanical treatments

was removed by mechanical polishing and pickling in a

mixed solution of 10% HF, 45% HNO3 and 45% H2O

before the test specimens were machined to their final

shapes.

2.2. Tensile test

Tensile tests were performed at room temperature at

a strain rate of 5:2� 10�4 s�1 by using a SATEC tensile

testing machine with the maximum load capacity of

10 000 kg. The tensile test specimens were made along

the rolling direction with a gauge length of 25 mm, a

width of 6 mm and a thickness of 1 mm. The specimens

were mechanically and chemically polished in a solution

of 10% HF, 45% HNO3 and 45% H2O in order to re-

move any surface defects. A total of three runs per each

specimen were carried out and both of the ultimate

tensile stress and the yield stress were measured. The

standard deviation of the results was �5 MPa.

2.3. Microstructural analysis of precipitates

Scanning electron microscopy (SEM) and scanning

transmission electron microscopy (STEM) were per-

formed to characterize the precipitates in the metal phase

before the oxidation test. The crystal structure was deter-

mined by selected area electron diffraction pattern, and

the quantitative analysis of precipitates was performed

using STEM with energy dispersion spectroscopy (EDS).

It is a useful instrument for analyzing chemical com-

positions of intermetallic precipitates smaller than 10 nm

because the small size of the beam probe (�20 nm)

permits excellent spatial resolution by centering the

beam within the particle of interest. STEM samples were

mechanically polished to 50 lm and jet-polished in a

solution of 90% ethanol and 10% perchloric acid at �40
�C and 13 V. SEM samples were etched in a solution of

5% HF, 45% HNO3 and 50% H2O.

2.4. Oxidation test

The specimens for the oxidation test were pre-

pared by the procedures described in the previous study

[9,12,14]. The oxidation tests were conducted in auto-

claves filled with pure water at 360 �C under a pressure

of 180 bar. Oxidation test specimens with the dimension

of 10 mm� 25 mm� 1 mm were prepared from the

recrystallized sheet specimens. The specimens were me-

chanically and chemically polished before testing. The

test followed the ASTM G2 method [15]. The oxidation

Table 1

Chemical composition (in wt%) of the Si-added Zr alloys

Specimen

number

Alloying elements

Sn Fe Cr Si Zr

1 1.5 0.2 0.1 0.0 Balance

2 1.5 0.2 0.1 0.01 Balance

3 1.5 0.2 0.1 0.1 Balance

4 1.5 0.1 0.2 0.0 Balance

5 1.5 0.1 0.2 0.01 Balance

6 1.5 0.1 0.2 0.1 Balance

7 1.0 0.2 0.1 0.01 Balance

8 1.0 0.2 0.1 0.05 Balance

9 1.0 0.2 0.1 0.1 Balance

10 0.0 0.0 0.0 0.01 Balance

11 0.0 0.0 0.0 0.05 Balance

12 0.0 0.0 0.0 0.1 Balance

13 Conventional Zry-4
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behavior was evaluated by the weight gain (DW ) as a

function of exposure time.

2.5. Oxide analysis

In order to identify the crystal structure of the

growing oxide surface Raman spectroscopy was used.

The methods of characterization of the ZrO2 structure

by a Raman spectrometer have been reported elsewhere

[16–18]. A Raman spectrometer with 200 mW argon-ion

laser source at a wavelength of 488 nm was used. The

spectral range employed was from 100 to 500 cm�1.

3. Results and discussion

3.1. Tensile tests

Changes of UTS as a function of the silicon content

for the modified Zry-4 are presented in Fig. 1. The UTS

of the specimens generally increased with the silicon

content. In case of specimens containing 1.5 wt% Sn, as

the silicon content increased from 0 to 0.1 wt%, the UTS

increased from 486 to 503 MPa. The specimen with 1.0

wt% Sn showed a similar result to that of the specimen

with 1.5 wt% Sn (from 435 to 465 MPa). The change in

UTS with the present silicon contents is about 4–7%,

which is found to be slightly smaller than that with the

tin contents (8–12% change in UTS). Changes of YS

showed a similar trend to UTS. The results of the tensile

tests are summarized in Table 2.

In Fig. 1, the strengthening effect of silicon on UTS is

compared to that of copper and oxygen [9,13]. As can be

seen in the slope of the lines, the effect of copper and

oxygen on the increase of the UTS is higher than that of

silicon. In the previous study it was found that the in-

crease in strength due to the addition of 0.1 wt% oxygen

or copper is sufficient to compensate the decrease in

strength due to the reduction of the tin content from

1.0 to 0 wt%. However, it seems that 0.1 wt% silicon in

the present study cannot make up the reduction of the

tin content from 1.5 to 1.0 wt%.

Although the phase diagram of the zirconium-silicon

system has been extensively studied, the solubility of

silicon in alpha zirconium at room temperature has not

yet been clarified [19–22]. However, it can be estimated

by using the terminal solubility equation, C ¼ C0 �
expð�DH=RT Þ. The solubilities of silicon at 863 �C and

at 1570 �C are reported to be 0.09 and 0.18 wt%, re-

spectively. From these data the DH and the C0 values

can be determined, and the solubility of silicon at room

temperature is calculated to be about 5:1� 10�4 wt%.

Therefore, the lowest silicon content (0.01 wt%) used in

this study is considered to be far above the solubility

limit of silicon at room temperature. Accordingly, it is

considered that silicon precipitates induced the increase

in strength. The strengthening effect of the precipitates is

discussed more in Section 3.3.

3.2. Weight gain

Fig. 2 shows the weight gain change with the silicon

content for the Zr–Si binary alloy and the modified Zry-

4 alloys. In case of the Zr–Si binary alloy, as seen in the

graph, the weight gain was reduced as the silicon content

decreased from 0.1 to 0.01 wt% within 50 days exposure.

However, the weight gain of the silicon free specimen

was higher than that of the 0.01 wt% Si specimen; the

specimen containing 0.01 wt% Si showed the lowest

weight gain. Fig. 2 shows also the weight gain vs. silicon

content in the modified Zry-4 alloy with the Fe/Cr ratio

of 0.5 after 100 days exposure. When the silicon content

lowered from 0.1 to 0.01 wt%, the weight gain decreased.

When the silicon content decreased further to zero then

the weight gain slightly increased. In case of the modi-

fied Zry-4 alloy with the Fe/Cr ratio of 2 after 100 days

exposure, as the silicon content increased from 0 to 0.01

wt%, the weight gain decreased. However, further ad-

dition of 0.1 wt% silicon increased the weight gain. This
Fig. 1. UTS as a function of silicon, copper, and oxygen at

room temperature.

Table 2

Mechanical properties of the modified Zry-4 alloys

Specimen

number

Tensile properties

UTS (MPa) YS (MPa) Elongation (%)

1 486 362 23

2 491 370 22

3 503 374 21

4 488 364 23

5 496 372 22

6 518 396 19

7 435 332 28

8 460 335 25

9 466 340 22
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result is consistent with the trends obtained from the Zr–

Si binary alloy and the modified alloy with the Fe/Cr

ratio of 0.5.

It is to be noted that the weight gain of the modified

Zry-4 alloys is equivalent or slightly lower than that of

conventional Zry-4; after 100 days the weight gain of

Zry-4 measured in the same autoclave testing condition

was about 40 mg/dm2. Conclusively, it is considered that

the dilute silicon addition around 0.01 wt% could im-

prove the oxidation resistance of silicon-added zirco-

nium alloys. The tendency for the optimum content

is also observed in the Zr–Nb and Zr–Cu systems [7,14].

A small addition of Nb (around 0.05–0.2 wt%) or Cu

(around 0.1–0.2 wt%) improved the oxidation resistance

of zirconium-base alloys compared with that of Zry-4.

The weight gains of Zr–0.2 wt% Cu alloys were lower by

30% than that of Zry-4.

The oxidation rate exponents (n) obtained from the

log–log plots of W n ¼ kt where W, k, t are weight gain,

rate constant, and time, respectively, were in the range

of 2.6–3.9 indicating that the alloys followed the cubic

rate law. The oxidation kinetics of silicon-containing

zirconium alloys studied in this work were, therefore,

thought to be similar to that of conventional Zry-4. The

weight gains measured are based on short-term experi-

ments. In many cases, the long-term characteristic of

weight gain follows the tendency of the short-term

characteristic. However, long-term behavior like weight

gain in the post-transition region can be different from

short-term characteristics. Thus it is necessary to verify

the oxidation characteristics of the modified Zry-4 alloys

in the long-term experiment.

3.3. Second phase precipitates

The types of the present precipitates were identified

using STEM and EDS. For Zr–Si binary alloys, only one

type of precipitates, the C16-type tetragonal Zr2Si, was

observed. However, for modified Zry-4 alloys, two types

of precipitates were found, that is, (1) C14-type hexa-

gonal Zr(Fe,Cr)2 in both the Si-added and the Si-free

alloys or Zr(Fe,Cr,Si)2 in the Si-added alloys, (2) C16-type

tetragonal Zr2Si in 0.1 wt% Si-added alloys. The Zr2Si

precipitate was not observed in the 0.01 wt% Si-added

specimen but observed in 0.1 wt% Si-added specimen.

Thus it seems that Zr(Fe,Cr)2 is primarily formed in the

modified Zry-4 alloys, and then the Zr(Fe,Cr,Si)2 pre-

cipitate is formed by replacing Fe or Cr in Zr(Fe,Cr)2
with Si. At the last stage residual Si forms Zr2Si precip-

itates in the modified Zry-4 with 0.1 wt% Si addition.

The intermetallic precipitate of Zr(Fe,Cr)2 is known

to have either the C14 hexagonal or the C15 cubic

structure depending on its relative composition of Fe

and Cr [23–29]. According to Malakhova [30], only

hexagonal exists when the Fe/Cr ratio ranges from 0.58

to 4.2 whereas both hexagonal and cubic exist when the

ratio is in the range of 4.2–10. Similarly, Charquet et al.

[31] reported that the precipitates observed correspond

to hexagonal for the ratio less than about 4. The present

investigations are in agreement with these results; only

the C14 hexagonal Zr(Fe,Cr)2 precipitate was observed

in all modified Zry-4 alloys (in the ratio range of 0.5–2).

The relative portion of Fe and Cr in the precipitate was

fairly close to its nominal value in the alloy.

From the Zr–Si binary phase diagram [19–22], Zr-

rich intermetallic phases are found to be a stable Zr2Si

precipitate, a metastable Zr3Si precipitate and a meta-

stable Zr5Si3 precipitate. The heat of formation of Zr2Si

precipitate was reported to be around �69.7 kJ/g atom,

while that of Zr3Si and Zr5Si3 to be �52.3 and �76.9
kJ/g atom, respectively [32–35]. Although Zr2Si precipi-

tates have a little difference in the heat of formation

from Zr3Si and Zr5Si3 precipitates, in this study any

metastable precipitates were not observed but only sta-

ble Zr2Si precipitate was observed in the final structure.

The average size and the area fraction of the pre-

cipitates in this study generally increased with increasing

Si content. In Zr–Si binary alloys, the size increased

from 0.12 to 0.38 lm and the area fraction increased

from 1.33% to 4.02% with increasing the Si content from

0.01 to 0.1 wt%. In case of specimens with Fe/Cr ratio of

2, the size increased from 0.12 to 0.14 lm and the area

fraction 1.95% to 2.16% as the Si content increased from

0 to 0.1 wt%. The specimens with the Fe/Cr ratio of 0.5

showed the similar result to those with the ratio of 2 as

shown in Table 3.

The size of precipitates in the Si-free specimen was a

little larger than that in the Si-added specimen. It is

thought that the Si addition resulted in a refinement of

precipitate in the modified Zry-4 because Si is not very

soluble in b- or a-Zr and plays a role in nucleating the

phases during the heat treatment. The role of Si in the

precipitate of the present specimen is considered to form

a Zr–Si binary precipitate or to replace Fe or Cr in

Zr(Fe,Cr)2 precipitate, and thus to increase the average

Fig. 2. The weight gain vs. silicon content curve for Zr–Si bi-

nary alloys, Zr–1.5Sn–0.1Fe–0.2Cr–xSi alloys and Zr–1.5Sn–

0.2Fe–0.1Cr–xSi alloys.
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size and the area fraction of precipitates as Si content

increased.

The size distributions of precipitates in the modified

Zry-4 are shown in Fig. 3. Sizes of Zr(Fe,Cr)2 and

Zr(Fe,Cr,Si)2 precipitates were mainly around 0.1 lm
and always less than 0.3 lm. These precipitates were not
as large as the largest Zr2Si precipitates. The size of

Zr2Si precipitates ranged from 0.3 to 0.75 lm and the

numbers of those were much smaller than that of

Zr(Fe,Cr)2 and Zr(Fe,Cr,Si)2 precipitates. It should be

noted that numerous precipitates less than 0.05 lm were

observed in TEM study. However, these precipitates

were excluded in calculations of the area fraction and

the average size of precipitates due to the difficulty in

observation. It is probable that these small precipitates

less than 0.05 lm were important for oxidation and

mechanical properties in zirconium alloys.

The critical stress needed to force passage of a dis-

location line through precipitate array is given by

rs ¼ 2Gb=k [36,37], where G is the shear modulus, b

the Burgers vector and k the average spacing between

the precipitates. The spacing can be obtained by

k ¼ ð2rNÞ�1=2 where r is the radius of the precipitate and
N the number of the precipitates per unit volume. The

yield stress increase, calculated using G ¼ 35 GPa [38],

b ¼ 3:2� 10�8 cm [39] and the average radius of pre-

cipitate and the area fraction of precipitate shown in

Table 3, ranged from 32 to 59 MPa as the silicon content

increased from 0.01 to 0.1 wt% in the specimens with 1.5

wt% Sn. These values are smaller than those obtained

from the tensile test by a factor of 10. Precipitates less

than 0.05 lm in diameter were not included in calcu-

lating the stress (rs) and this indicates that precipitates

smaller than 0.05 lm are important for mechanical

properties of the modified Zry-4 alloys.

3.4. Oxide structure

In the authors’ previous study, the oxide of Zry-4 in

the pre-transition region was found to be a mixture

of the tetragonal and monoclinic phases [9,12,14]. The

amount of the tetragonal phase in the oxide, evaluated

by the laser Raman spectroscopy, was around 40% be-

fore the rate transition. This tetragonal phase is believed

to be more protective against oxidation than the mono-

clinic phase [18,19]. The inverse relationship of weight

gain change with the fraction of tetragonal phase was

observed in the previous study. When the weight gain

increased, the tetragonal fraction decreased and this

relationship was consistent throughout the specimens.

It is well known that alloying elements can influence

the amount of the tetragonal phase. For example, Ha-

rada [40] investigated the effect of the tin content on

the oxide structure. He reported that the oxide was

composed of the monoclinic and tetragonal phase in

the specimen less than 0.1 wt% tin; however, only the

Fig. 3. Particle size distributions of precipitates in the modified

Zry-4 alloys. (a) Zr–1.5Sn–0.2Fe–0.1Cr–xSi alloys, (b) Zr–

1.5Sn–0.1Fe–0.2Cr–xSi alloys.

Table 3

Size and area fraction of precipitates in the modified Zry-4

alloys

Specimen

number

Particle size (lm) Area

fraction (%)
Average Mini-

mum

Maxi-

mum

1 0.12 0.04 0.27 1.95

2 0.11 0.04 0.34 1.86

3 0.14 0.03 0.52 2.16

4 0.09 0.03 0.25 1.23

5 0.09 0.04 0.25 1.15

6 0.13 0.05 0.49 2.25

7 0.11 0.04 0.27 1.48

8 0.13 0.04 0.51 2.09

9 0.14 0.03 0.52 2.34

10 0.12 0.05 0.22 1.33

11 0.16 0.06 0.41 1.79

12 0.38 0.15 0.75 4.02

13 0.12 0.04 0.35 2.12
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monoclinic phase was observed in the specimen con-

taining 2.2 wt% tin. Thus, he suggests that tin stabilizes

the monoclinic phase. In the present study, the oxide

structures of the Zr–Si binary specimens were investi-

gated after 50 days exposure by Raman spectroscopy.

The analysis showed that the oxide structure was a

mixture of the tetragonal and monoclinic phase and the

amount of the tetragonal phase was about 35% regard-

less of the silicon content. Thus, silicon additions in the

present specimens do not seem to change the amount of

the tetragonal phase of the oxide.

3.5. Grain structure

Fig. 4 shows the grain size change with the silicon

content. The grain size of Zr–Si binary alloys decreased

as the silicon content increased from 0 to 0.01 wt%.

Further increases in silicon content to 0.05 and to 0.1

wt% resulted in a slight decrease of the grain size. It

seems that grain growth was restricted by Zr2Si precip-

itates at the grain boundaries. In the case of silicon-

added modified Zry-4 alloys, the silicon addition did not

significantly change the grain size. It is likely that the

pinning effect of the precipitate is less effective than that

of Zr(Cr,Fe)2 precipitates and so the same grain size is

obtained.

From the phase diagram of the Zr–Si system, silicon

is found to extend the beta zirconium region and so

acts as a beta zirconium stabilizer. In the present study,

the optical microstructural observation of binary Zr–Si

specimens showed no distinguishable changes in the

final heat-treated microstructures (alpha annealed) with

increasing silicon content from 0.01 to 0.1 wt%. Any

trace of beta phase was not observed in all the speci-

mens. The reason for this may be that the beta phase

was entirely transformed to the alpha phase during the

beta-quenching step or that any beta phase left over

from the beta-quenching was transformed to the alpha

phase during the following alpha annealing. Thus, sili-

con addition in the present study does not seem to affect

the final alpha annealed microstructure and the subse-

quent oxidation resistance.

4. Conclusions

1. In autoclave tests for 100 days exposure at 360 �C,
the measurement of weight gain in the modified

Zry-4 alloys showed that small additions of silicon

lowered the weight gain while further additions more

than about 0.01 wt% increased the weight gain. So,

the optimum silicon concentration for improved oxi-

dation resistance is thought to be around 0.01 wt%.

2. The ultimate tensile strength of the modified Zry-4 in-

creased with the increase in silicon content. However,

0.1 wt% silicon was not high enough to compensate

the decrease in strength resulting from the reduction

of the Sn content from 1.5 to 1.0 wt%.

3. For silicon-added modified Zry-4 specimens, two

main precipitates were found to be Zr(Fe,Cr)2/

Zr(Fe,Cr,Si)2 and Zr2Si precipitates. For Zr–Si bi-

nary specimens, only one kind of Zr2Si precipitate

was observed. Sizes of Zr(Fe,Cr)2 and Zr(Fe,Cr,Si)2
precipitates were measured to be around 0.1 lm
and were always less than Zr2Si precipitates. In gen-

eral, higher silicon contents show larger precipitates

and higher area fraction. It is considered that the role

of silicon in the precipitate of the present specimens is

to form a binary zirconium-silicon precipitate or to

replace Fe or Cr in the Zr(Fe,Cr)2 precipitate, and

thus to increase the size and the area fraction of pre-

cipitates.

4. In the TEM study, many small precipitates less than

0.05 lm were observed. The precipitates were uni-

formly distributed along the grain boundaries or

within the grains. A comparison between the calcu-

lated and measured yield stress shows that it is prob-

able that these small precipitates are important for

oxidation and mechanical properties in the modified

Zry-4 alloys.
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