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Abstract

Zirconium alloys are widely studied for applications as cladding tubes and structural components of PWR fuel
assemblies. Due to their influence on some of the alloys properties (corrosion resistance, irradiation growth, ...), the
crystallographic structure and the chemical stoichiometry of the second phase particles (SPP) precipitated in these
alloys have to be well established. The aim of this paper is to present the results obtained using two methods of SPP
extractions. The first one, the extractive carbon replica method, allowed us to determine the chemical composition of
SPP in different zirconium alloys: Zr-Sn-Fe-Cr (Zircaloy-4®), Zr-Sn-Fe-Cr—(V,Mo), Zr-Nb and Zr-Nb-Fe alloys.
The second one, an anodic dissolution procedure of the matrix, is an interesting way of isolating SPP from the sur-
rounding o-Zr matrix, giving access to a precise determination of the crystallographic structure and lattice parameters
of the SPP by X-ray diffraction. This procedure was validated for Zy-4 by comparing the SPP size distribution obtained
by extraction with that directly measured on a massive Zy-4 alloy (i.e. the SPP size distributions were the same for both

measurements).
© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Zirconium alloys are extensively used in nuclear
power reactor fuel elements (fuel cladding and structural
materials). The will to extend fuel cladding material life
times in nuclear reactors has prompted the development
of new zirconium alloys with improved resistance to
long-term corrosion, and to irradiation growth and ad-
equate mechanical properties. In that context, zirconium
alloys with addition of various elements (Nb, Fe, V, Mo)
were studied. The fuel cladding in-reactor behavior
closely depends upon the microstructure and chemistry
of the alloys. Especially, the effect of second phase

* Corresponding author. Tel.: +33-1 69 08 21 39; fax: +33-1
69 08 71 30.
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particles (SPP) on metallurgical properties and corro-
sion has to be taken into account [1-5]. Thus, a thor-
ough knowledge of the crystallography, chemical
composition and size distribution of these SPP is es-
sential.

Due to the small volume fraction and sizes of these
SPP, their study by scanning electron microscopy (SEM)
on massive alloys or by transmission electron micros-
copy (TEM) on thin foils, by microanalysis (energy
dispersive X-ray spectroscopy — EDS) and using electron
diffraction, is quite difficult due to the matrix contribu-
tion on the EDS analysis spectrum and on the electron
diffraction patterns. Thus, the use of SPP extraction
methods is of great interest. Previously, Yang et al. [6]
have already developed a method of electrochemic ex-
traction of SPP, but limited their study to the extraction
of SPP in Zy-4 alloys.

The aim of the present study was to develop a
method (anodic dissolution) which allows the extraction
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of all kinds of SPP, stable or metastable, which can be
found in the different Zr alloys, that is: Zy-4, Zr-Nb—
(Fe,Sn), and Zr-Sn-Fe-Cr—(V,Mo) alloys [7]. The
extracted residue (powder form) is characterized by
X-ray diffraction in order to determine crystallographic
data.

A second method, the carbon replica, was also ap-
plied in order to determine the chemical composition of
the SPP (using TEM) and to valid the anodic dissolution
method. This article briefly describes the experimental
procedures developed and the results obtained on sev-
eral zirconium alloys.

2. Experimental procedure
2.1. Materials

The alloys were supplied by Framatome-ANP/
Zircotube company for Zircaloy-4, Framatome-ANP/
Cezus company for Zr-1%Nb and ZrNbFe alloys, and
Teledyne Wah Chang company for Zr-2.5%Nb. Also,
some experimental Zr-Sn—Fe-Cr—(V,Mo) alloys were
elaborated by CEA (Letram), by arc-melting and then
hot and cold rolled down to sheets of ~1 mm thick.
The chemical compositions of these alloys are listed in
Table 1.

The materials supplied by CEA (alloys 3, 4, 7 and 9)
were melted into 300 g ingots by non-consumable arc-
melting. Four melting cycles were performed in order to
ensure a good chemical homogeneity. The ingots were
transformed to about 1 mm-thick plates by means of a
standard zirconium alloy manufacturing process con-

sisting of beta quench from 1100 °C, alpha hot rolling at
700 °C and several cold rolling with intermediate an-
nealing at 700 °C. These fabrication sequences lead to a
fully recrystallized state.

Cezus as-received materials (alloys 1, 2, 5 and 6) were
standard fully o-recrystallized industrial pressure tube
shape except alloy 6, which corresponds to a 1 mm di-
ameter extruded bar.

The Wah-Chang as-received material (alloy 8) cor-
responds to a 2 mm-thick plate hot rolled and recrys-
tallised in the o +  domain.

Alloys 10-13 were obtained by arc-melting. From all
melts, sheets were manufactured applying a manufac-
turing sequence of forging, f-quench, and hot and cold
rolling with intermediate annealing in the a-temperature
range (<600 °C). A final annealing of several hours was
performed in order to obtain a fully o-recrystallized
structure.

2.2. Experimental procedures

2.2.1. Carbon extraction replica

The carbon replica technique yields measurements of
SPP chemical compositions without matrix contribu-
tion. This technique consists of a single-stage carbon
extraction. A carbon layer is sputtered on the specimen
surface and then, an electro-etching procedure is per-
formed in order to collect the replicas.

The determination of SPP stoichiometries was per-
formed using a scanning energy dispersive device
(STEM/X-EDS). The carbon replica technique allows
the determination of particle chemical composition as
small as a few ten nanometers.

Table 1

Chemical composition of the different Zr-alloys studied
Alloy Main alloying elements (wt%) Main impurity contents (weight ppm)

Sn Fe Mo A\ Nb Cr o N Cu

1 (Zy-4) 1.3 0.20 / / / 0.1 1200 18 <50
2 0.6 0.60 / 0.4 / 0.1 1200 15 <50
3 1.2 0.60 / 0.33 / 0.1 1600 650 100?
4 1.25 0.55 0.56 / / 0.1 1580 26 2600*
5 (Zr-1Nb) / 0.05 / / 1.07 970 23 <10
6 / 0.02 / / 1.03 1140 25 <10
7 1.00 0.4 / / 0.95 1200 15 <50
8 (Zr-2.5Nb) / 0.07 / / 2.60 1000 28 <25
9 3.15 0.03 1.00 / 1.00 ~1200 20 <50
10 (Zr-Nb-Fe) 0.5 0.4 / / 1.10 1200 / /
11 / 0.75 / / 1.00 1200 / /
12 / 0.45 / / 2.00 1200 / /
13 / 0.75 / / 2.00 1200 / /

#N pollution during the elaboration of this experimental alloy by arc-melting.
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Fig. 1. Scheme of the electro-etching system for SPP extraction by electrolytic anodic dissolution of the matrix (for more details, see

(7D

2.2.2. Electro-etching extraction procedure

A scheme of the electro-etching system is presented in
Fig. 1. The electrolyte composition is methanol: 40-90
vol.%, 2-Butoxyethanol: 0-20 vol.% and perchloric acid:
10-40 vol.%. The operating intensity is ranging from 2.5
to 4.5 A at room temperature [7].

The powder residue obtained after dissolution of the
Zr matrix and centrifugation of the electrolyte was an-
alyzed by X-ray diffraction, using a Siemens X-ray dif-
fractometer (Cu anticathode).

3. Results and discussion
3.1. Composition of SPP

STEM/X-EDS measurements on carbon replica per-
formed on more than 20 particles per sample enabled us
to determine the stoichiometries of the SPP of the dif-
ferent alloys studied (Table 2). Most of the intermetallic
phases observed in these alloys are Laves phase types
Zr(X,,X),, where X; and X, can be: Fe, Cr, V, Nb, Mo
and/or Cu.

3.1.1. Zr-Sn—Fe—Cr alloys

In Zircaloy-4 alloy (alloy 1), one can observe the
well-known Zr(Fe,_,,Cr,), type precipitates, with
x = 0.4, and a Fe/Cr ratio close to 1.5. These results are
in good agreement with those from Svechnikov et al. [§]
and Versaci and Ipohorski [9] in Zircaloy-4 alloys.

3.1.2. Zr-Sn—Fe-Cr-V alloys

In alloys 2 and 3, we find an intermetallic phase with
a Laves phase type Zr(Fe;_,V,), where x ~ 0.35, which
is smaller than some of the values found in the literature
[10,11]. The value corresponds to a Fe/V ratio close to
the Fe/Cr one of the Laves phases in Zircaloy-4 alloy.

Some (Fe,(V+Cr), )Zr.,s phases are also ob-
served, with a Fe/(V + Cr) ratio close to 1.85. A similar
type of stoichiometry has already been mentioned by

Table 2
SPP stoichiometries determined by STEM/X-EDS measure-
ments on carbon extraction replicas

Alloy SPP mean composition (at.%) and/or
phase type

1 (Zy-4) Zr(Fey.s3,Cro.42)2

2 (Feoss, V022Cro13)Zry s (minor)
Zr(Fe.s3 Vo37Cro05)2

3 Zr(Feg6Vo33)2

4 B-Zr (Mo ~ 10%)
Zr(Fey3s, Mogs), (minor)
Zr(Fe, Cr, Cu), (minor)

5 (Zr-1Nb) B-Nb (Nb ~ 80%)

6 B-Zr (Nb ~ 15-20%)

7 B-Zr (Nb ~ 15-20%)
Zrs,Fe3Nby,

8 (Zr-2.5 Nb) B-Nb (Nb ~ 80%)

9 B-Zr (Nb ~ 15-20%)

10 (ZI‘*Nb*FC) ZrﬁoNbloFCm
Zr3sNbssFes

11 Zl‘é[)Nb]()Fem

12 Zr35 Nb35 Fe_m
B-Nb (Nb ~ 80%)

13 Zr35Nb35F630

Zrﬁ[)me FC30 (minor)

Arias et al. [12] in Zircaloy-2 alloys: Zr,(FegNig4) (Fe/
Ni ratio equal to 1.5).

3.1.3. Zr-Sn—Fe—Cr—Mo alloys

The SPP present in alloy 4 are Laves phases with the
following chemical composition: Zr(Feg3sMogss)2
(x = 0.65). The Fe/Mo ratio (0.54) is close to the Fe/Cr
ratio obtained by [9] on Zy-2.

3.1.4. Zr-Nb and Zr—Nb-Fe systems
In alloys 10, 12 and 13, an intermetallic phase, with a
HC structure, which stoichiometry is close to that of a
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Laves phase, is present: 35Zr—35Nb-30Fe (at.%) [13].
This phase is also detected in Zr—1Nb-1.2Sn-0.35Fe
(E635 alloy) as mentioned by Nikulina et al. [14]. These
authors give a range of stoichiometry for this interme-
tallic phase: (36-43)Zr—(35-45)Nb—(20-30)Fe (at.%). A
more accurate composition of this phase is given
by Shishov et al. [15] who studied more recently a
Zr-1.25%Sn-1%Nb-0.15%Fe alloy: 34Zr—40Nb-26Fe¢
(at.%). The chemical compositions of the phases men-
tioned in the literature are in good agreement with our
own results.

A second intermetallic phase, with a FCC structure,
is encountered in ZrNbFe alloys, specifically in alloys
10, 11 and 13, which corresponds to a 60Zr—10Nb-30Fe
(at.%) chemical composition [13]. A similar phase is

Intensity (u.a.)

227

mentioned by Petkov and Cherkashin in [16], for which
they determined the following stoichiometry: ZrsoNbo-
Fe40.

This phase was also observed in E635 alloy by Shi-
shov et al. [15]. The following composition is given:
60Zr-11Nb-29Fe (at.%), which is very close to our own
results.

It is of interest to mention the B-stabilising effect of
molybdenum and niobium in Zr alloys. When Zr-Nb-Fe
and Zr-Sn-Fe-Cr—Mo alloys are thermally treated in the
lower o + B temperature range (600-750 °C), the high-
temperature metastable B-Zr phase enriched with Nb or
Mo is retained at room temperature. One can make the
assumption that this is related to the very slow diffusion
rates of Mo and Nb preventing the decomposition of Nb
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Fig. 2. X-ray diffraction spectrum obtained on an anodic dissolution residue showing typical diffraction peaks characteristic of the
metastable B-Zr phase (Zr-1%Nb alloy after thermal treatment in the o + B temperature range)(alloy 6).

Table 3

Results from X-ray diffraction studies of residues obtained by electro-etching extraction performed on different Zr alloys allowing

lattice parameter measurements

Alloy Phase type (h k 1) considered to calculate the parameters Parameters (nm)

1 ZrFe, (P6;/mmc) 110; 103; 200; 112; 201; 004; 202; 213; 205; 220;  a = 0.5031 £ 0.0003,
313 ¢ = 0.8244 + 0.0008

2 ZrCr, (Fd3m) 220; 311; 222; 422; 511; 440; 533; 642; 731 a =0.7203 £ 0.0003

4 B-Zr (Im3m) 110; 200; 211; 220; 310; 321 a =0.3539 £ 0.0003

5 B-Nb (Im3m) 110; 200; 220; 310; 321 a = 0.33294 £+ 0.00006

6 B-Zr (Im3m) 110; 200; 211; 220; 310; 321 a = 0.35377 £ 0.00008

10 ZrgoNbjoFeso (Fm3m or F43m)* 422; 333; 440 a =1.2309

13 Zr35Nb35Fe30 (P63/l’1‘lT‘l’1C)a 112, 201 a = 05401, b = 0.8665

#See [13] for discussion on the crystallographic spatial group of the ZrNbFe ternary intermetallic phases.
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(or Mo) enriched B-Zr phase during cooling below the
T,/q+p transus temperature. Then, long-term annealing
treatments in the o phase temperature range are needed
to achieve full equilibrium conditions [17], where the
resultant equilibrium phase for Nb alloys is the B-Nb
one.

Finally, we can notice that in alloy 9, the B-Zr phase
corresponds to a 80Zr—15Nb-5Mo (at.%): niobium is

partially substituted by molybdenum in this phase, both
of them being B-stabilisers as previously discussed.

3.2. Crystallography of SPP
Anodic dissolution is an interesting way to isolate

SPP from the surrounding matrix (o-Zr), which makes
possible precise measurements of the lattice parameters
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Fig. 3. Histograms of precipitate size distribution obtained by image analysing on a bulk Zy-4 (a) and an anodic dissolution residue

extracted from the same alloy (b).
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by X-ray diffraction. Fig. 2 shows an X-ray spectrum
obtained on a residue extracted from a Zr—1%Nb alloy
(alloy 6). Despite the presence of some matrix and zir-
conium oxide (ZrQ,) traces, the 20 diffractogram of B-Zr
can be correlated with the ASTM standard. The lattice
parameter, calculated from 6 different crystallographic
planes, is equal to ¢ = 0.3539 £ 0.0003 nm in this par-
ticular case.

Intensity (u.a.)
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6000t
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The results obtained on different alloys are listed
in Table 3. They confirm the stoichiometry of the
main phases and give complementary data on the
crystallographic structure (especially the lattice param-
eters).

To summarize, the phases observed (depending upon
the thermal treatments applied) after anodic dissolution
are:

Initial state, before annealing :
BZr

0 + } t } e

12000 T

10000 -

t

8000 T
6000 +
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2000 + {110}p 2

ow\‘

{110}g~n

After 100h annealing at 570°C :
BZr + BNb
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After 5000h annealing at 570°C :
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2009
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Fig. 4. X-ray diffraction spectrum obtained on an anodic dissolution residue showing the coexistence of the characteristic diffraction
peaks of both f-Nb and B-Zr phases (Zr-1%Nb alloy after 100 h annealing at 570 °C).
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o the metastable B-Zr phase enriched with Nb and/or
Mo, formed at high temperature and retained at
room temperature (alloys 4, 5 and 6),

e the stable phase of the ZrFe, type observed in Zr
based alloys with high diffusion rate addition ele-
ments (alloy 1),

e the metastable phase of the ZrCr, type, observed in
alloy 2,

e B-Nb observed in alloy 5 after long-term annealing
treatments in the oo domain,

e typical ternary intermetallic ZrNbFe phases observed
in alloys 10 and 13.

3.3. Validation and application of anodic dissolution
method

In order to validate the anodic dissolution proce-
dure, we compared the SPP size distribution obtained
by SEM observations combined with image analysis
on, respectively, a bulk Zy-4 alloy and an anodic dis-
solution residue extracted from the same alloy. The
results, presented in Fig. 3, show a very good agree-
ment, and demonstrate that, for Zy-4, the SPP ex-
tracted by anodic dissolution are representative of the
SPP present in the bulk, with no indication of selective
extraction.

Also, this procedure was applied in order to follow
the precipitation of B-Nb in a Zr-1%Nb alloy (con-
taining initially B-Zr metastable precipitates) during
long-term annealing treatments at 570 °C [17]. One must
point out that, after having applied the dissolution
procedure on different Zr-Nb alloys, we have never
observed Nb redeposition as it can be observed with Sn
on carbon replica for Zircaloys type alloys. In the lit-
erature, the mechanism of B-Nb precipitation, from an
initial o + metastable B-Zr structure has not been stud-
ied in detail [18,19]. Thus, we have considered two
possible extreme mechanisms:

(1) B-Nb phase occurrence by a progressive Nb enrich-
ment of the metastable B-Zr phase, initially present
in the alloy.

(2) Simultaneous dissolution of the metastable B-Zr
phases and precipitation of the stable -Nb ones.

One may notice that, using conventional TEM ex-
aminations, it is difficult to distinguish between these
two mechanisms. Thus, we have studied the anodic
dissolution residues by X-ray diffraction obtained after
different annealing times at 570 °C. Indeed, the spectrum
obtained on a sample annealed during 100 h clearly
shows the coexistence of the characteristic peaks of both
B-Nb and B-Zr phases (Fig. 4). Then, we were able to
conclude that the mechanism of B-Nb precipitation was
the second one.

4. Conclusion

In this study, carbon replica and an anodic dissolu-
tion procedures were used in order to determine stoi-
chiometry and crystallographic parameters of different
types of SPP, including metastable ones, in different
types of zirconium alloys.

e Both procedures allowed us to extract and to deter-
mine precisely the stoichiometry and lattice parame-
ters of all kinds of SPP observed in most Zr alloys,
that is: B-Nb, B-Zr, Laves phase type intermetallic
phases, ternary intermetallic phases: ZrNbFe.

e A quantitative validation of the anodic dissolution
procedure was achieved for Zy-4 by comparing the
size distributions of SPP obtained by extractions
and directly measured on bulk Zy-4 alloy.

e This experimental procedure was also successfully
applied to follow the precipitation of B-Nb phase at
570 °C in a Zr-1%Nb alloy containing initially p-Zr
metastable precipitates [17].
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