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In this study we focus on the precipitation of betagenic elements (Fe, Cr, Ni) that occurs during the bPa 
allotropic transition in zirconium. In particular its structural characteristics, morphology and their 
consequences for the mechanical behaviour of the material are probed. The observations are made by 
means of a scanning electron microscope and a transmission electron microscope. The results reveal the 
occurrence of a quasi-continuous single crystalline phase, produced by the precipitation of the betagenic 
additional elements which constitute the so-called lath boundaries. This phase forms a layer surrounding
the laths in the bulk of the material. Its morphology could be assimilated to a net, created by precipitates 
with a size of several micrometres and linked by narrow bridges with a size of several hundred nanometres. 
The chemical composition of the precipitates are of the Zrx(Cr, Fe2)1-x type with x ≤40%.

1. Introduction
Zirconium, a material mainly used in the nuclear
industry, is characterized by the existence of two allo-
tropic varieties, the b phase and the a phase which
have body centred cubic (b.c.c) and hexagonally close
packed (h.c.p) crystal structures respectively. The for-
mer is found above 1148 K and the latter below the
same threshold.

Manufactured structures made from zirconium re-
quire hollow-ware and welding operations. During
welding, the filler metal (liquid at first) and the sur-
rounding material which sustains an increase in tem-
perature, go through the bPa allotropic transition.
Consequently a microstructural gradient and some
precipitation occur; these heterogeneities are thought
to influence the mechanical characteristics of the
structure [1].

The aim of this study is focused on the study of the
precipitation of betagenic elements (Fe, Cr, Ni) that
occurs during the bPa allotropic transition. In par-
ticular the structural characteristics, morphology and
consequences for the mechanical behaviour are inves-
tigated. The observations are made by means of
scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM); indeed only a study
at these two observational scales allows us to fully
characterize the location, morphology, distribution,

chemical composition and crystallographic orienta-
tion of the precipitates in the zirconium matrix.

Several authors [2—7] have reported that the size of
the precipitates observed in zirconium and zirconium
alloys is on the scale of hundreds of nanometres
(Fig. 1) [4], whereas SEM observations suggest a size
of several micrometres (Fig. 2a and b). Such a discrep-
ancy requires an explanation especially because of the
different roles, such differently sized precipitates can
play with respect to plastic deformation and damage
nucleation.

2. Material composition and allotropic
transformation mechanisms

The bPa transformation is martensitic or bainitic
which always involve a shear process. The crystallo-
graphic relations arising from shear transformation
between the b.c.c and h.c.p zirconium were first pro-
posed by Burgers [8]. Each b grain can be trans-
formed into at most 12 a variants, i.e., 6 (1 1 0)
planes]2S11 1T shear directions. The value of the
angle between the basal planes of each h.c.p crystal
pair can be either 0, 60 or 90° [9]. The nucleation rate,
and therefore the number of activated variants, is
a function of the cooling rate h. As a consequence, the
final microstructures can vary from a martensitic
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Figure 1 The shape, size and some substructure characteristics of
Zr—Ni—Fe and Zr—Cr—Fe intermetallic particles are schematically
shown. Types 1—3 contain Zr, Ni and Fe, while Types 4—6 are
composed of Zr, Cr, and Fe. The type 7 morphology is a cluster
consisting of a central Type 2 particle flanked by Type 5 particles.
P. Chemelle et al. [4]. Figure 2 Precipitates observed in zirconium grade 702 b treated,

after electrolytical polishing and chemical etching. (a) Surface of the
sample after 5 seconds etching. (b) Edge of the sample after impor-
tant dissolution.

Figure 3 A simplified diagram of the bPa microstructure trans-
formation. (a) Microstructure before transformation (b phase).
(b) bPa transformation. (c) Microstructure after transformation
(a phase). (d) Localization of the precipitates on the lath boundaries.

microstructure to a Widmanstätten microstructure
[10, 11]. For slow cooling rates (h"15 ° s~1) the
microstructure is characterized by the occurrence of
colonies composed of parallel laths with the same
crystallographic orientation. The interfaces or bound-
aries between these laths are the sole areas of precipi-
tation of the additional elements. Each lath originates
from a nucleus which appears at the boundary of the
b grains. The lath’s growth extends from the boundary
towards the b grain centre. During the bPa trans-
formation the betagenic elements diffuse from the
a nuclei to the b phase which has not yet transformed.
The type of activated nucleus depends only on the
characteristics of the boundary between two neigh-
bouring b grains. Therefore only one type of colony
exists at each boundary (Fig. 3) [12].

A rolled plate of grade 702 zirconium is used as the
base material. 99.5wt% is zirconium and the composi-
tion of the last 0.5wt% is listed in Table I. Two types
of elements have to be specified: the alphagenic ele-
ments (O, Sn) are in solid solution at room temper-
ature, and the betagenic elements (Fe,Cr,Ni) in solid
solution in the b phase, form precipitates in the a

phase.
This plate has undergone an aPbPa cycle, (main-

tained at 1523 K for 1 h in the b phase and cooled at
a rate h+15 ° s~1), similar to the one produced dur-
ing a welding operation, to investigate the resulting
microstructure.

3. Observations at the scanning electron
microscope scale

The microstructure (Fig. 4) is observed after a mech-
anical and electrolytical polishing (tension, U"22 V,
temperature, T"300K, time, t"30 s, in
CH

3
COOH: 80%, HClO

4
: 20%). The electron back-

scattering diffraction (EBSD) technique allows us to
verify that the Burgers relations [9] between colonies
stemmed from the same former b grain are respected;
the angle of misorientation between the c axis of two
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TABLE I Chemical composition (wt %) of the trace impurities in
grade 702 zirconium

Elements C H O N Cr Fe Ni Sn

Analysis 5.8 0.4—0.7 140 3.3 24 76 5 228
(10~3)

Figure 4 Observation of the microstructure after an electrolytical
polishing and a slight chemical etching.

Figure 5 EBSP analysis of the orientation of three colonies
stemmed from the same former b grain. (a) Observation of the
surface sample tilted at 60°. (b) (0002) pole figure resulting from the
EBSP analysis.

different colonies is either 60 or 90° (Fig 5a and b). In
a previous study [12] we have shown that the alpha-
genic elements (O, Sn) are in solid solution; they are
heterogeneously distributed with a high concentration
in the centre of the lath and at a lower concentration
in the vicinity of the lath boundaries (Fig. 6). Oxygen
and tin are principally added in order to increase the
critical resolved shear stress (CRSS) of all the deforma-
tion mechanisms, either crystallographic slip or twinn-
ing [13—16], which improves the mechanical charac-
teristics of the material. The main consequence of the
heterogeneity is the occurrence of a concentrated glide
in narrow bands near the lath boundaries for the
favourably oriented colonies [12].

Chemical etching (HF: 22%, HNO
3
: 11%, glycerol:

67%, T"300K, t:5 s) reveals the location of the
betagenic elements (Fe, Cr, Ni). They form precipitates
that are localized in the lath boundaries (Fig. 2a). The
size of these precipitates is of the order of several
micrometres (Fig. 2b). Successive dissolutions show
that these precipitates form a layer around the laths in
the bulk of the material. A qualitative analysis per-
formed by energy dispersive spectroscopy (EDS)
shows that the precipitates contain significant
amounts of Zr, Fe and Cr, with a lower content of Ni.
Precipitates containing these elements have often been
reported [2—7] in the literature at two main composi-
tions Zr

2
(Fe,Ni) and Zr(Fe, Cr)

2
. However different

compositions can also be observed depending on the
thermal cycle undergone by the material. In any case
the reported size of the precipitates is of the order of
a 100 nm. One might wonder if the discrepancy in the
sizes measured by SEM and by TEM could be an
artifact due to the observation method.

4. Observations at the transmission
electron microscope scale

4.1. Size of precipitates
The size of the precipitates, located on the lath bound-
ary that can be observed in Fig. 7 is between
100—350 nm; which is in agreement with the observa-
tions made previously by other authors. However
these observations can only be performed near the
hole in the thin foil, where the thickness is about
100 nm. Of course if the characteristic size of the
microstructure is larger than the thickness of the thin
foil then the image gives only a cross-section of it from
which it is difficult or even impossible to deduce the
true dimensions. However it is always possible to
produce an X-ray image inside thicker areas of the
thin foil using EDS techniques. In the case of b treated
grade 702 zirconium, precipitates can be easily found
because they are localized on the lath boundaries that
are relatively straight. In this case the alignment of
small precipitates observed in a thin area (Fig. 7) give
the direction for the observation of thicker areas that
would be more representative of the bulk of the mater-
ial. The resulting X-ray image observations are pre-
sented in Fig. 8 which shows the iron distribution. It
appears that the individual precipitates observed near
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Figure 6 Tin and iron profiles across six laths. Iron is localized in
the lath boundaries, and missing in the centers of the laths. On the
other hand, tin is missing in the lath boundaries and is present in the
center of the laths. Experimental conditions: 20 KeV; 0.5 lm pitch;
30 seconds per data.

Figure 7 Observation of an alignment of precipitates in a thin foil
from the hole to the bulk of the material.

Figure 8 X-ray cartography of Fe performed on the precedent thin
foil. Zone A corresponds to the area of Fig. 7 near the hole; zone
B corresponds to the area in the bulk of the material. The alignment
becomes continuous and larger from the zone A to the zone B.

the hole where the foil is thin (area A) become continu-
ous at larger thickness (area B); in this area the width
of this alignment is cons(tant and is about 0.5 lm.
These observations complement those made using the
SEM and allow us to conclude that the lath bound-
aries are decorated by precipitates with a size of the
order of a few micrometres and linked to one another
by ‘‘bridges’’. These bridges have a dimension close to
700 nm. The images allow us to assume that the align-
ment of precipitates forms a quasi-continuous phase.
Then the discrepancy in the precipitate size observed
by SEM and TEM is only a consequence of the differ-
ence in size of the observable volume.

4.2. Crystallographic relation between
precipitates aligned along a lath
boundary

The study of the crystallographic orientation of some
precipitates located in the same alignment is per-
formed on an area of Fig. 7. The micromicro diffrac-
tion carried out with a spot size of 30 nm is used. The

locations of the analysed zones and the corresponding
diffraction pattern area are presented in Fig. 9. If the
orientation of two adjacent laths are different, they do
not belong to the same colony. However the crystallo-
graphic orientation of the analysed precipitates are
identical. This result allows us to conclude that the
precipitates form more than a quasi-continuous phase,
and in fact form a single crystalline phase along each
lath boundary. This study will be extended to the
investigation of potential epitaxial relationships be-
tween the precipitates and matrix.

4.3. Chemical composition
The chemical composition of the precipitates at a local
level is obtained using EDS techniques using a beam
diameter of 20 nm. The results are presented in
Table II. The concentration ratio of Cr/Fe is approx-
imately constant and equal to 0.5; the apparent vari-
ation of Zr concentration is probably due to the Zr
rich matrix contribution. Consequently the precipi-
tates are of the Zr

x
(Cr, Fe

2
)
1~x

type with x)40%.
These results are in good agreement with those of Van
der Sand and Bement [2]. This is principally due to
the fact that the proportion of Fe and Cr in the
chemical composition of the materials is of the same
order in both cases (0.475 for the material investigated
by Van der Sand and Bement: 0.35 in our case). In the
other reports in the literature [3—7] the ratio of Cr/Fe
in the precipitates varies between 0.2—1 for a mean
global ratio between 0.5—1. We can assume that the
chemical composition of the precipitates depends on
the initial ratio of the constituents which is in agree-
ment with the work of Lemaignan and Motta [17]
and, of course, of the metallurgical processing.

5. Conclusion
This study shows the efficiency of the concerted ap-
plication of the SEM and TEM techniques to charac-
terize a microstructure in terms of its crystallographic
orientation and chemical composition at two different
scales. Individually neither of these techniques can
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Figure 9 Crystallographic orientation of some precipitates located in the same alignment performed on an area of Fig. 7. The corresponding
diffraction pattern area are presented.

TABLE II Chemical composition (at%) of the matrix and pre-
cipitates

Zr Fe Cr Sn

Matrix 99.84 0.01 0.03 0.12
Matrix 99.74 0.06 — 0.24
Precipitate 80.55 13.02 6.47 —

Precipitate 43.19 39.42 17.41 —

Precipitate 53.13 32.46 14.47 —

Precipitate 47.35 35.85 16.82 —

Figure 10 Alignments of damage cavities along the laths bound-
aries.

give a full picture of a complex microstructure such as
that of b treated grade 702 zirconium.

The investigation has revealed the occurrence of
a quasi-continuous single crystalline phase, due to the
precipitation of the betagenic additional elements (Fe,
Cr, Ni) producing the so-called lath boundaries. This
phase forms a layer surrounding the laths in the bulk
of the material. Its morphology could be assimilated
to a net, created by precipitates with a size of several
micrometres and linked by narrow bridges with a size
of 700 nm. The occurrence of such a phase producing
the lath boundaries could explain why damage ap-
pears for strains as low as 3% and why it remains
located along the lath boundaries (Fig. 10) [18].
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