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Tempering of a beta quenched

Zr-1.9 wt % Cr alloy

Part2 ZrCr, precipitation

P. MUKHOPADHYAY,V. RAMAN, S. BANERJEE, R. KRISHNAN
Metallurgy Division, Bhabha Atomic Research Centre, Bombay-400 085, India

The precipitation of ZrCr,, which is a Laves phase with the C15 structure, in a
supersaturated, martensitic matrix has been studied in a Zr—1.9 wt % Cr alloy using
transmission electron microscopy. The nucleation, morphology and distribution of the
precipitates has been examined at different tempering temperatures. The crystallographic
orientation relationship between the a-Zr(Cr) and the ZrCr, phases has been established

and the precipitate habit plane determined.

1. Introduction

The Zi1Cr, phase is the only intermetallic phase
that has been reported to form in the binary
zirconium—chromium system [1]. Structure-wise
it is a Laves phase and exhibits the general geo-
metrical characteristics associated with these
phases. It evolves through the -eutectoidal
decomposition of the 8-Zr(Cr) phase and thus can
be made to form by isothermal transformation at
sub-eutectoid temperatures. In dilute alloys, where
it is possible to obtain a supersaturated martensite
by rapid beta quenching, this phase can also be
precipitated by tempering the martensite at
temperatures in the a-Zr(Cr) + ZrCr, field. This
mode of the evolution of the ZrCr, phase has been
studied earlier by Keys et al. [2] who have used
transmission electron microscopy to examine the
shape and the distribution of the precipitates.
However, no work seems to have been done so far
on the crystallography of this precipitation
reaction. In the work described in this chapter the
mode of precipitation of ZiCr, was studied in a
Zr-19wt%Cr alloy. In particular, the crystal-
lography of the process was examined and the
matrix—precipitate orientation relationship estab-
lished. Precipitation was brought about by
tempering the beta quenched alloy at sub-eutectoid
temperatures.
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Two structural variants of ZrCr, have been
reported. Both are topologicaily close-packed
Laves phase structures: C14 (hexagonal, MgZn,
type) with a=5.0794, ¢=8279A and C15
(cubic, MgCu, type) with a=7.21A [3]. How-
ever, there has been a disagreement among various
workers as to the temperature ranges associated
with these two structural variants. According to
Rostoker [3] and Elliott [4], ZrCr, has the C14
structure below about 1000°C and the C15
structure at higher temperatures. On the other
hand, Alisova et al. [5] and Jordan and Duwez
[6] have suggested that the low temperature form
has the C15 structure and thet the transformation
temperature is close to the melting point of ZrCr, .
Later work by Shen and Paasche [7] and by
Rumball and Elder [8] has demonstrated that the
cubic form is indeed stable at low temperatures. In
view of this, it was assumed in this work that the
ZrCr, precipitates forming in the a-Zr(Cr) matrix
had the C15 structure witha = 721 A.

2. Unit cell of ZrCr,
The C15 unit cell of Z1Cr, is shown in Fig. 1.
Following the choice of origin adopted in [1], the
atomic co-ordinates are:
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Figure 1 (a) The C15 unit cell of ZrCr,. (b) The positions of the atoms in the unit cell, when viewed along the [007]
direction, The numbers and fractions indicate the value of z, the vertical distance from the plane of the paper. (c) The
atomic arrangement in the eight layers parallel to the (001) plane whose successive stacking builds up the ZrCr, unit

cell,
zirconium: 000:0%5;50%;440;
111.133.313.331
443,444-444,4412
s . 555.577.757.175.
chromium: 333:843:888;888%;
511.533.713.731.
888-8838,88%8,888>
151.173.353.371.
888,888:888,888>
115.137.317.3335
888,888,888:888-

The chromium atoms form a tetrahedral net-
work, the adjacent tetrahedra being joined at the
vertices. The zirconium atoms occupy the holes

provided by these tetrahedra and are themselves
arranged in a manner identical to that obtained in
the diamond cubic structure. The entire structure
can be built up by the consecutive stacking of
eight planes parallel to the (00 1) plane as shown
in Fig. lc. Ideally, the closest distance between
zirconium atoms is +/3a/4 and that between
chromium atoms is /2/2 where @ is the unit cell
edge. This is illustrated in Fig. 2 which shows the
atomic arrangement on the (110) plane. The
closest distance between dissimilar atoms is+/11a/8.
Each zirconium atom is surrounded by four
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Figure 2 The atomic arrangement on

4

the (11 0) plane of ZtCr, .

@ ZIRCONIUM

zirconium atoms (at a distance v/3a/4) and twelve
chromium atoms (at a distance v/11a/8). These
sixteen atoms occupy the vertices of the CN16
co-ordination polyhedron. Each chromium atom,
on the other hand, is surrounded by a CN12
co-ordination polyhedron whose vertices are
occupied by six chromium atoms (at a distance
a/24/2) and six zirconium atoms (at a distance
V/114/8). The CN16 polyhedra around the
zirconium atoms form close-packed layers parallei
to the (111) plane and are so stacked that there is
a rotation of 60° between any two successive
layers [9]. The actual interatomic distances are
slightly different from those mentioned here
because the latter values are strictly valid for an
ideal radius ratio of 1.225. For ZrCr,, the radius
ratio is 1.250, on the basis of the CN12 atomic
radii computed by Teatum et al. [10].

3. Structure factor of ZrCr,

The algebraic expressions for the structure factor
were obtained, assuming perfect long-range order,
for several common, low index reflections in terms
of fz, and f¢,, the atomic scattering amplitudes for
zirconium and chromium, respectively. It was
found that only those reflections {# k1} were per-
mitted for which A, k and [ were all odd or all
even. This was expected since the C15 unit cell of
ZrCr, is face centred. The computed values of
F*F_ where F is the structure factor and F* its
complex conjugate, for several non-vanishing
reflections are given in Table I. The interplanar
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TABLE I Algebraic expressions for F'F for some
common ZxCr, reflections, assuming perfect long-range
order

Reflection Interplanar Algebraic expression
hrt} spacing (A) for F*F

111 4.163 2(4fzy — 5. 7fcy)?
220 2.549 6412,

311 2.174 2(4fzy + 5.7fcy)?
222 2.081 2561y

400 1.803 (8fzy — 16fcy)?
331 1.654 2@f7zy — 5. 7fce)?
422 1.472 6417,

333 1.388 2(4fzy + 5.7fce)?
511 1.388 2@fzy + 5.7fcy)?
440 1.275 (8fzy + 16fcp)?
531 1.219 2(fzy — 5. 7fcy)?
620 1.140 64f%,

533 1.100 2@f7zy + 5. 7fcp)?
622 1.087 2561 ¢y

444 1.041 Bfzy — 16fcy)?

spacings of the planes associated with these
reflections are also shown.

4. Observations and discussions

4.1. Nucleation, morphology and
distribution of precipitates

The majority of the ZrCr, precipitation formed

during beta quenching was found to be nucleated

within the martensite plates (Fig. 3), very often

on the dislocations within these. The presence of

the precipitates in the beta quenched alloy

suggested that since the solubility of chromjum in

alpha zirconium is negligible at low temperatures,



Figure 3 Precipitation of ZrCr, within the martensite
plates in the beta quenched alloy.

Figure 4 Alignment of precipitates along lines (giving the
appearance of “discontinuous lamellae” of the precipitate
phase) in the beta quenched alloy.

solute rejection occurred at such a rapid rate that
it could not be suppressed even by the fast rate of
cooling employed. In fact, in certain regions of
one sample the structure resembled the product
of a discontinuous precipitation reaction. The
precipitate particles in regions appeared to be
aligned along more or less parallel, wavy lines
(Fig. 4). It was possible that these rows of
precipitates trailed the advancing transformation
front at which the beta phase rejected the alpha
and ZrCr, phases simultaneously. In other words,
direct eutectoid transformation [11] had set in in
these regions. Such a situation would have been
possible when the supercooling was sufficient for
this process to occur in the hypereutectoid alloy
studied. These observations were suggestive of the
fact that in the beta quenched alloy the

martensitic  transformation and the direct
eutectoid decomposition processes were
competitive.

On tempering at 350° C, the precipitates at the
martensite interfaces were seen to have grown

Figure 5 Distribution of large, heterogeneously nucleated,
cuboidal precipitates and of fine, homogeneously nu-
cleated precipitates in the alloy on ageing at 350° C for
16 h.

much larger than those within the bulk. This is
illustrated in Fig. 5 which shows large, hetero-
geneously nucleated, cuboidal precipitates along
the martensite plate boundaries together with a
fine, homogenously nucleated precipitate dis-
persion within the plates. Occasionally, the larger
precipitates at the boundaries appeared to tend to
join up to form “‘stringers” (Fig. 6a). The corres-
ponding selected-area diffraction pattern showed
a superposition of alpha and ZrCr, reflections
(Fig. 6b). Unambiguous identification of the
precipitate phase could be carried out on the basis
of such diffraction patterns and of dark-field
imaging. It was noticed that in some regions the
precipitates within the laths had grown to assume
elongated shapes, as shown in Fig. 7.

On raising the ageing temperature to 550°C,
precipitation was found to be more extensive and
the bimodal size distribution persisted (Fig. 8a). It
was generally observed (at 550° C as well as at
350° C) that the precipitates which nucleated at
boundaries or at dislocations were larger than
those homogeneously nucleated in the matrix.
This was presumably due to the fact that while
the former grew by short circuit diffusion, the
latter could grow only with the assistance of the
much slower process of volume diffusion. The
majority of the precipitation in samples tempered
at 550° C were found to be cuboidal in shape —
even those within the laths were found to develop
a cuboidal morphology (Fig. 8b). This micrograph
also shows another general feature of the micro-
structure in that many of these cuboidal preci-
pitates were threaded by dislocations, giving an
appearance of “stringers”.
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Figure 6 (a) Joining up of heterogeneously nucleated precipitates to form “stringers™. (b) Selected-area diffraction
-pattern from the region shown in (a). The zone axis is of the (514 3) type in terms of alpha zirconium and of the
(1=1 0> type in terms of Z1Cr,. (c) Key to the diffraction pattern in (b). The additional spots in (b) not shown in (c)
are due to other precipitate variants and due to double diffraction. (d) Stereogram corresponding to (b) showing that
the following orientation relation between the o-Zr(Cr) and the ZrCr, phases could be arrived at: (0001)1(011)
and [2130] 1[1171].
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Figure 7 Elongated precipitates in a lath observed on ageing
at 350° C, imaged with a ZrCr, reflection.

In samples tempered at 700°C, a significant
extent of precipitate coarsening was found to
have occurred both at the interfaces and within
the grains (Fig. 9). This growth appeared to have
taken place at the expense of the fine precipitates
observed at the lower tempering temperatures.
Dark-field imaging revealed that these coarsened
precipitates were not cuboidal but were plate-
shaped. It was observed that the dimensions
along the flat side of the plates were not much

larger than the plate thickness (Fig. 10). It was
also observed that the flat face of many of these
precipitates contained quite a number of ledges.
This suggested that precipitate growth occurred
by the ledge growth mechanism [12].

4.2. Crystallography of precipitation

It was possible to determine the orientation
relation between the alpha and ZrCr, phases by
means of selected-area diffraction. In order to
obtain an unambiguous result, superimposed
reciprocal lattice sections of matrix and precipitate
crystals, corresponding to different zones, were
analysed. Typical results are presented in Fig. 11.
In Fig. 11a, the diffraction pattern shows that the
(011) and (444) spots of ZrCr, nearly coincide
with the (0002), and the (2130), spots, re-
spectively. Using this information, a stereographic
plot (superimposing the (011) projection of
Z1Cr, and the (0001) projection of alpha zir-
conium) was obtained where the (111) pole of
ZrCr, was made to match with the (2 130), pole
(Fig. 12). The orientation relationship between
the two phases could be expressed in terms of

Figure 8 (a) Bimodal precipitate size distribution observed on tempering the alloy at 550° C for 4 h. (b) Zr~1.9 wt % Cr,
beta quenched and aged at 550° C for 4 h. Cuboidal morphology of ZrCr, precipitates formed within a lath,

IJ"—’; il

Figure 9 Coarse ZrCr, precipitates at (a) interfaces as well as (b) within grains in a sample aged at 700° C for 4 h,
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Figure 10 (a) and (b) Dark-field images of coarse, plate-shaped ZrCr, precipitates demonstrating that the dimensions
along the flat face of the plates were not much larger than the plate thickness and that the flat faces often contained
ledges.
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Figure 11 (a) Selected-area diffraction pattern illustrating the orientation relationship between the o-Zr(Cr) and the
ZrCr, phases. The zone axis is of the ¢4 510> type in terms of a-Zr(Cr) and of the <011 type in terms of ZrCr,.
(b) Key- to'the diffraction pattern in (a). (c) Selected-area diffraction pattern showing o~Zr(Cr) and Z:Cr, reflections.
This pattérn was consistent with the orientation relation derived from (a) and illustrated in Fig. 12. The zone axis
is of the <1 0T 2) type. (d) Key to the diffraction pattern in (c). Spots marked DD were due to double diffraction.
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Figure 12 Stereogram illustrating the orientation relationship between the a-Zr(Cr) and ZrCr, phases. Foil planes
corresponding to the diffraction patterns in Fig. 11a and ¢ have been marked. It could be seen that the following orien-
tation relationship is consistent with the two sets of superimposed reciprocal lattice sections represented by the great
circles: (0001)q 1(011) zycy,, [1210]I[111] zrcr,» [2130][117] ZrCr,- Habit plane traces (T, , T, etc.) are
indicated on the respective foil plane traces. Single surface trace analysis showed that the habit planes corresponded to
{1 1 I}Zrcl.2 type planes. T}, T, etc. indicate the traces corresponding to the poles T,,T, etc.

such a stereographic plot, from which it could be
seen that (1T11) pole of ZrCr, should coincide
with the (1210), pole. This was indeed observed
in the diffraction pattern shown in Fig. 11c. The
foil plane trace corresponding to this pattern is
also marked in Fig. 12. In view of these obser-
vations, the orientation relation between the
a-Zr(Cr) and ZrCr, phases could be described as:

{0001}, 11{01 Bzscy,

(12100 10T Dy, -

This orientation relation was also confirmed on a
different reciprocal lattice section as illustrated
earlier in Fig. 6.

Single surface trace analysis showed that the
majority of the straight line segments defining
the precipitate boundaries were parallel to the
{111} traces of ZrCr,. It could be seen, using
the orientation relation, that different variants of
the {111} planes were parallel to some low index
planes of the matrix such as (213 0) and (12 10).
From the limited number of trace analyses carried
out, it was not possible to establish unambiguously
the plane that most frequently matched with the
flat face of the precipitates. However, in view of

and

the near equality of the interplanar spacings of the
{2130}, and the {44 4}zc,, planes (a difference
of about 1.8%) and the close lattice matching
along directions in these planes. (e.g. a difference
of only about 1.2% along (000 1)|[<01T)) it
appeared reasonable to take the {2130}, planes
as the habit planes in terms of the matrix.

b. Conclusions

On the basis of the observations described and
discussed here, the following conclusions could be
drawn:

(1) the precipitation of ZrCr, particles could
not be suppressed even on rapidly quenching
the alloy from the beta phase. Ageing at low
temperatures gave rise to a bimodal precipitate size
distribution. A significant amount of precipitate
coarsening occurred on tempering the martensite
at 700° C;

(2) the orientation relationship between the
a-Zr(Cr) and the ZrCr, phases could be described
as:

{0 00 l}a “ {0 I 1}ZxCx2
Q210471 Dzzcr, -

and
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