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The electrometallurgical treatment of zirconium-based and Zircaloy-clad spent nuclear fuels
will yield a metal waste form. The baseline composition for the waste form is zirconium-8
wt% stainless steel (Zr-8SS). The microstructure of the Zr-8SS alloy has been studied by
scanning electron microscopy, energy dispersive spectroscopy, and neutron diffraction.
The phases present in the as-cast alloy include Zr(α), Zr3(Fe,Ni), Zr2(Fe,Ni), Zr2(Fe,Cr), and
Zr(Fe,Cr)2; a solidification sequence has been proposed to explain the formation and
morphology of these phases. Alloy phase stability has been studied by thermal aging at
780◦C for periods up to 30 days. The phase changes that occur during thermal aging
include an increase in Zr3(Fe,Ni) and a decrease in Zr2(Fe,Ni) content; reaction mechanisms
have been proposed to explain these changes. The lattice parameters of alloy phases have
been determined by neutron diffraction and found to be in agreement with those
previously reported for similar phases. This study of alloy microstructures is the first step
towards understanding the actinide and fission product distribution and predicting the
corrosion behavior of the Zr-8SS metal waste form. C© 2001 Kluwer Academic Publishers

1. Introduction
Argonne National Laboratory (ANL) is developing an
electrometallurgical process for the treatment of spent
nuclear fuel [1]. The central feature of the process is
electrorefining of the spent fuel in a molten salt elec-
trolyte. Chopped segments of the spent fuel are placed
into the anode baskets of an electrorefiner. When a po-
tential is applied, components of the spent fuel dissolve
at the anode, while uranium is deposited onto a steel
cathode. At the end of the electrorefining operation, the
fuel cladding, miscellaneous assembly hardware, noble
metal fission products, and actinide elements remaining
in the anode baskets are consolidated by melting into a
metal waste form. This waste form must have sufficient
corrosion resistance and mechanical integrity for even-
tual disposal in a geologic repository. The zirconium-
8 wt% stainless steel alloy (Zr-8SS) has been devel-
oped as a baseline waste form for zirconium-based and
Zircaloy-clad spent nuclear fuels [2].

The properties of an alloy are determined by its
microstructural characteristics. For example, the gen-
eral corrosion resistance of Zircaloy-2 in steam and
hot water is substantially better than that of pure zirco-
nium, even though the total concentration of alloying
elements is less than 2% [3, 4]. The partition of iron,
chromium, and nickel into intermetallic particles has a
significant impact on the corrosion behavior of the alloy.
In a similar manner, the repository performance of the
Zr-8SS waste form will be governed by its microstruc-
ture. Hence, an understanding of alloy microstructure
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is crucial to predicting the corrosion resistance, me-
chanical behavior, and thermophysical properties of
the waste form. Furthermore, knowledge of the Zr-8SS
microstructure provides a basis for studying the noble
metal and actinide distribution in the alloy.

This article presents results of neutron diffraction
measurements and scanning electron microscopy on
Zr-8SS (SS304-92 wt% Zr). Microstructural examina-
tion showed that the observed phases are similar to those
in Zircaloy-2, even though the amounts of Fe, Cr, and Ni
are much larger in the Zr-8SS alloy. The measured lat-
tice parameters are also comparable to values reported
for similar phases in Zircaloys and other zirconium-
rich alloys. Since phase stability is an important crite-
rion for waste form alloys, the effect of thermal aging
on phase compositions and stability is also discussed
in this article.

2. Experimental
2.1. Alloy preparation and chemical

analysis
Ingots of Zr-8SS alloy weighing ∼2.5 kg were prepared
in an induction casting furnace attached to a controlled-
atmosphere glovebox. High-purity zirconium and stain-
less steel rods were contained in a 10-cm (4-in.) diam-
eter yttrium oxide crucible; this crucible was placed
within a graphite susceptor that was heated by the in-
duction field. The materials were alloyed at 1600◦C
under high-purity argon for ∼1 h; the melt was furnace-
cooled to obtain the solidified ingots.
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Figure 1 Photograph showing an as-cast Zr-8SS ingot bonded to the yttrium oxide crucible.

Figure 2 Back-scattered micrograph of as-cast Zr-8SS ingot showing an outer graphite layer, an intermediate metallic layer, the yttrium oxide crucible,
and the metal ingot.

The yttrium oxide crucible cracked during process-
ing, and metal filled the space between the crucible and
the graphite susceptor. A photograph of the as-cast in-
got bonded to the yttrium oxide crucible and graphite
susceptor is shown in Fig. 1. The back-scattered image
in Fig. 2 clearly shows the outer graphite layer, a metal-
lic layer between the graphite and the melt crucible, the
yttrium oxide crucible, and the Zr-8SS alloy. The ingot
top surfaces were slag-free and showed a metallic lus-
ter. Slag formation may have been prevented by the
significant solubility of zirconium for impurities from

the furnace environment, such as carbon, nitrogen, and
oxygen.

Specimens for microscopy, neutron diffraction, and
chemical analyses were obtained from the ingot interior
to minimize contamination from the crucible. However,
yttrium oxide pieces were occasionally found dispersed
in the alloy microstructure. Chemical analyses of spec-
imens from sections of the ingot also showed the pres-
ence of yttrium. A typical composition of a Zr-8SS alloy
ingot is shown in Table I. It is evident that Fe, Cr, Ni,
and Zr are the major elements in the alloy. The small
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T ABL E I Typical composition of Zr-8SS alloy (wt%)a

Fe Cr Ni Zr Mn Mo Co Cu Sn Y C

Zr-8SS 5.1 1.4 0.6 91.9 0.12 0.03 0.01 0.03 0.07 0.22 0.017

aDetermined by inductively coupled plasma emission spectroscopy. Estimated accuracy is ∼ ±5%.

Figure 3 The Fe-Zr binary phase diagram, based on Arias et al. [5].

amounts of Mo, Co, Cu, and Sn did not have a signif-
icant effect on alloy microstructure and are hence not
included in further discussions.

Samples from an as-cast Zr-8SS alloy ingot were
thermally aged at 780◦C for time periods up to 30
days to accelerate phase changes that occur below
the Zr(α)-to-Zr(β) transition temperature. The samples
were contained in quartz crucibles that were evacuated
and back-filled with argon gas. The selection of the
aging temperature was based on a recent Fe-Zr phase
diagram (Fig. 3) presented by Arias et al. [5], which
indicates that the Zr(α)-to-Zr(β) transition tempera-
ture is at 795◦C. Older versions of the phase diagram
[6] indicated a lower transition temperature (∼730◦C).
However, recent thermal property measurements on Zr-
8SS alloy samples have confirmed the higher transition
temperature [7].

2.2. Microscopy and neutron diffraction
Alloy samples were examined by a JEOL 6400
scanning electron microscope (SEM) operating in both
secondary electron and back-scattered electron modes.
Standardless quantitative analysis of individual phases
was obtained with an energy dispersive spectrometer
(EDS) and Vantage software from NORAN instru-
ments. The uncertainty in elemental compositions
determined by this method is ∼ ±3% of the measured
value.

Time-of-flight neutron diffraction data were col-
lected from as-cast and thermally aged samples on

the General Purpose Powder Diffractometer at the In-
tense Pulsed Neutron Source, ANL. These experiments
are carried out at a fixed scattering angle, and diffrac-
tion patterns were generated as a function of inci-
dent neutron wavelength. Diffraction data were col-
lected at six separate data banks, each positioned at
a fixed 2θ angle relative to the incident beam. Each
detector bank accessed a limited range of d-spacings,
defined by the available wavelength range. Ranges
for the banks used in this study are 2θ = ±148◦,
d ∼ 0.05–0.3 nm; 2θ = ±90◦, d ∼ 0.07–0.4 nm; and
2θ = ±60◦, d ∼ 0.08–0.54 nm. Rietveld refinements
[8] were conducted on the neutron diffraction data to
obtain phase contents and lattice parameters in the alloy
samples.

For many applications, such as those without reflec-
tions with d-spacings higher than 0.3 nm, refinement
of back-scattered neutron data (2θ = ±148◦) is suffi-
cient for phase analysis. Combined analysis of the six
data banks was chosen in our experiments for three
reasons. First, slight variations in refined lattice pa-
rameters for the different banks were used to calcu-
late minor corrections (�a/a ≤ 2 × 10−4) caused by
possible offsets in the centroid of scattering from the
center of the instrument. Second, the preferred orien-
tation (sample texture) could be assessed from bank-
to-bank intensity variations since each detector bank
viewed the sample from a different orientation. Third,
phase contents could be estimated by averaging results
from all detector banks, hence reducing the influence of
texture.
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T ABL E I I Phase content estimates and lattice parameters in as-cast and thermally-aged Zr-8SS alloys determined by neutron diffraction

Lattice Parameters, nm

Zr-8SS Ingot Phase Content, vol% a b c

As-Cast Zr(α) 76.2 ± 1.6 0.3231 – 0.5151
Zr3Fe-type 3.6 ± 0.6 0.3320 1.1020 0.8821
Zr2Fe-type 1 10.3 ± 1.1 0.6439 – 0.5450
Zr2Fe-type 2 0.5 ± 0.4 0.6473 – 0.5468
ZrFe2-type 9.4 ± 1.1 0.5032 – 0.8239

Aged Zr(α) 75.2 ± 0.9 0.3234 – 0.5155
780◦C, 30 d Zr3Fe-type 12.3 ± 0.2 0.3326 1.0973 0.8829

Zr2Fe-type 1 4.3 ± 0.6 0.6461 – 0.5435
Zr2Fe-type 2 0 – – –
ZrFe2-type 8.3 ± 0.6 0.5034 – 0.8244

Figure 4 Rietveld profile plot for as-cast Zr-8SS alloy. Observed counts are identified with “+” marks, while the calculated spectrum is represented
by the solid curve. Plotted at the bottom is the difference between observed and calculated data. Vertical bars identify expected locations of diffraction
peaks for the respective phases.

3. Results
3.1. Neutron diffraction analysis
The neutron diffraction pattern obtained from as-
cast Zr-8SS alloy showed peaks corresponding to
Zr(α), a Zr3Fe-type intermetallic, two Zr2Fe-type in-
termetallics, and a ZrFe2-type C14 Laves intermetallic;
a portion of the diffraction pattern is shown in Fig. 4.
A slight peak broadening was observed for the Zr3Fe-
type intermetallic, which indicated the possible pres-
ence of small amounts of a related phase. Observable
imperfections in the fit to the Zr(α) phase intensity data
were either the result of preferred orientation (crystallo-
graphic texture) or due to scattering contributions from
interstitial species, such as oxygen. The intermetallic
phases showed considerable crystallographic texture;
this is not readily apparent in Fig. 4 because of the
dominance of the Zr(α) phase. The texture observed in
the phases apparently resulted from the casting process
and persisted even after the 780◦C thermal aging.

Table II lists the phase content estimates and lat-
tice parameters calculated from Rietveld refinements.
The primary phase in the alloy was Zr(α). The alloy
also contained ∼10.3 vol% of the Zr2Fe-type 1 phase,

∼0.5 vol% of the Zr2Fe-type 2 phase, ∼9.4 vol% of the
ZrFe2-type phase, and ∼3.6 vol% of the Zr3Fe-type in-
termetallic. Minor yttrium oxide peaks observed in the
diffraction patterns were from the melt-crucible ma-
terial, and data on phase content are not included in
Table II.

Fig. 5 is a portion of the neutron diffraction pattern
obtained from a Zr-8SS alloy that was thermally aged
at 780◦C for 30 days. The plot shows a dramatic in-
crease in the intensity of the Zr3Fe-type peak (marked
by arrow) and the disappearance of the Zr2Fe-type 2
peak. Table II lists the phase content and lattice param-
eters in the thermally aged alloy; note the absence of
the Zr2Fe-type 2 phase.

The phase content change and the percentage change
in lattice parameters induced by the thermal aging
are given in Table III. An increase in phase content
(+8.7 vol%) was observed for the Zr3Fe-type phase.
The amount of the Zr2Fe-type 1 phase was smaller
(−6.0 vol%) in the aged alloy. A small decrease in Zr(α)
and ZrFe2-type phase content is also seen in Table III;
however, Table II indicates that these changes were
within the range of experimental uncertainty.
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Figure 5 Rietveld profile plot for Zr-8SS alloy that was aged at 780◦C for 30 days, showing dramatic increase in contribution from Zr3(Fe,Ni) (marked
by arrow) and disappearance of Zr2(Fe,Cr).

Table III shows that the lattice parameters of the var-
ious phases were also affected by the thermal aging. A
small increase in the a and c parameters of the Zr(α)
phase was observed; this increase may be due to oxygen
dissolution that could have occurred during aging. The
Zr(α) phase is known to have considerable oxygen sol-
ubility [9]. Calculations based on Zr-O solid solution
data [10] indicate that the atomic concentration of oxy-
gen would have to be 2% higher in the aged than in the
as-cast alloy to account for the observed lattice parame-
ter changes. Small amounts of oxygen could have been

T ABL E I I I Changes in phase content and lattice parameters mea-
sured in a Zr-8SS alloy after aging at 780◦C for 30 days

Content change,
Phase vol % �a, % �b, % �c, %

Zr(α) −1.0 0.080 0.085
Zr3Fe-type +8.7 0.19 −0.42 0.088
Zr2Fe-type 1 −6.0 0.35 −0.27
Zr2Fe-type 2 −0.5 – –
ZrFe2-type −1.1 0.032 0.057

T ABL E IV Composition (at.%) of phases in Zr-8SS alloys determined by SEM/EDS

Ingot Fe Cr Ni Zr Mn Phasea ND labelb

As-Cast 0.9 0.2 0.4 97 0.3 Zr(α)-light Zr(α)
0.9 0.7 0.1 96 0.7 Zr(α)-gray Zr(α)

18.7 0.7 4.5 75 0.1 Zr3(Fe0.81Ni0.19) Zr3Fe-type
15 8 0.7 75 0.5 Zr3(Fe0.65Cr0.35) Zr3Fe-type
26.3 0.5 5.2 67 0.4 Zr2(Fe0.83Ni0.17) Zr2Fe-type 1
20 11 0.7 66.3 0.8 Zr2(Fe0.65Cr0.35) Zr2Fe-type 2
38 22.3 0.8 36.6 2 Zr1.09(Fe0.61Cr0.36Mn0.03)1.91 ZrFe2-type

Aged 0.3 0.2 0.2 97 0.2 Zr(α)-light Zr(α)
780◦C, 30 d 0.3 0.3 0.6 97 0.2 Zr(α)-gray Zr(α)

20 0.2 4 75 0.1 Zr3(Fe0.83Ni0.17) Zr3Fe-type
25.1 0.7 5.3 68.4 0.5 Zr2(Fe0.83Ni0.17) Zr2Fe-type 1
40 23.2 0.5 34 2 Zr1.02(Fe0.61Cr0.36Mn0.03)1.98 ZrFe2-type

aOnly major elements are included in this designation.
bFrom neutron diffraction analyses (see Tables II and III).

present during thermal aging even though the quartz
crucibles were evacuated and back-filled with Ar gas.

The lattice parameters for the ZrFe2-type intermetal-
lic were also slightly larger in the aged alloy. An
increase in the a parameter and decrease in the c pa-
rameter was observed for the Zr2Fe-type 1 phase. For
the Zr3Fe-type intermetallic, the thermal aging resulted
in an increase of a and c parameters and a decrease in
the b parameter. These lattice parameter changes may
be attributed to the thermal relief of interphase stresses
present in the as-cast alloy.

3.2. Microstructural analysis
Back-scattered micrographs obtained from as-cast Zr-
8SS alloy samples are shown in Figs 6 to 11. Table IV
lists the average phase compositions determined by
point-to-point EDS analyses. Phases in the microstruc-
ture were identified by correlating the EDS data with the
neutron diffraction results. The low-magnification im-
age in Fig. 6 shows primary Zr(α) features; the “light”
and “gray” contrasts observed in this micrograph are
due to small variations in elemental compositions
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Figure 6 Low-magnification micrograph of as-cast Zr-8SS alloy. Observe the “light” and “gray” contrasts within the primary Zr(α) features.

Figure 7 Micrograph from as-cast Zr-8SS alloy showing Zr3(Fe,Ni) features (marked by arrows) within the primary Zr(α) features. The dark ring
that borders the Zr(α) features is a ZrFe2-type Laves intermetallic.

within the phase. Lath-like structures, commonly re-
ported by investigators studying Zircaloy microstruc-
tures, were not observed in the primary Zr(α).

A Zr3Fe-type intermetallic is observed within the pri-
mary Zr(α); this phase also contains Ni (see Table IV)
and is labeled Zr3(Fe0.81Ni0.19). The distinct morpholo-
gies of this phase are shown in Figs 7 and 8. The dark
ring that borders the primary Zr(α) features (see Figs 6

to 8) is a ZrFe2-type Laves intermetallic. As given in
Table IV, the phase contains ∼36 at.% Zr, which is
greater than the stoichiometric zirconium content (33.3
at.%). The phase also contains Cr and Mn and has been
labeled Zr1.09(Fe0.61Cr0.36Mn0.03)1.91 in the table. Small
amounts of this intermetallic are also observed within
the primary Zr(α). In some areas of the sample, the
Zr(α) features are only sparsely bounded by the Laves
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Figure 8 Back-scattered micrograph of as-cast Zr-8SS alloy showing Zr3(Fe,Ni) features (marked by arrows) within the primary Zr(α). The dark ring
that borders Zr(α) is a Zr(Fe,Cr)2 Laves intermetallic.

Figure 9 Back-scattered micrograph showing eutectic structures between the primary Zr(α) features. The eutectics are a mixture of Zr(α) and
Zr(Fe,Cr)2 phases.

intermetallic. Instead, the intermetallic appears within
a eutectic morphology along with the Zr(α) phase (see
Figs 9 and 10).

The most-prominent phase in the region between the
primary Zr(α) features (see Figs 9 and 11) is a Ni-
bearing Zr2Fe-type phase labeled Zr2(Fe0.83Ni0.17) in
Table IV. The other phases in this region include Zr(α)
and the ZrFe2-type Laves intermetallic. As shown in
Table IV, also observed are small amounts of a Cr-
bearing Zr2Fe-type phase, labeled Zr2(Fe0.65Cr0.35); a

Cr-bearing Zr3Fe-type phase, labeled Zr3(Fe0.65Cr0.35);
and Zr3(Fe0.81Ni0.19). The slight peak broadening ob-
served for the Zr3Fe-type intermetallic in neutron
diffraction patterns of the as-cast alloy is probably due
to the presence of the two Zr3Fe-type phases.

Figs 12 and 13 show that both microstructure and
phase morphology are affected by the 780◦C, 30-day
aging; average elemental compositions for the phases
are reported in Table IV. The changes in phase elemental
composition induced by the thermal aging are generally
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Figure 10 Magnified image of area in Fig. 9 showing eutectic structures containing Zr(α) and Zr(Fe,Cr)2. The Zr2(Fe,Ni) intermetallic and a part of
primary Zr(α) are also seen.

Figure 11 Back-scattered micrograph showing the Zr2(Fe,Ni) between the primary Zr(α) phase. The area around Zr2(Fe,Ni) contains a mixture of
Zr2(Fe,Cr), Zr3(Fe,Ni), and Zr3(Fe,Cr) phases. The Zr(Fe,Cr)2 intermetallic bordering primary Zr(α) is also observed.

small (see Table V) and mostly within the uncertainty
of the EDS measurements. The Zr3(Fe0.65Cr0.35) and
Zr2(Fe0.65Cr0.35) phases were not observed in the aged
alloy, indicating that they are metastable in the as-cast
alloy.

T ABL E V Calculated changes in phase composition (at.%) in Zr-8SS
alloy after aging at 780◦C for 30 days

Phase �Fe �Cr �Ni �Zr �Mn

Zr(α)-light −0.6 0 −0.2 0 −0.1
Zr(α)-gray −0.6 −0.4 0.5 1 −0.5
Zr3(Fe0.83 Ni0.17) 1.3 −0.5 −0.5 0 0
Zr2(Fe0.83 Ni0.17) −1.2 0.2 0.1 1.4 0.1
Zr1.02(Fe0.61Cr0.36 Mn0.03)1.98 2 0.9 −0.3 −2.6 0

In Fig. 12, the Zr3(Fe,Ni) phase (marked by arrows)
is clearly visible in the primary Zr(α) features. A com-
parison of Figs 11 and 13 shows that the Zr2(Fe,Ni)
phase is not as distinct in the aged alloy. The area
around Zr2(Fe,Ni) contains Zr(α), Zr3(Fe,Ni), and a
relatively coarse Zr(Fe,Cr)2 intermetallic. Coarsening
of the Zr(Fe,Cr)2 intermetallic was also observed within
the primary Zr(α) phase (see Fig. 12).

4. Discussion
4.1. Phases observed in as-cast Zr-8SS alloy
The microstructural phases observed in as-cast Zr-8SS
alloy may be deduced from an examination of the
Fe-Zr binary [5], Fe-Cr-Zr ternary [11], and Fe-Ni-Zr
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Figure 12 Micrograph of Zr-8SS alloy that was aged at 780◦C for 30 days. The Zr3(Fe,Ni) intermetallic (marked by arrows) is distinctly visible
within the primary Zr(α) features. The Zr(Fe,Cr)2 Laves intermetallic, both within and between primary Zr(α), is coarser than in the as-cast alloy.

Figure 13 Higher magnification image showing the region between the primary Zr(α) features. The Zr2(Fe,Ni) phase is not as distinct as in Fig. 11;
the area around it contains Zr(α), Zr3(Fe,Ni), and a relatively coarse Zr(Fe,Cr)2 intermetallic.

ternary [12] phase diagrams. The proposed solidifica-
tion sequence from the melt is presented in Table VI.
At 1600◦C, all constituents of the alloy are in the liq-
uid state. The Zr(β) phase precipitates out of the liquid
at ∼1480◦C and increases in quantity as cooling pro-
ceeds. At ∼1020◦C, the Fe-Cr-Zr ternary indicates that
some of the liquid transforms into a eutectic mixture of
Zr(β) and a ZrFe2-type phase; the latter phase is prob-

ably Zr(Fe,Cr)2 because ZrFe2 and ZrCr2 are mutually
soluble and form a continuous series of solid solutions
[11, 13–15]. The precipitation of the Fe- and Cr-rich
phase results in a relative Ni-enrichment of the remain-
ing liquid.

At ∼940◦C, cooling continues with the precipita-
tion of a Zr2Fe-type phase. This phase is probably the
Zr2(Fe,Ni)-type because of the relative enrichment of
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T ABL E VI Proposed solidification sequence in the as-Cast Zr-8SS
alloya

Temperature Alloy phases and proportion

∼1600◦C Liquid
∼1480◦C Liquid + Zr(β)
∼1020◦C Liquid + Zr(β) + Zr(Fe,Cr)2

∼940◦C Zr(β) − major + Zr(Fe,Cr)2 − minor + Zr2(Fe,Ni)
− minor + Zr2(Fe,Cr) − v.v. minor

∼910◦C Zr(β) − major + Zr(Fe,Cr)2 − minor + Zr2(Fe,Ni)
− minor + Zr2(Fe,Cr) − v.v. minor + Zr3(Fe,Ni)
− v.v. minor + Zr3(Fe,Cr) − v.v.v. minor

<795◦C Zr(α) − major + Zr(Fe,Cr)2 − minor + Zr2(Fe,Ni)
− minor + Zr2(Fe,Cr) − v.v. minor + Zr3(Fe,Ni)
− v. minor + Zr3(Fe,Cr) − v.v.v. minor

aPhase formation temperatures are approximate and based on data in the
Fe-Zr phase diagram [5].

Ni in the solidifying liquid. Furthermore, Zr2Fe and
Zr2Ni have the tetragonal Al2Cu-type (C16) structure
and form a continuous series of solid solutions at high
temperatures [16]. A small quantity of non-equilibrium
Zr2(Fe,Cr) may have formed at this time; note that
Zr2Cr is not observed in the Cr-Zr phase diagram [17].

The Zr(Fe,Cr)2 phase remains within the eutectic
structures (Figs 9 and 10) or is confined to areas along
the Zr(β)-Zr2(Fe,Ni) phase boundaries. At ∼913◦C,
the Fe-Zr phase diagram indicates that the Zr2Fe-type
phase will transform into a Zr3Fe-type phase. Sawicki
et al. studied the Zr2Fe-Zr3Fe peritectoid transforma-
tion in a single-crystal Zr-0.065 at.% Fe alloy and
showed that Zr3Fe formation is slow and limited by bulk
diffusion [18]. In the Zr-8SS alloy, the Zr2Fe-Zr3Fe
transformation is expected to be very slow; only a
very small fraction of Zr2(Fe,Ni) will transform into
Zr3(Fe,Ni) during cooling of the as-cast alloy. More-
over, the slow diffusion limits Zr3(Fe,Ni) to the outer
areas of the Zr2(Fe,Ni) phase. A very small quantity
of non-equilibrium Zr3(Fe,Cr) may also have formed
from Zr2(Fe,Cr) during this process.

At ∼795◦C, Zr(β) transforms into Zr(α). Several au-
thors have described this transformation in zirconium
alloys with small amounts of alloying elements [19–
23]. The Zr(β) phase transforms into Zr(α) by a marten-
sitic or bainitic transformation; martensitic transforma-
tion occurs for cooling rates exceeding ∼1500◦C/s [24].
For lower cooling rates, lath-like Zr(α) nuclei originate
from the Zr(β) grain boundary and extend towards the
grain center. Betagenic elements (such as Fe, Cr, and
Ni) diffuse from the α nuclei to the untransformed β

phase. On solidification, the alloy microstructure con-
tains colonies composed of parallel laths with the inter-
metallic precipitates localized at the lath boundaries.

Lath-like structures were not observed in the as-cast
Zr-8SS alloy (see Figs 6–8, 11). Furthermore, the Fe,
Cr, and Ni solute elements did not segregate to β−α

boundaries, as commonly observed in Zircaloys. The
diffusion process that led to the formation of Zr(α) ap-
pears to have resulted in the formation of relatively
solute-rich regions (gray contrast) and solute-poor re-
gions (light contrast) observed in the primary Zr(α) (see
Figs 6 and 7). Some of the solute-rich regions under-
went phase transformation, which explains the small

amounts of Zr3(Fe,Ni) and Zr(Fe,Cr)2 observed within
the primary Zr(α) features (Figs 7 and 8).

4.2. Phase changes on thermal aging
The phases in the aged Zr-8SS alloy are Zr(α),
Zr3(Fe,Ni), Zr2(Fe,Ni), and the Zr(Fe,Cr)2 inter-
metallic. The Zr3(Fe,Cr) and Zr2(Fe,Cr) phases are
metastable and not present in the aged alloy. Tables II
and III show that thermal aging results in a decrease of
the Zr2(Fe,Ni) phase and an increase in the amount of
Zr3(Fe,Ni). The micrographs of the aged alloy show that
the amount of Zr3(Fe,Ni) increases both between and
within the primary Zr(α) features. The small decreases
in the amount of Zr(α) and the Zr(Fe,Cr)2 intermetallic
are within the experimental uncertainty of the neutron
diffraction measurements.

The following mechanisms may explain the phase
changes observed during thermal aging. The metastable
Zr3(Fe,Cr) and Zr2(Fe,Cr) phases, present between the
primary Zr(α) features, transform into Zr(Fe,Cr)2 ac-
cording to:

Zr3(Fe,Cr) = 0.5Zr(Fe,Cr)2 + 2.5Zr(α) (1)

Zr2(Fe,Cr) = 0.5Zr(Fe,Cr)2 + 1.5Zr(α) (2)

Since the Zr3(Fe,Cr) and Zr2(Fe,Cr) content in the as-
cast alloy is small, the amount of Zr(Fe,Cr)2 generated
during the transformations is very small and is not de-
tected by the diffraction measurements. A relatively
larger amount of Zr(α) is created during the transfor-
mations, which reacts with some of the Zr2(Fe,Ni) to
form Zr3(Fe,Ni):

Zr2(Fe,Ni) + Zr(α) = Zr3(Fe,Ni) (3)

This may explain the observed decrease in Zr2(Fe,Ni)
content and the increase in Zr3(Fe,Ni) content between
the primary Zr(α) features.

Sawicki et al. [18] noted a strong barrier to the nu-
cleation of Zr3Fe within the Zr(α) matrix in a Zr-0.065
at.% Fe alloy. In the Zr-8SS alloy, however, the super-
saturation of solute elements provides a strong driving
force for Zr3(Fe,Ni) formation, which could result in
the observed increase within the primary Zr(α) matrix
(see Fig. 12). The creation of Zr(α) during the decom-
position of the Zr3(Fe,Cr) and Zr2(Fe,Cr) phases and
the consumption of the phase during Zr3(Fe,Ni) forma-
tion may result in the very small net decrease in Zr(α)
content, shown in Tables II and III.

The thermal aging results in a coarsening of the
Zr(Fe,Cr)2 intermetallic (compare Figs 13 and 11).
Bangaru (Rao) also reported a coarsening of intermetal-
lic particles during high-temperature alpha-phase an-
nealing of Zircaloy-4 [23]. The driving force for particle
coarsening comes from the need to lower the interfa-
cial energy [25] and reduce the solute supersaturation
of Fe and Cr both within and between the primary Zr(α)
features.

4.3. Comparison of lattice parameters
Table VII compares the lattice parameters measured
in the aged Zr-8SS alloy with those of similar phases
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T ABL E VII Comparison of lattice parameters (nm) measured in Zr-8SS alloy (aged at 780◦C, 30 days) with literature values

Phase in Zr-8SS Ingot Measured Literature Comments [reference]

Zr(α) a = 0.3234 a = 0.3233 Zr(α) [26]
c = 0.5155 c = 0.5149

Zr3(Fe0.83Ni0.17) a = 0.3326 a = 0.332 Zr3Fe0.61Ni0.39 in
b = 1.0973 b = 1.099 Zr-0.17Fe-0.17Ni alloy [27]
c = 0.8829 c = 0.881

a = 0.3324 Zr3Fe [28]
b = 1.0990
c = 0.8810

Zr2(Fe0.83Ni0.17) a = 0.6461 a = 0.65 Zr2Fe0.6 Ni0.4 in Zircaloy-2 [29]
c = 0.5435 c = 0.53

a = 0.651 Zr2Fe0.5 Ni0.5 in Zircaloy-2 [30]
c = 0.541
a = 0.66 Zr2Fe0.54Ni0.46 in Zircaloy-2 [27]
c = 0.55
a = 0.6385 Zr2Fe [16]
c = 0.5596

Zr1.02(Fe0.61Cr0.36Mn0.03)1.98 a = 0.5034 a = 0.504 Zr(Fe0.4Cr0.6)2 in Zircaloy-2 & 4
c = 0.8244 c = 0.816 [30]

a = 0.51 Zr(Fe0.45Cr0.55)2 in Zircaloy-2 [29]
c = 0.83
a = 0.5019 Zr(Fe0.6Cr0.4)2 [31]
c = 0.8226

reported in the literature. The parameters of Zr(α) are
slightly larger than those measured in pure zirconium
[26]; this may be attributed to the presence of solute
elements within the Zr(α) phase.

The Zr3Fe phase observed in the Zr-8SS alloy ex-
hibits a relatively high solubility for nickel. This high
solubility was also observed by Kruger and Adamson
in a Zr-0.17Fe-0.17Ni alloy [27]. However, the calcu-
lated Fe-Ni-Zr ternary phase diagram [12] suggests that
the Zr3Fe phase has a low Ni solubility, probably be-
cause Zr3Ni does not form in the Ni-Zr binary [32]. In
the Zr-8SS alloy, the lattice parameters of Zr3(Fe,Ni)
are similar to those reported for Zr3Fe [28], except for a
slightly larger c parameter. A conclusive determination
of nickel influence on Zr3Fe lattice parameters cannot
be made from our data.

The Fe-Zr phase diagram (Fig. 3) indicates that Zr2Fe
is stable only above 775◦C. However, Zr2Ni is known
to be a stable compound at room temperature [32]. The
Zr2Ni structure allows for Fe substitution at more than
80% of the Ni sites in the Zr- 8SS alloy. The Fe:Ni ratio
in the resulting Zr2(Fe,Ni) phase is greater the ratios
observed for the phase in Zircaloys (see Table VII),
probably because of the relatively higher Fe:Ni ratio in
the bulk Zr-8SS alloy.

The lattice parameters of Zr2(Fe,Ni) in the Zr-8SS
alloy are comparable to those reported by various in-
vestigators [16, 27, 29, 30]. A comparison with Zr2Fe
lattice parameter data indicates that the presence of Ni
increases the a parameter and decreases the c parame-
ter of the phase. A similar observation was reported by
Havinga et al. [16], who studied several pseudo-binary
compounds with the CuAl2-type crystal structure.

The lattice parameters of the ZrFe2-ZrCr2 quasi-
binary system have been measured by many investi-
gators [13–15, 29–31]. Both ZrFe2 and ZrCr2 have
the C15 (cubic) structure, but Zr(Fex Cr1−x )2 alloys
with 0.1 ≤ x ≤ 0.8 have the C14 (hexagonal) crys-
tal structure. Increasing the chromium content of

the Zr(Fex Cr1−x )2 alloys increases both the a and c
lattice parameters of the C14 structure. The measured
lattice parameters of the C14 intermetallic in the Zr-8SS
alloy are generally in agreement with values reported
in the literature.

5. Summary
The microstructures of as-cast and thermally aged
Zr-8SS alloys were studied by neutron diffraction, scan-
ning electron microscopy, and energy dispersive spec-
troscopy. The phases observed in as-cast alloys were
the solid-solution phase Zr(α) and the intermetallic
phases Zr3(Fe,Ni), Zr3(Fe,Cr), Zr2(Fe,Ni), Zr2(Fe,Cr),
and Zr(Fe,Cr)2. Thermal aging at 780◦C for 30 days
resulted in an increase in Zr3(Fe,Ni) and a decrease in
Zr2(Fe,Ni) phase content. The non-equilibrium phases,
Zr3(Fe,Cr) and Zr2(Fe,Cr), were absent in the aged sam-
ple. The measured phase lattice parameters were com-
parable to those reported for similar phases in the liter-
ature. A solidification sequence has been proposed to
explain the as-cast alloy phases, and mechanisms have
been proposed to explain the phase changes observed
during thermal aging.
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A. P E R C H E R O N -G U É G A N , J. Alloys Comp. 210 (1994) 129.
32. P . N A S H and C. S . J A Y A N A T H , Bull. Alloy Phase Diagrams

5 (1984) 144.

Received 24 October 2000
and accepted 25 July 2001

5154


