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Abstract

Solidus temperatures have been measured for a series of Zircaloy-4/oxygen alloys, ranging from as-received
(nominally O-free) Zircaloy to O-saturated Zircaloy. The data were obtained using a pyrometer-based differential
thermal analysis technique. The results are in broad agreement with generally accepted values for the binary Zr-O
system, except that there is a slight reduction in the solidus temperatures, caused by the presence of Sn, Fe and Cr in the
pseudo-binary Zircaloy—O system. The solidus for O-saturated Zircaloy occurs at 2318 = 20 K, which is 145-185 K
higher than the value assumed in many fuel-safety assessments. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

The ability of Zircaloy-4 (Zry) cladding to accom-
modate significant amounts (~29 at.% or ~7 wt% at
room temperature) of oxygen in solid solution is well
known. There are, however, no published data for the
solidus and liquidus temperatures of Zry(O) alloys. The
solidus temperatures are of particular importance for
interpreting and modeling core-melt progression phe-
nomena, because formation of a liquid phase would
cause a significant increase in the rate of subsequent fuel/
cladding reaction. For this reason, a subroutine relating
the Zry/O solidus temperature to the cladding oxygen
content is incorporated in many severe fuel damage
(SFD) codes.

One reason for the lack of Zry(O) melting data is the
practical difficulty in performing the measurements,
caused by the high chemical reactivity of molten Zr al-
loys towards most refractory container materials. Mol-
ten Zry will alloy with all refractory metals, and will
react with carbide, nitride and boride ceramics to form
ZrC, ZrN and ZrB,, respectively. It also reacts with
most oxide ceramics, e.g. thoria, forming mixed-cation
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ceramics of the type (Th, Zr)O,_,. Stabilised ZrO, is
dissolved by molten Zry to form o-Zr(O) and ZrO,_, in
quantities dictated by the starting-material amounts.
Although yttria does not dissolve in molten Zry, it
nevertheless turns black, suggesting that the oxide be-
comes hypostoichiometric from O-diffusion into the
melt.

In the absence of direct measurements with Zry/O
alloys, many SFD safety assessments use melting data
for Zr-O to simulate those of Zry—O. This approach
ignores the influence of the Zry alloy elements (~1.5%
Sn, 0.2% Fe, 0.1% Cr) on melting properties. The low
concentration of these elements is still sufficient, how-
ever, to reduce the melting point of pure Zr from 2128 K
[1] to a value of ~2033 K for O-free Zry. It would,
therefore, be reasonable to expect similar reductions in
the solidus, liquidus and peritectic reaction temperatures
of Zry(O) alloys, compared to those of Zr(O), provided
that the alloy elements remain in solid solution during
Zry oxygenation.

A further complication is the lack of general agree-
ment on solidus and liquidus temperatures in the Zr-O
system. For example, published values for the solidus
temperature of O-saturated Zr vary between 2173 [2,3],
2273 [4] and 2338 K [5]. The MATPRO library [6] lists a
value of 2173 K for the solidus temperature of O-satu-
rated Zry, presumably based on the earlier Zr—O results
[2,3]. Other proprietary data compilations quote solidus
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temperatures for O-saturated Zry ranging from 2133 to
2338 K.

To fill this gap in the SFD data base, we have per-
formed measurements of the solidus temperatures for a
series of Zry(O) alloys, ranging from as-received (nom-
inally O-free) Zry to O-saturated Zry. The data were
obtained using a pyrometer-based differential thermal
analysis (DTA) technique, referred to below as PDTA.
For reasons discussed in Section 2.2, the PDTA tech-
nique did not allow the liquidus temperatures to be ac-
curately determined. As noted above, however, the
solidus temperatures are more significant for SFD
modeling.

2. General aspects of pyrometric DTA measurements

The PDTA technique is similar in principle to con-
ventional (thermocouple-based) DTA, and is used to
measure the temperature at which a first order transition
occurs during heating or cooling of a material under
investigation. First order transitions are indicated by a
discontinuous change in the Gibbs free energy function,
and include melting, freezing and crystallographic
transitions.

2.1. Measurement procedure

The PDTA technique involves heating or cooling a
specimen of the material under investigation, together
with an inert black-body material, at a fixed rate, while
simultaneously recording the specimen and black-body
temperatures with dual-wavelength pyrometers. The
temperature difference between the specimen and the
black-body cavity (AT ) is plotted against the black-
body cavity temperature (7}p). A first order transition is
shown as peak in the trace, produced by the exothermic
or endothermic reaction and/or a change in emissivity.
As with conventional DTA, the technique works best
when the trace does not contain multiple peaks from
several closely spaced transitions. A typical procedure is
as follows.

The specimen under investigation is placed on top of,
or within, a black-body material, such as graphite or
silicon carbide. Alternatively, the specimen may be lo-
cated in a thin-walled ceramic crucible on top of a block
of a refractory material (e.g. Mo, Ta or W) that contains
a black-body cavity. The specimen/black-body assembly
is positioned in the hot zone of a tungsten resistance
furnace, with temperature control being provided by a
Type C thermocouple coupled to a programmable con-
troller. A dual wavelength pyrometer is focused on the
specimen through a silica-glass window in the furnace
roof. A second dual wavelength pyrometer is focused on
the black body through a second window in the furnace
sidewall, with the pyrometer emittance-ratio slope (E-

slope) adjusted to the setting appropriate for a black
body. The outputs from both pyrometers are recorded
with a computer-based data acquisition system.

The furnace is initially evacuated and back-filled with
ultra-high-purity (UHP) argon. The specimen is then
heated to a temperature at the bottom end of the range
in which measurements are to be made, and held at this
temperature for a short time (1-2 min) to allow the
specimen and black body temperatures to reach equi-
librium. After this time, an empirical correction for
specimen emissivity is made by adjusting the E-slope
potentiometer of the specimen pyrometer to bring the
recorded temperature into agreement with the temper-
ature measured by the black-body pyrometer. This ad-
justment is based on the assumption that the specimen
and black-body are at the same temperature.

The furnace is then programmed to heat each speci-
men/black-body assembly over the desired temperature
range at a fixed ramp rate, usually in the range 30-60 K/
min. The specimen and black-body temperatures are
simultaneously recorded during heating, and subse-
quently plotted as ATy, vs Tpp. The transition tem-
perature is determined from the plot by the procedure
described in Section 2.2.

The PDTA method has two main advantages over
thermocouple-based DTA. A wider range of heating or
cooling rates is possible because there is no thermal lag
between the specimen surface and the sensing device.
Furthermore, measurements can be made at much
higher temperatures than would be possible with ther-
mocouples. On the other hand, any changes in specimen
emissivity will produce errors in the pyrometer mea-
surements. These errors are minimised, however, by
using dual wavelength pyrometers and a black body as
the reference specimen.

2.2. Interpretation of results

The quantity of heat required to convert a material
from solid to liquid (the heat of fusion) causes a thermal
arrest in the plot of specimen temperature versus time,
giving rise to an endothermic peak in the ATy, vs Tip
plot. A material that melts congruently (i.e. forms a
liquid of the same composition), such as an element, a
fixed-stoichiometry compound or a eutectic composi-
tion, gives a sharp endothermic peak because the entire
heat of fusion is absorbed at one temperature. For ex-
ample, in Fig. 1(a), which shows a sketch of part of the
Zr—O binary phase diagram [7], the melting of O-free Zr
occurs at Tp,. A schematic DTA trace for O-free Zr is
illustrated in Fig. 1(b), showing the endothermic peak
produced by melting. The melting point is given by the
point where the trace departs from the baseline to form
the endothermic peak, and is referred to as the peak-
onset temperature. The specimen melting temperature
(T is given by ATy, + Thp.



296 P.J. Hayward, I. M. George | Journal of Nuclear Materials 273 (1999) 294-301

liquidus.

liquid

liquidus

) PO TR S
Ty
/ solidus a+f
Tm p-2 a-Zr
- Zr
(a)
0 A 2
Zr Atom % Composition, O —®
Exo- Zr(0) + liquid
thermic | o 2O ¢ )* a liquid
’ v
AT |
. I
+ zr __solid | liquid
|
Endo- | :
thermic : I
A (b)
Tm T1 TZ
Temperature

Fig. 1. Use of PDTA for determination of solidus temperatures:
(a) sketch of part of the Zr-O system, showing liquidus and
solidus lines; (b) schematic PDTA traces for Zr and for com-
position A during heating.

In practice, the temperature of the specimen interior
will always lag behind that of the surface during heating,
causing the peak to widen and to return to the baseline
only after the entire specimen has melted. Thus, with a
large specimen or high heating rate, the increased ther-
mal lag will produce a broader peak of lower amplitude.
It follows that the peak width and the temperature at the
peak maximum are functions of specimen size and
thermal conductivity, and have no fundamental mean-
ing. The peak-onset temperature, however, remains un-
changed, although the point at which the trace departs
from the baseline becomes progressively more difficult to
determine as the peak becomes broader.

In the case of a material that melts incongruently (i.e.
forms a liquid of differing composition), melting occurs
over a temperature range bounded by the solidus and
liquidus lines, as illustrated in Fig. 1(a) for the Zr-O
system. Thus, the heat of fusion is, in effect, spread out
over this temperature range. Consequently, the endo-
thermic DTA peak during heating becomes broader and
shallower, making the peak-onset temperature harder to
identify. These features are shown for composition A in
Fig. 1(b). The DTA trace returns to the baseline when
the material is fully liquid. However, because the peak
width and amplitude are also influenced by thermal lag

effects, only the solidus temperature can be precisely
determined from the trace.

3. Experimental
3.1. Preparation of Zryloxygen alloy specimens

The Zry(O) specimens were prepared from 2.5 mm
thick slices cut from 6.35 mm diameter Teledyne Wah
Chang Zircaloy-4 rod. The manufacturer’s ingot ana-
lyses gave a mean composition (wt% F2a) as follows:
Sn, 1.41 £ 0.09; Fe, 0.22 £ 0.01; Cr, 0.11 £ 0.01; O,
0.13 £ 0.04; Zr, balance. Each slice was individually
oxidized to a target O content by heating in a thermo-
balance to 1673 K under an atmosphere of flowing Ar/
1% O,, using an yttria disc to support the specimen
during oxidation. When the desired weight gain had
been achieved, the atmosphere was switched to flowing
UHP argon, and the specimen was held at 1673 K for up
to 4 h to allow partial homogenization by O diffusion.
Oxygen contents were calculated from the final weight
gains of the cooled specimens, assuming an initial 0.13
wt% O content before oxidation.

To complete the homogenization process, the speci-
mens were then re-annealed in yttria crucibles at 1923 K
for 4 h, using a tungsten resistance furnace and an at-
mosphere of flowing UHP argon. This heat-treatment
was selected on the basis of O-diffusion calculations,
using Fick’s law solutions given in Ref. [8] and O-dif-
fusion coefficients for a-Zr(O), B-Zr and ZrO, obtained
from the FROM.SFD/Mk2 code [9]. The annealed
specimens were subsequently used for the PDTA mea-
surements.

A parallel set of Zry(O) control specimens, spanning
the entire range of desired O contents, was also prepared
by identical methods to confirm that the oxidation and
annealing procedures had produced suitably homoge-
neous specimens. The cooled specimens were sectioned
along the cylinder-axis plane. One half of each specimen
was polished to a 1 um finish and then etched for 5-10 s
in a 47% HNO3, 47% lactic acid, 6% HF acid mixture to
enhance topographical relief. The etched specimens were
examined by optical microscopy and by scanning elec-
tron microscopy (SEM). Some energy dispersive X-ray
(EDX) analyses were also performed on local regions
within each specimen. The remaining half was dissolved
in a HNO3/HF acid solution and analyzed for Zr, Sn, Fe
and Cr by inductively coupled plasma (ICP) emission
spectrometry to check for loss of volatile elements dur-
ing annealing.

3.2. PDTA measurements

The procedure was broadly similar to that used for
previous measurements of the P/B + y eutectoid
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isotherm temperature in ZrO,_, [10]. Several changes to
the specimen/black-body configuration were made, how-
ever, to minimise any high temperature reaction between
the Zry(O) alloy charges and their containers, and also
to remove traces of residual air from the system.

Each Zry(O) specimen was contained in a crucible
machined from a 13 mm side cube of high density
graphite. The crucible cavity was produced by drilling
an 8 mm diameter hole to a depth of ~8 mm, with the
conical cavity bottom (formed by the drill tip) having an
angle of ~120°. The 6.35 mm diameter specimen was
placed in the cavity with the orientation shown in Fig. 2,
a schematic diagram of the test assembly. Thus, the
specimen/crucible contact during heating was restricted
to the bottom circumferential edge of the specimen,
thereby minimising any possibility for diffusion-based
interaction prior to melting of the Zry(O) charge.

The Zr-C binary phase diagram [1] shows no solu-
bility of C in Zr below 2078 K and only limited solubility
at higher temperatures. The only compound formed in
this system is ZrC, which, with a melting temperature of
>3800 K, would remain solid during the PDTA mea-
surements. Hence, no significant Zr/C interaction during
heating was anticipated using this crucible/specimen
design.

The graphite crucible and alloy charge were placed
on top of an upturned thin-walled molybdenum cruci-
ble, which provided thermal insulation from the furnace
stage and brought the square side of the graphite cru-
cible into the line of sight of the side pyrometer. A
similar pyrometer was focussed on the Zry(O) specimen
through a silica-glass window in the furnace roof.

The furnace was initially evacuated to <10~ Torr,
using an oil-diffusion pump with a backup rotary pump,
followed by heating to 773 K with the diffusion pump
still running to thoroughly de-gas the system. The fur-
nace was then back-filled with UHP argon that had been
passed through an oxygen-scavenging cartridge to re-
duce oxygen impurities to <1 ppm. In later experiments

Sample pyrometer Tungsten
heat shield
UHP argon / TI:ngstert]
atmosphere elemen
Graphite
black body Black body
pyrometer

Tungsten
pedestal

Fig. 2. Schematic diagram of PDTA specimen configuration.

with Zry(O) specimens containing <17 at.% O, the
evacuation/back-filling procedure was performed three
times at 1023 K to minimise any trace quantities of air
and water vapour remaining in the system. After the
final back-filling, a UHP argon flow of ~16 ml s~! was
maintained through the furnace chamber.

Each PDTA run was performed by heating the
specimen rapidly to 1973 K, holding at this temperature
for ~1 min to allow the specimen and black-body tem-
peratures to reach equilibrium. The isothermal heating
time was kept as short as possible to minimise any Zry/C
interaction. After this time, the E-slope potentiometer of
the specimen pyrometer was adjusted to bring the
measured temperature into agreement with the black-
body temperature, and the data acquisition system was
turned on. The specimen temperature was then raised at
a rate of 1 K/s, while the pyrometer readings were re-
corded at 1 s intervals. The run was terminated when the
specimen temperature had reached ~150 K beyond the
expected solidus temperature.

During most of the runs, the specimen was simulta-
neously observed through the upper pyrometer sighting
lens. In this way, it was possible to identify the precise
moment at which the specimen started to melt. The
observations provided a useful check on the PDTA re-
sults, and were essential for correct interpretation of
several of the more complex PDTA traces, as discussed
below.

The PDTA traces from experiments with specimens
of relatively high O contents (>17 at.%, i.e. lying in the
a-Zr(O) field) generally gave uncomplicated traces and
broad endothermic peaks. However, the traces from
specimens with lower O contents (i.e. lying in the B-
Zr(0O) or [a-Zr(O) + B-Zr(O)] fields) often exhibited a
series of endothermic and exothermic peaks. It was im-
possible to ascertain from the trace which of these peaks
corresponded to the onset of melting. In these cases, the
parallel observations through the pyrometer sighting
lens allowed the PDTA peaks to be individually corre-
lated with the following sequence of phenomena during
heating:

1. for specimens with O contents of ~10-17 at.%, trans-
formation of coexisting o-Zr(O) + B-Zr(O) to B-
Zr(0), producing an endothermic peak;

2. rapid grain growth as the melting point was ap-
proached, also giving a change in specimen emissivity
and producing an exothermic ‘hump’ or peak;

3. initial melting of the specimen, with the molten phase
running down the specimen walls to leave the remain-
ing solid specimen exposed. This phenomenon typi-
cally produced a series of endothermic peaks, with
the first peak representing the onset of melting and

4. final melting, with the specimen forming a concave
pool in the bottom of the crucible, causing a large
change in specimen emissivity and an apparent large
exothermic peak.
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Fig. 3. PDTA trace for Zry/10.4 at.% O specimen showing se-
quence of events during heating: (a) transformation of [o-
Zr(0) + B-Zr(0)] to B-Zr(O), producing an endothermic peak;
(b) rapid grain growth as the melting point was approached,
releasing heat and also causing an emissivity change; (c) initial
melting, with the molten phase running down the specimen
walls to leave the remaining solid specimen exposed; (d) melting
of underlying material and (e) final melting and relocation to
the bottom of the crucible, producing a sudden change in em-
issivity and a large exothermic peak.

Fig. 3 shows a typical trace for a Zry/10.4 at.% alloy,
with the individual reaction stages identified.

In most cases, therefore, it was possible to identify
which endothermic peak in a PDTA trace was caused by
the onset of melting. The technique did not allow the
liquidus temperatures (stage (iv) in the above sequence)
to be measured, however, because of the significant
change in specimen emissivity once melting had com-
menced. Consequently, only the solidus temperatures
are reported below.

3.3. Temperature calibration

Both pyrometers used in this study had been factory
calibrated using a black-body standard, with the cali-
bration accuracy and repeatability being +16 and +5 K,
respectively. Initial attempts were made to calibrate the
PDTA system by measuring the melting point of Zr
crystal bar specimens. These attempts failed because of
very rapid and extensive grain growth just prior to
melting, which produced an exothermic peak that
completely obscured the subsequent endothermic peak
caused by melting.

The system was, therefore, calibrated by repeated
melting point determinations with a pure Pt specimen,
contained in a thin-walled Y,O; crucible on top of the
graphite black body to avoid Pt-C reaction. Thermal
cycling of the specimen within the temperature range
1973-2173 K gave peak-onset temperatures during
heating of 2035, 2031, 2048 and 2033 K. The mean value
1245 of 2037 £ 15 K for the Pt melting point is in good
agreement with the literature value of 2042 K [1].
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Based on these calibration results, it seems reason-
able to take the £16 K calibration accuracy of the py-
rometers as the maximum error in temperature
measurement, ;. There are two further sources of un-
certainty: (i) &, the error in determining the point of
departure of the peak from the extrapolated baseline,
estimated to be +5 K, and (ii) &3, the error arising from a
change in specimen emissivity produced by grain growth
immediately prior to melting, estimated to be +10 K.
Hence, combining these errors as +/(& + & + &%), we
estimate the overall uncertainty in the DTA solidus-
temperature measurements to be *20 K. This is a
maximum value, however, and the error in determina-
tions with specimens that showed clear melting-onset
temperatures would be somewhat lower. For example,
four determinations with as-received Zry gave a mean
solidus temperature *2¢ of 2035 £ 3 K, in excellent
agreement with the generally accepted melting temper-
ature of ~2033 K.
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Fig. 4. ICP results (wt% ratios) for Sn/Zr (diamonds), Fe/Zr
(squares) and Cr/Zr (triangles) in annealed Zry(O) specimens
versus oxygen content. Values for as-received Zircaloy-4 shown
as open symbols.

Table 1
Phase content of Zircaloy/oxygen alloys after annealing at 1923
K for 4 h

at.% O Phase content
6.3 Uniform prior-f Zr (Widmanstatten-structured)
7.0 Uniform prior-f Zr (Widmanstétten-structured)
12.5 a-Zr(O) matrix containing lamellae of prior-f Zr
13.4 o-Zr(O) matrix containing lamellae of prior-f Zr
15.3 a-Zr(O) matrix containing lamellae of prior-f Zr
19.9 Uniform o-Zr(O) matrix
22.7 Uniform o-Zr(O) matrix
28.2 o-Zr(O) matrix containing small isolated region of
ZI‘OZ
36.5 o-Zr(O) matrix containing regions of ZrO,
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Table 2
PDTA results for solidus temperatures

Composition (at.% O) Solidus (K)

Composition (at.% O) Solidus (K)

+20 K +20 K

As-received Zry 2034, 2034

0.74) 2037, 2036 Zry/11.2 2188
Zry/2.3 2070 Zryl/15.5 2207
Zry/3.7 2072 Zry/17.1 2301
Zryl5.5 2112 Zry/21.0 2327
Zry/8.0 2153 Zry/21.3 2358
Zryl8.7 2169 Zryl25.7 2328
Zry/9.1 2151 Zryl26.9 2337
Zry/9.9 2188 Zry/29.2 2321
Zry/10.2 2207 Zry/32.5 2318
Zry/10.4 2195 Zry/34.4 2318

4. Results
4.1. ICP analyses of annealed Zry(O) alloy specimens

The ICP results are plotted in Fig. 4 as the Sn/Zr, Fe/
Zr and Cr/Zr wt% ratios in the specimens versus the
nominal O contents. The ratios present in the Zry
starting material, calculated from the manufacturer’s
analysis, are also shown. The results indicate that there
was no significant loss of Sn, Fe or Cr during the oxi-
dation/annealing process.

4.2. Optical and SEM examinations of annealed Zry(O)
alloy specimens

Polarised-light microscopy on selected specimens

identified the phases listed in Table 1. Subsequent SEM/
EDX analyses confirmed the phase identifications, and
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Fig. 5. Plot of solidus temperature versus O-content in Zry(O)
alloys. Error bars are +20 K.

also revealed the presence of small inclusions of a Zr—
Sn—O phase at the margins of the ZrO, phase in the 28.2
and 36.5 at.% O specimens.

The Zr-O phase diagram [7] predicts formation of
the following phases at 1923 K: prior-p-Zr at less than 8
at.% O, coexisting prior-B-Zr and o-Zr in the range 817
at.% O, a-Zr in the range 17-29 at.% O, and coexisting
a-Zr and ZrO, at higher O contents. These predictions
are in good agreement with the phases in the annealed
specimens, indicating that the Sn, Fe and Cr content of
Zry has no major influence on the widths of the various
Zr-0O phase fields.
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Fig. 7. PDTA trace for Zircaloy/21.3 at.% O specimen.
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4.3. PDTA results for melting-onset temperatures

The raw AT, ., and Ty, data were each smoothed
using a 3-point moving-average procedure to minimise
background noise without shifting the peak position.
The peak-onset temperatures are listed in Table 2 and
plotted against Zry(O) oxygen content in Fig. 5.

'
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Fig. 8. PDTA trace for Zircaloy/29.2 at.% O specimen.

Figs. 6 and 7 show traces for as-received Zry and for
the Zry/21.3 at.% O specimen, respectively, in which the
peak-onset temperature is evident from the trace. Fig. 8,
the trace for the Zry/29.2 at.% O specimen, is an ex-
ample of a trace where the point of departure from the
baseline is difficult to ascertain precisely. In cases such as
this, the parallel observations of specimen melting were
used to confirm the peak-onset temperature.

5. Discussion

It is instructive to compare the PDTA results for
Zry-O alloys with the data of Ackermann et al. [5], who
used direct observation and a pyrometer-based temper-
ature-measurement system to determine the solidus,
liquidus and peritectic temperatures for Zr—O alloys.
Fig. 9 shows a schematic representation of part of the
Zr-O phase diagram, with our results compared with
theirs in the accompanying table.

Although there is reasonable agreement in the Zr-O
and Zry-O composition ranges for the various reaction
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B
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i Oxygen —
Point Reaction Reaction type Zr-0 Zry-0O pseudo-
binary binary
At% O T(K) |At.% O] T (K)
1 [p-zroL Melting (Zr) 0 | 2128 | 0.74 | 2035
Solidus (Zry) +20

2 |B-ZreL+a-Zr

Peritectic reaction 10.5 | 2243 | ~10.5 | 2203

+05 | +10 +20

3 |a-ZreL+a-Zr

Peritectic reaction 19.5 2243 | ~15.5 | 2203
isotherm

+2 +10 +20

4 |o-Zre L Congruent melting 25 2403 | ~22.5 | 2348
+1 +10 +20

5 |o-Zr +ZrO, <> L + o-Zr |Eutectic reaction 35 2338 | ~29.0 | 2318
isotherm +1 +5 +20

Fig. 9. Comparison of measured reaction temperatures and compositions with those in the Zr-O system (after Ref. [7]).
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types, the solidus temperatures of the Zry-O alloys are
somewhat lower than those of the corresponding Zr-O
alloys. This difference may be due to the influence of the
Zry alloy elements, especially Sn. An alternative expla-
nation, however, may involve the method used in [5], in
which ~200 mg samples of pre-oxidised Zr, contained in
high density ZrO, cups, were repeatedly heated and
cooled over the solidus-liquidus temperature range. An
insignificant amount of ZrO, solution in molten Zr(O)
was reported to have occurred during the 10-15 min
required for each set of melting/freezing observations.
This contention was supported by (i) the good repro-
ducibility of the results (within =3 K), and (ii) post-test
analyses of the Zr(O) samples, using a combustion-
based gravimetric method, which gave final O concen-
trations within 1-2 at.% of the starting compositions
(also measured gravimetrically).

The lack of ZrO, dissolution is somewhat surprising
because subsequent measurements of the dissolution
rate of high-density ZrO, in molten Zircaloy-4 [11,12]
have conclusively shown that rapid ZrO, dissolution
occurs at or above 2273 K, together with simultaneous
O diffusion from oxide to alloy. Thus, it seems reason-
able to suggest that the Zr(O) samples used in [5] may
have become further oxygenated during each measure-
ment by up to 1-2 at.%, i.e., within the error limits of the
analysis method. This uncertainty may be sufficient to
account for the different solidus temperatures listed in
Fig. 9 for the Zr—O and Zry-O systems, and makes it
impossible to definitely attribute any differences in soli-
dus temperatures to the influence of the Zry alloy
components (Sn, etc.).

It is beyond the scope of this report to consider the
implications of these new results on modelling of fuel-
assembly behaviour during a hypothetical SFD accident.
The relatively high temperatures of points 4 and 5 in
Fig. 9 are of particular note, however. The results indi-
cate that the solidus temperatures for O-saturated Zry
quoted in MATPRO [6] and other data compilations are

probably 145-185 K too low. We, therefore, recommend
a value of 2318 £ 20 K for the solidus temperature of O-
saturated cladding in future model revisions.
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