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The chemical interactions between Zircaloy-4 and stainless steel type 304 were
investigated in the temperature range from 1273 to 1573 K to obtain the basic
information on the melt progress in the fuel bundle during an LWR severe accident.
Reaction layers were formed at the contact interface and grew as the temperature
and the time increase. The Zircaloy was preferentially dissolved by the reaction. The
SEM/EDX analyses showed that the main process of the reaction was diffusion of Fe,
Cr, and Ni into the Zircaloy which resulted in the formation of a Zr-rich eutectic
through the tested temperature range. Reaction rates for decrease in the materials
thickness were evaluated and the reaction generally obeyed a parabolic rate law. The
reaction rate constant was determined at every examined temperature and
Arrhenius type rate equations were estimated for the temperature range.

Keywords: LWR, Severe Accident, Core Materials, Zircaloy, Stainless Steel, High
Temperature, Chemical Interaction, Eutectic Formation, Elemental
Analysis, Reaction Kinetics
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1. Introduction

Since the TMI-2 accident in 1979, degradation and melt progression in the LWR
fuel bundle during a severe accident has been investigated in the research reactors
[1-5]. Those experiments showed that core component materials melt and chemically
interact with each other to form low-melting-temperature liquid phases in the early
stage of the bundle degradation. Such liquid phases can dissolve the fuel rods far
below the melting temperatures of UO2 and Zircaloy. This might enhance dissolution
of the UOs2 fuel, resulting in the release of a large amount of fission products (FPs).
Therefore, the basic information on the core materials interaction as a function of
temperature and time has been necded for the severe accident analysis, and separate
effect tests in the laboratories have been performed mainly in Forschunszentrum
Karlsruhe and Japan Atomic Energy Research Institute [6,7].

Zircaloy and stainless steel are the major metallic components in an LWR core and
they keep compatibility during a normal operation. However, they thermodynamically
became unstable with each other as the temperature increases. Previous studies
reported that the two materials are diffusion-bonded above 1000 K [8,9], and they
form a Zr-rich eutectic above 1273 K [10]. The experiments on the bundle degradation
[1,2] showed the early failure of the control rod in the PWR type bundle under a
severe accident condition. The stainless steel is used as the cladding of a Ag-In-Cd
control rod in a PWR, and the Zircaloy is used as the guide tube for the control rod.
The failure was probably caused by the liquid phase formation between the stainless
steel cladding and the Zircaloy guide tube, since the Ag-In-Cd alloy does not react
with the stainless steel cladding [11].

The reaction layer growths in the Zircaloy and the stainless steel were measured,
and Arrhenius type rate equations were determined for the temperature range from
1273 to 1473 K in the study by Hofmann et al. [10]. Only this study have provided the
reaction kinetics which was essential to the severe accident analysis on the bundle
degradation among the previous investigations, because they examined the reaction in
a relatively higher temperature range. However, complete liquefaction of the specimen
occurred within a very short time above 1473 K due to the very high reaction rate.

[t is very important to obtain the reaction kinetics at higher temperatures, where
the reaction rate becomes high, for the bundle degradation analysis. Then, the
reaction between the Zircaloy and the stainless steel was examined and the reaction
kinetics were evaluated in a wider temperature range from 1273 to 1573 K in the

present study. The test results are described comparing with those obtained by
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Hofmann et al.

2. Material and experimental procedure

A reaction couple consisted of Zircaloy-4 (Zry) crucible and stainless steel type 304
(ss) pellet were used for the isothermal annealing tests. The chemical compositions of
Zry and ss are shown in Table 1, and the geometry of the reaction couple is
schematically shown in Fig.1. The ss pellet having the same diameter as the inner
diameter of the Zry crucible was pressed into the crucible to obtain a good contact
condition at the interface. The reaction couple was isothermally heated in an infrared
furnace under flowing argon. The annealing temperature ranged from 1273 to 1573 K,
and the annealing time ranged from 30 to 2.88x104 s (8 h). A rapid heat-up of 10 K/s
and short-time holding at a high target temperature were programmed and
successfully achieved. A Pt-Pt/13%Rh thermocouple was spot-welded on the bottom
surface of the specimen for both the control and the measurement of the temperature.
Annealing test with a dummy specimen showed that the temperature difference
throughout the reaction couple was less than 10 K. After the isothermal annealing,
the reaction couple was rapidly cooled in flowing argon, where the cooling rate in the
concerned temperature range was almost equivalent to the heating rate. The reaction
couple was vertically cut at its center line, then the cross section was mechanically
polished and chemically etched in a solution (55vol% CHsCH(OH)COOH, 19% HNOs,
19% H20, and 7% HF) for metallurgical examination. In addition, elemental analyses
were performed with a SEM/EDX (scanning electron microscope/energy dispersive

X-ray spectroscopy).

3. Results and discussion

3.1. Macroscopic observation

Figure 2 shows cross sections of reaction couples annealed at 1323 K for 7200 s,
1473 K for 600 s, and at 1573 K for 30 s. Reaction layers were formed between the ss
pellets and the Zry crucibles in these reaction couples. The ss pellet kept its original
position at 1323 or 1473 K, while it sank in the reaction layer at 1573 K. The densities
of the Zry and the ss are estimated to be about 6.4 and 7.5 g/m?® at the tested
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temperatures, and the reaction layer possibly has a medium density between the Zry
and the ss. Therefore, the observed position of the ss pellet in the reaction layer
suggests that viscosity of the reaction layer was high at 1323 or 1473 K, whereas it
was low at 1573 K. The figure also shows that the thickness of the reaction layer at
1323 K is nearly uniform, while that at 1473 and 1573 K changes at positions.,
Convection occurs in the liquid and it enhances dissolution of materials [12].
Therefore, it can be considered that convection occurred in the liquefied reaction
layers at 1473 and 1573 K and locally enhanced dissolution of the Zry and the ss to
form the non-uniform reaction layers.

Decrease in the Zry crucible thickness at the bottom side was 785, 1,030, and 1,183
pm respectively in the reaction couples annealed at 1273 K (7200 s), 1473 K (600 s),
and 1573 K (30 ). Namely, a larger amount of the Zry was dissolved within a much
shorter reaction time at higher temperatures, and this indicates apparent increase of
the reaction rate with the temperature increase. Comparison of decrease in thickness
of the Zry and the ss shows that Zry was preferentially dissolved. For example,
average decrease in the ss thickness was only 180 pm in the reaction couple annealed
at 1473 K for 600 s, while that in the Zry thickness was 1,030 pm. This observation
agrees with the result reported by Hofmann et al. [10].

3.2 Microscopic observation

3.2.1 Reaction at 1473 K

Figure 3 shows a microstructure of the reaction layer formed by the reaction at
1473 K for 600 s. In the optical microphotograph (Fig.3(a)), only one reaction layer
(Layer 1) is seen between the Zry and the ss. However, the SEM photograph (Fig.3(b))
shows that a very thin layer (Layers II) of 5 to 102 m thick were formed at the ss side.
Such a double layer structure was formed commonly in the reaction couples annealed
below 1473 K. The measurement of decrease in the materials thickness on the
macrophotograph (Fig.2) shows that the initial Zry/ss boundary was located close to
the Layerl/IT layer boundary in Layer I. Accordingly, most of layer I was formed in the
Zry, and Layer II and a part of Layer I was formed in the ss.

Results of the elemental analyses are shown in Table 2. The average composition of
each layer was determined by the ‘integral analysis for the whole layer thickness, and
the elemental concentration near the layer boundary was determined by the analysis

for the narrow area of approximately 10 pm X50 pm. The average composition of
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Layer 1 was ZrosFeo18CrooiNioosSnooiMnooi. The analysis data indicates that the
main components of the layer were Zr and Fe, and their ratio (Zr'Fe=81.5:18.5) was
close to a eutectic composition in the Zr-Fe system (Fig.4)[13]. The formation of the
Zr-rich eutectic formation explains the preferential dissolution of the Zry. Hofmann et
al.[10] explained that the main process of the of the reaction is diffusion of Fe, Cr, and
Ni into the Zry which resulted in the formation of a Zr-rich eutectic. As shown in
Table 2, the identical composition was found in the most part of Layer 1 except for the
region adjacent to the Layer I/Il boundary. The uniform elemental distribution
suggestes that the layer was a liquid phase and mixing occurred by convection. In the
narrow region adjacent to Layer IT which is shown as Region ‘C’ in Fig.3(b), the
concentrations of Zr and Ni decreased and those of Fe and Cr increased (Table 2). The
composition of this region was estimated to be ZrossFeo30Cros2 Mno.oz2Nioo1. The phase
diagram of the Zr-Fe-Cr system [14] shows that the phase with the estimated
composition is Zr(Cr,Fe)2 at 1273 K. However, it is unknown whether Zr(Cr,Fe): is
stable at 1473 K, since the ternary phase diagram is not available for that
temperature. The binary phase diagrams of the Zr-Cr and Zr-Fe systems[13] show
that solid ZrCrz and ZrFe2 phases are stable up to about 1900 K. Therefore, it is likely
that Region ‘C’ was solid Zr(Cr,Fe)z at 1473 K. Various shapes of precipitates are seen
in Layer I as shown in Fig.3(a) and 3(b). [t was shown in the previous study[10] that
they are Zra(Fe,Cr), Zr(Fe,Cr), and Zrz(Fe,Ni) which were formed when the liquid
Zr-Fe-Cr-Ni alloy resolidified.

Layer 1T consisted mainly of Fe and Cr, and it contained a small amount of Zr, Ni,
and Mn. This layer was possibly formed in the ss region by interdiffusion of elements.
The lowest liquidus temperature of the Fe-Cr binary system is higher than 1770 K[15].

Thus, this layer II is considered to have been solid at the tested temperature.

3.2.2 Reaction at 1623 K

Figure 5(a) shows a microstructure of reaction layers formed by the reaction at
1523 K for 60 s. Two layers, thicker Layer I and thinner layer II, were formed at the
interface. The thickness of Layer 11 relative to Layer [ increased at this temperature.
Figure 5(b) shows a SEM image of the reaction layers adjacent to the ss. The dendritic
structure is seen in Layer I and this clearly indicates that the layer was liquefied at
1523 K. The elemental analysis (Table 3) showed that the average composition of
Layer 1 was nearly equal to the eutectic composition of the Zr-Fe system. Therefore, it
can be considered that the main process of the reaction was the formation of the

Zr-rich liquid phase at this temperature. Although the elemental analysis (Table 3)
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showed that Layer I was homogeneous in most of the thickness, the narrow region
consisted of Zr(Cr,Fe): was found adjacent to Layer II (shown as Region D’ in the
figure) also at this temperature.

The microstructure of Layer 11 differed from that below 1473 K (Fig.3(b)). The layer
had grain boundaries which were preferentially dissolved by the chemical etching and
seemed as stringers. The results of elemental analysis of Layer II are shown in Table
3. The average concentration of the layer was nearly equal to that of the ss. In
contrast, the grain boundary in Layer II had a high Zr concentration. Zr might diffuse
mainly through the grain boundary, or diffused Zr might be concentrated in the grain

boundary during the cooling process.

3.2.3 Reaction at 1573 K

Figure 6 shows a microstructure of the reaction layers formed by the reaction at
1573 K for 30 s. Layer I exhibited quite a different microstructure from that formed
below 1523 K, and the microstructure it changed in the thickness. Then, the
elemental analyses were performed for seven small regions as shown with numbers in
the figure, and the results are shown in Table 4. Region 1 through 3 had the
composition seen in Layer I formed below 1523 K. This shows that the Zr-rich eutectic
formation occurred at every examined temperature up to 1573 K, though the relative
area in the total reaction layer thickness became smaller at 1573 K. Comparison of
the elemental compositions at different positions shows that the concentrations of Zr
and Sn decreased and those of Fe, Ni, Cr, and Mn increased as the location of the
analyzed region was closer to the Layer II. A liquid alloy having concentration
gradients of elements could be solidified into those regions during the cooling process.
Region 6 and 7 close to Layer 1l showed apparently the microstructure of the
resolidified melt and the layer consisted of Fe and Cr with a certain amount of Zr, Ni,
and Mn. This indicates that an (Fe,Cr)-rich eutectic was partly formed between the
Zry and the ss at 1573 K.

Layer II at the ss side had the relatively round grains. However, the elemental
analysis showed that this layer was the same as that formed at 1523 K, and it

contained Zr-rich stringers.

3.3. Evaluation of reaction rate

To evaluate the reaction rate, the decrease in the Zry crucible thickness at the

bottom side and the decrease in the ss pellet thickness were measured on the macro
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photographs of vertically cut cross sections of reaction couples. As seen in Fig.2,
thickness of the reaction layer on the observed specific surface was not uniform,
especially in the reaction couples annealed at higher temperatures. Then, the residual
cross sectional area of the Zry and the ss was measured with an image analyzer to
obtain the average value of decrease in their thickness. Decreases in the Zry and the
ss thickness are plotted as a function of square root of isothermal annealing time in
Fig.7. The tendency lines were determined by the least squares method. Since a linear
relationship was generally seen at every test temperature for the tested time range, a
parabolic rate law was used to describe the progression of the reaction. The obtained
rate constant in the present study is not ‘the parabolic rate law constant in a strict
sense, since very complicated reaction process including the formation of the liquid
phases are involved in the reaction. lHowever, it is very useful and necessary to
evaluate reaction kinetics for predicting the possible reaction between core materials
in a severe accident. Therefore, the reaction rate constant, which corresponded to the

slope of the line in the figure, was calculated at every tested temperature.

The calculated reaction rate constants for decreases in the Zry and the ss thickness
are summarized in Table 5, and plotted as a function of the reciprocal temperature in
Fig.8. The results of the present study are shown with closed and open circles.
Although some deviations are seen, the temperature dependence of the reaction rate
constants could be represented by a single line for decreases in the Zry and the ss
thickness, respectively. Although the (Fe, Cr)-rich eutectic was partly formed in the
reaction layer at 1573 K in addition to the Zr-rich eutectic formation, it had no
influence on the reaction kinetics for the examined temperature range. Consequently,
Arrhenius type rate equations for decrease in the Zry and the ss thickness are as
follows:

for decrease in the Zry thickness:

x2/t [m2/s]=3.11 X 109 exp(-496000/RT), 1273 to 1573 K
for decrease in the ss thickness;
x2/t [m2/s}=1.79 X 108 exp(-445000/RT), 1273 to 1473 K
where x is decrease in the Zircaloy and the ss thickness, t is time, R=8.314 J/mol K, T

is given in K, and the activation energies in J/mol.

The ss pellet often sank in the reaction layer and was dissolved from both the top
and the bottom sides at 1523 and 1573 K as seen in Fig.2. Since the beginning of the

dissolution at the top cannot be specified, the reaction rate evaluation was not done
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for decrease in the ss thickness at those two temperatures.

The data obtained by Hofmann et al.[10] is also plotted as a dotted line in the
figure for comparison. They showed higher reaction rate constants above 1373 K for
the Zry dissolution and lower rate constants below 1423 K for the ss dissolution, and
the gradient of the temperature dependence is steeper. There are some possible
reasons for the discrepancy between two experiments. They determined the reaction
kinetics by measuring the maximum reaction layer growth in the Zry and the ss. As
the thickness of the reaction layer was not uniform at high temperatures as shown in
Fig.2, it is natural that their study tend to show high reaction rate constants at high
temperatures.

One of the major differences in experimental procedures is the heating method. An
electric resistance furnace was used in Hofmann's experiments and the heating rate
was relatively low, then they started to count the isothermal annealing time when the
temperature of a specimen reached 20 K below the predetermined annealing
temperature[10]. On the other hand, the holding time at the target temperature was
accounted for the isothermal annealing time in the present study in which a rather
higher heating rate was achieved by the infrared furnace. Then, the same isothermal
annealing condition experimented by us and Hofmann et al. does not mean the same
temperature and holding time. The difference can be larger at higher temperatures
where the reaction rates are very high, which leads to the difference of the gradient of
the temperature dependence.

There was a difference in the evaluation methods. The reaction layer thickness was
measured on the horizontal cross section of the reaction couple for reaction kinetics
evaluation. As seen in Fig.2, the reaction layer was thicker at the bottom side, and
generally the thickness of the reaction layer changed with elevation. Tt shows that
evaluation at different positions or different cutting surfaces produces different
results.

Consequently, these differences in the experimental and evaluation procedure
between two experiments could cause the discrepancy in the temperature dependence

of the reaction rate constants.
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4. Conclusions

Reaction couples consisting of Zircaloy-4 and stainless steel type 304 were
isothermally annealed in the temperature range from 1273 to 1573 K to obtain the
basic information on the melt progress in the fuel bundle during an LWR severe
accident.

Reaction layers formed at the interface grew as the temperature and the time
increases. Both the materials were dissolved by the reaction, however, the Zircaloy
was preferentially dissolved. The SEM/EDX analyses showed that the main process of
the of the reaction was diffusion of Fe, Cr, and Ni into the Zry which resulted in the
formation of a Zr-rich eutectic through the tested temperature range.

The reaction rate was evaluated for decreases in the thickness of the Zircaloy-4 and
the stainless steel, respectively. The reaction generally obeyed a parabolic rate law
and the reaction rate constant was determined for every examined temperature.
Consequently, an Arrhenius type rate equation was derived respectively for decreases
in the Zry and the ss thickness in the examined temperature range. The rate
equations are as follows:

for decrease in the Zry thickness;

x2/t [m2/s]=3.11 X 10° exp(-496000/RT), 1273 to 1573 K
for decrease in the ss thickness;
x2/t [m2/s]=1.79 X 108 exp(-445000/RT), 1273 to 1473 K
where x is decrease in Zircaloy thickness, t is time, R=8.314 J/mol K, T is given in K,
and the activation energies in J/mol.

The obtained rate equations are somewhat different from those reported in the

previous study. The discrepancy could be caused by the difference in the experimental

and evaluation procedure and the experimental condition.
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Table 1 Chemical composition of Zircaloy-4 and stainless steel type 304 in wt%

Zr Sn Fe+tCr C Hf O H N
Zircaloy-4 Bal. 1.52 03 0.005 <0.005 0.101 <0.002 <0.002

Fe Cr Ni C Si Mn P S

stainless steel Bal. 1879 824 0.06 033 170 0.032 0.021
type 304
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Table 2 Results of SEM/EDX analysis of reaction layers formed
in reaction couples annealed at 1473 K for 300 s

Reaction  Position Composition (Wt%)
layer Zr Sn Fe Cr Ni Mn Si
Zry average 98.0 1.1 0.6 0.4
near boundary 75.5 0.8 18.0 1.1 4.0 0.5
LayerI average 75.0 09 18.0 1.1 4.0 0.5
10 ¢ m from boundary 76.3 0.9 12.1 9.2 0.8 0.8
Region C 35.1 03 299 324 0.6 1.7
(adjacent to boundary)
Layer I average 1.1 0.2 599 337 33 2.0
ss average 68.4 19.8 8.7 20 11
Table 3 Results of SEM/EDX analysis of reaction layers formed
in reaction couples annealed at 1523 K for 60 s
Reaction  Position Composition (wt%)
layer Zr Sn Fe Cr Ni Mn Si
Zry average 98.0 1.1 0.6 04
near boundary 75.4 0.8 17.0 2.7 3.8
LayerI average 74.5 1.1 171 3.9 2.7
20 1 m from boundary 77.5 1.1 15.7 3.2 2.5
Region D 375 o0 378 219 1.2 16
(adjacent to boundary)
Layer II average 1.9 0.1 66.8 23.0 .51 22 1.0
matrix 0.8 658 267 3.8 2.0 0.9
grain boundary 26.9 453 10.3 154
$S average 68.4 19.8 8.7 2.0 1.1
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Table 4 Results of SEM/EDX analysis of reaction layers formed
in reaction couples annealed at 1573 K for 30 s

Reaction  Position Composition (Wt%)
layer Zr Sn Fe Cr Ni Mn
Zry average 98.0 1.1 0.6 0.4
Region 1 75.0 1.0 18.0 1.6 3.8 0.6
Region 2 76.1 1.0 18.0 2.6 2.9 0.6
Region 3 77.6 0.9 16.0 25 2.7 0.5
LayerI Region 4 54.5 0.7 29.6 11.3 29 1.1
Region 5 44.7 0.5 36.6 14.0 24 1.7
Region 6 6.5 02 647 210 5.6 2.0
Region 7 14.3 03 585 17.2 7.2 2.5
Layer Il average 1.5 0.6 67.0 23.6 4.9 24
ss average 684 198 8.7 2.0
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¢ 8 mm

SS

Zry

¢ 16 mm

Fig.1 Schematic illustration and geomrtry of the reaction couple
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1323 K_ 72005

Fig.2  Cross sections of the reaction couples annealed at 1323 K 7200 s, 1473 K for
600 s, and at 1573 K for 30 s



JAERI—Research 2001—009

Microstructure of the reaction layers formed in the reaction couple annealed at

Fig.3

1473 K for 300 s
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Fig.6  Microstructure of the reaction layers formed in the reaction couple annealed at
1573 K for 30 s
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Fig.7 Correlation between decreases in the Zry and the ss thickness and square root

of the reaction time
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Fig.8 Arrhenius plot of the reaction rate for decreases in the Zry and the ss

thickness
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High Temperature Interaction between Zircaloy-4 and Stainless Steel Type 304




