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Abstract

The chemical behavior of the various pressurized water reactor (PWR) absorber

rod components has been studied at temperatures up to 1200 oe Higher tem

peratures could not be applied since a fast and complete liquefaetion of the

(Ag,ln,Cd) absorber alloy, stainless steel c1adding and Zircaloy guide tube materi

als occurred as a result of eutectic chemical interactions. Thin oxide layers on the

Zircaloy surface can delay the chemical interactions with the (Ag,ln,Cd) alloy or

stainless steel but they cannot prevent them because these layers will disappear

after some time. In this work the reaction kinetics has been determined for the

systems (Ag,ln,Cd) alloy/Zircaloy-4 and Zircaloy-4/stainless steel 1.4919 (AISI 316).

The interactions can be described by parabolic rate laws; the Arrhenius equations

for the various interactions are given.

Chemisches Verhalten von (Ag,ln,Cd) Absorberstäben bei schweren
LWR-Störfällen

Zusamm~nfassung

Es wurde das chemische Reaktionsverhalten der verschiedenen DWR-Absorber

stabkomponenten bis 1200 °C untersucht. Höhere Temperaturen konnten nicht

angewandt werden, da es oberhalb etwa 1250 °C zu einer schnellen und vollstän

digen Verflüssigung der (Ag,ln,Cd)-Absorberlegierung, der rostfreien Stahlhülle

und des Zircaloy-Führungsrohrmaterials infolge eutektischer Reaktionen kommt.

Dünne Oxidschichten auf der Zircaloy-Oberfläche können die chemischen Wech

selwirkungen mit der (Ag,ln,Cd)-Legierung oder dem Stahl verzögern aber nicht

verhindern, da die Oxidschichten nach einiger Zeit verschwinden. In dieser Arbeit

wurde die Reaktionskinetik für die Materialpaarungen (Ag,ln,Cd) alloy/Zircaloy-4

und Zircaloy-4/rostfreier Stahl 1.4919 (AISI 316) ermittelt. Die Wechselwirkungen

können durch parabolische Zeitgesetze beschrieben werden; die Arrhenius

Gleichungen für die verschiedenen Wechselwirkungen sind angegeben.
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1. Introduction

In beyond-design-basis accidents, called severe reactor accidents, the fuel rod

c1adding may exceed the temperature limit of 1200 °C, which is the maximum tol

erable temperature for a large break loss-of-coolant accident (LOCA). Although

the fuel rod behavior at temperatures above 1200 °C is reasonably understood

[1,2], the (Ag,ln,Cd) absorber rod behavior requires further investigations. Due to

the low m~ltirig temperature of the (Ag,ln,Cd) absorber material at about 800 oe,

the liquid control rod alloy may affect the course of fuel element and core degra

dation in a severe LWR (Light Water Reactor) accident.

Most pressurized water reactor (PWR) control rods are composed of a (Ag,ln,Cd)

neutron absorber alloy with stainless steel (AISI 304 or 316) c1adding. The initial

composition of the alloy is approximately 80 wt.% silver, 15 wt.% indium, and

5 wt.% cadmium. The standard PWH contains about 2800 kg of the (Ag,ln,ed) al

loy in the core (about 2.2 % of the core materials in the TMI-2 reactor).

The geometry of a PWR control rod is very similar to that of a fuel rod (Fig. 1).

The control rod consists of (Ag,ln,Cd) absorber material with stainless steel c1ad

ding. The gap between the (Ag,ln,ed) alloy and the c1adding is filled with heli

um.The stainless steel rod is inserted into a Zircaloy guide tube with enough

space between the two to allow the flow of coolant water.

Experiments were performed at several laboratories to investigate the behavior

of (Ag,ln,Cd) control rods during severe reactor accidents [3,4,5,6]. The essential

results are summarized in the publication by D.A. Petti [5], who made the follow

ing observations:

The (Ag,ln,Cd) alloy melts at about 800°C, but will not affect core degrada

tion as long as the molten material is contained within the stainless steel

c1adding. As the temperature increases, some of the control rod constitu

ents will vaporize within the c1adding until failure occurs, either from in

ternal pressurization or from melting of the c1adding. At low pressures of

the primary system and when no Zircaloy is present, the control rod fails

between 1350 and 1450 oe. Failure of the control rods with the Zircaloy

guide tubes occurs at about 1200 °C as a result of thermal expansion, phys

ical contact, and eutectic chemical interactions between the stainless steel

c1adding and the Zircaloy guide tube. The high internat pressure in the con

trol rod will result in a violent ejection of vapour, aerosol and molten ma

terial when the c1adding fails. The ejected material results in the formation
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of low-temperature melting alloys consisting of the (Ag,ln) constitutents

and the surrounding Zircaloy. Due to the high vapour pressure of Cd it va

porizes. Liquid control rod material continues to vaporize if it remains at

high temperatures. The control rod material which will flow out of the hot

regions of the core freezes and may inhibit steam and/or water flow. At

high system pressure, overpressurization of the rod does not occur. In

stead, upon failure, the alloy flows to cooler regions of the reactor core. In

all cases the resultingreaction products melt at low temperatures and en

hance by this the degradation of the reactor core [5].

At temperatures above 1000 °C, the rapid oxidation of the Zircaloy guide tube

and fuel rod c1adding by steam results in the formation of thin Zr02 oxide layers.

The oxide layers can prevent or delay the chemical interactions between the Zir

caloy guide tube and the stainless steel c1adding of the control rods or (Ag,ln,Cd)

absorber alloy if the c1adding fails. For this reason, the influence exerted by about

10 pm thick Zr02 layers covering the Zircaloy surface on the interaction behavior

has been studied.

Of particular interest is the knowledge of the reaction kinetics and the determi

nation of the critical temperature at wh ich the components will be liquefied as a

result of these chemical interactions and relocate.

In this werk the fellowing reaction couples have been examined at temperatures

greater than or equal to 800 oe.

- (Ag,ln,Cd) alloy/stainless steel AISI 316,

- (Ag,ln,Cd) alloy/Zircaloy-4, and

- Zircaloy-4/stainless steel AISI 316.

The Zircaloy-4 was used in both the as-received and slightly oxidized condition,

that is, with an oxide layer of about 10 pm thickness on its surface. The maximum

temperature which could be examined was limited by the disintegration (com

plete liquefaction) of the specimens during heatup.
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2. Experimental Details

The isothermal annealing experiments were performed with Zircaloy-4 (Zry) cap

sules in which short cylindrical rods of (Ag,ln,Cd) alloy or 1.4919 (AISI 316) stain

less steel (ss) were pressed and gas-tight c10sed by a conical Zry plug. Figure 2

shows the components of a compatibility specimen before being loaded.

The annealing experiments were perfomed in a tube furnace under flowing ar

gon. The specimens were heated up to about 900°C and then placed into the pre

heated furnace which had the desired annealing temperature. The annealing

time startet when the temperature of the specimen was 20 K below the anneal

ing temperature. Cooldown of the specimens occurred outside the furnace at

room temperature. For the Zry/(Ag,ln,Cd) alloy and Zry/ss reaction couples, the in

vestigated temperatures ranged from 1000 to 1200 °C and the maximum applied

annealing time was 30 minutes. The highest temperature examined (1200 °C) was

Iimited by the failure of the specimens due to the onset of liquid phase formation

followed by a fast and complete liquefaction of the Zry crucible at slightly higher

temperatures.

Afterannealing, the specimens were mechanically cut and then metallographical.;.

Iy prepared for examinations of the reaction zones with an optical microscope. A

part of the specimens was etched to recognize better the various phases. The re

action zone thicknesses were measured at four different locations of the inter

face. For the evaluation of the kinetic data the maximum reaction zone thickness

was used. In addition, some Scanning Electron Microscopy (SEM)/Energy Disper

sive X-Ray (EDX) or SEMlWave Length Dispersive X-ray (WDX) and Auger Electron

Spectroscopy (AES) examinations were performed to obtain information on the

chemical compositions of the reaction products and diffusion zones.

For the pre-oxidized Zircaloy specimens, the crucibles were oxidized in air for 9

minutes at 870°C to obtain a Zr02 layer of about 10 pm thickness. The actual ox

ide layer thickness varied between 9 and 12 pm. The subsequent compatibility ex

periments were performed in argon.

To avoid damage to the thin oxide layer on the inner crucible wall, the stainless

steel and (Ag,ln,Cd) alloy rods were cooled in liquid nitrogen before being loaded

into the pre-oxidized Zircaloy crucibles.
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3. Results

The different chemical interactions of the control rod components can be quanti

tatively described by Arrhenius equations which may be used in a code to predict

the material behavior at high temperatures. However, in some cases models must

be developed and benchmarked using the same experimental results.

3.1 Chemical interactions between molten (Ag,ln,Cd) alloy and stainless steel

According to the binary phase diagrams (Figure 3) [7] Agdoes not interactchemi

cally with Fe or Ni, even not in the molten state, apart from very small solubilities.

However, some limited interactions do take place in the Ag-Cr system. At about

1450 °C, approximately 15 at. % Cr can be dissolved in liquid Ag, but no Ag can be

dissolved in Cr (Figure 4). Two immiscible melts form at higher temperatures. For

this reason, it was not surprising to find that only negligible chemical interactions

tQok place between the (Ag,ln,Cd) alloy and stainless steel. The molten absorber

alloy causes some enhanced formation of precipitates along the grain boundaries

(where Cr is present in an enriched form as carbides) similar to the observations

described by Bowsher et al. in [4]. Transverse macro- and micrographs of a

(Ag,ln,Cd)/ss specimen after annealing at 1400 °C for 20 minutes are shown in Fig

ure 5. Practically no chemical interactions took place and no reaction zone was

detected. Only the grain boundaries showed the enhanced formation of carbide

precipitates. Although Ag diffusion into the ss along the grain boundaries was

described in the literature [4], it did not result in embrittlement of the ss. Failure

of the reaction specimens due to physical failure of the crucible occurred when

the melting point of ss was approached.

3.2 Chemical interactions between molten (Ag,ln,Cd) alloy and Zircaloy-4

After mechanical failure of the ss absorber rod c1adding due to overpressuriza

tion or melting of the ss or due to eutectic interactions between ss c1adding and

the Zry guide tube, the molten (Ag,ln,Cd) absorber alloy will be ejected and and

allowed to interact chemically with the Zircaloy of the guide tube and/or fuel rod

c1adding.

3.2.1 Chemical behavior

The molten (Ag,ln,Cd) alloy chemically dissolves the Zry. There is no reactionzone

in the Zry. Therefore, only the increase in diameter (or decrease in wall thickness)

of the Zry crucible can be measured as a function of temperature and time. The
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chemical composition of the absorber melt changes continuously and various

phases form during solidification. According to the binary phase diagram (Figure

§, [7]) Ag can dissolve up to 80 at.% (77 wt.%) Zr at about 1200 oe. The resulting

melt will be either a homogeneous or heterogeneous (Ag,Zr) melt, depending on

the chemical composition. The cooldown process results in the formation of AgZr

and/or AgZr2, beside solid Ag or Zr. Ag and Zr have little or no solubility for each

other at low temperatures (Fig. 6).

The phase relations in the ln-Zr and Cd-Zr systems are only partially known [7]. In

and Cd are both soluble in solid Zr, but there seems to exist an extended solution

of Zr in liquid In and liquid Cd at higher temperatures.

Cross-sections of the (Ag,ln,Cd) alloy/Zry reaction specimens annealed at 1000,

1100, 1150 and 1200 °C for various times are shown in Figure 7 . The influence ex

erted by a 10 pm thick Zr02 layer on the chemical interaction is also shown for

comparison; for the same temperature/time combinations, the oxide layer delays

the interactions. One can recognize the strong increase in diameter of the

(Ag,ln,Cd)/Zry interface. The 2.25 mm thick wall of the Zry crucible was complete

Iy melted or dissolved within less than 15 minutes at 1150 °C and in less than 4

minutes at 1200 oe. Figure 8 shows the remaining wall thickness of the Zry cruci

bles at1000, 1100 and 1150 °C after an interaction time of 5 minutes. One can rec

ognize the smooth liquid/solid interface with no visible reaction zone in the re

maining Zry crucible wall beause the Zr has been dissolved in the liquid (Ag,ln,Cd)

alloy. The resulting (Ag,ln,Cd,Zr) alloy decomposes in various phases on cooldow.

Since equilibrium conditions will not always be reached as a result of the fast

cooldown, the phase diagram information can be used to a limited extend only.

The cross-sections and typical microstructures of the resulting (Ag,ln,Cd,Zr) inter

action alloy for various temperatures and times are shown in Figures 9 through

~. During cooldown the metallic (Ag,ln,Cd,Zr) melt, which forms at temperature,

decomposes into various phases of complicated chemical composition. The inte

gral chemcial composition of two specimens, which were annealed at 1000 and

1200 °C, and examined by SEM/EDX, is about 68 wt.% Ag, 23 wt.% Zr, 5 wt.% In,

and 4 wt. % Cd. The decomposed phases correspond to pure Ag and the com

pound AgZr as shown in Figure 6..In addition, a ternary compound could be de

tected (45 wt. % In, 42 % Zr, 13 % Ag) at both annealing temperatures. A second

ternary compound (65 wt. % Ag, 25 % Zr, 10 % In) was formed after annealing at

1200°C,butnotat1DOO°C.
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3.2.2 Reaction kinetics

In order to determine the (Ag,ln,Cd)/Zry reaction kinetics, the maximum increase

of the crucible inner diameter or maximum decrease of the Zry wall thickness was

measured as function of temperature and time and used as a fictive maximum re

action zone thickness. The results are listed in Table 1 and plotted against time

and the square root of time in Figures 19,20, respectively. The dissolution of Zry

occurs by diffusion of Ag, In and Cd into the Zry changing the initial composition.

With increasing concentration of the absorber alloy elements in the Zry the sol

id/liquid two phase region will be reached and liquefaction takes place. The lines

in Figure 20 were determined by linear regression, using the method of least

squares. The agreement between the experimental data points and the regres

sion line is very good for 1000 and 1100 °C, but larger scatter occurs at higher

temperatures (Fig. 20). The reaction zone growth rates for the (Ag,ln,Cd)lZry sys

tem are listed in Table 2 and plotted as a function of the reciprocal temperature

in Figure 21. The reaction zone growth rate equation for temperatures between

1000 and 1200 °C is:

x2/t(cm2/s) = 1.3SS·108·exp(-344874/RT)

R = 8.314 J/mol·K

This equation for the reaction zone can be extrapolated to lower temperatures,

but not to higher temperatures since a fast and complete liquefaction of the

specimens occurred above 1200 oe. The obtained rates are very high compared for

example to the oxidation of Zry; the activation energy is a factor of about two

higher, indicating a stronger temperature-dependent diffusion controlled pro

cess.

3.2.3 Influence of an oxide layer on the (Ag,ln,Cd)/Zry interactions

A comparison of the macroscopic behavior of the compatibility specimens with

out and wrth a 10 pm thick Zr02 layer is made in Figure 7. The oxide layer on the

inner crucible wall delays and reduces the chemical interaction between the

(Ag,ln,Cd) alloy and the pre-oxidized Zry, but cannot prevent it. The (Ag,ln,Cd) al

loy does not interact with Zr02. The maximum reaction zone thicknesses inZir

caloy are listed in Table 3 and plotted versus the square root of time in Figure 2.

Differences in the interaction behavior of oxidized and as-received Zry can be
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seen when Figure 20 is compared to Figure 22. At temperatures below 1150 °C the

interaction begins after a temperature-dependent incubation period, to. The in

cubation period, to, is necessary to dissolve the ceramic Zr02 layer and form a me

tallic a-Zr(O) layer which allows the interactions with the (Ag,ln,Cd) absorber al

loy to take place. The reaction zone growth rates are listed in Table 4 and are

plotted as a function of the reciprocal temperature in Figure 23. The growth rate

equations and the to values were determined from x2 versus t correlations of the

experimental data. The differences in the reaction behavior between the pre

oxidized Zry (10 pm thick Zr02 layer) and the as-received Zry (no oxide layer)

specimens are, that at lower temperatures, the oxidized specimens require an in

cubation period and, at all temperatures examined, the reaction rates are slower

in the pre-oxidized specimens than in the as-received Zry specimens. The oxygen

dissolved in the Zry delays the dissolution of Zr in the absorber melt. The reason

may be that the oxygen dissolved in the Zry crystal lattice exerts an influence on

the diffusion of Ag into the Zry. At such a small initial oxide-Iayer thickness of 10

pm the liquefaction temperature of the specimen of about 1250 °C will not essen,.

tially be affected. However, for much thicker initial Zr02 layers, this temperature

will be shifted to higher values [9].

3.3 Chemical interactions between stainless steel and Zircaloy-4

This material combination corresponds to the interaction between the ss 1.4919

(AISI 316) absorber rod c1adding and the Zry guide tube. As a result of the chemi

cal interaction, the ss c1adding may fail at low temperatures and release the mol

ten (Ag,ln,Cd) absorber alloy.

3.3.1 Chemical behavior

The Fe-Zr, Ni-Zr, and Cr-Zr phase diagrams indicate that eutectic interactions oc

cur in each system (Figures 24, 25) [7,8]. The lowest eutectic temperature exists in

the Fe-Zr system at about 950°C on the Zr rich side. The diffusion of approximate

Iy 5 wt. % Fe into the Zr resultsin the formation of a liquid phase even at this low

temperature (Fig. 25). The eutectic temperature on the Fe rich side is at about

1300 oe. The Ni-Zr system has four eutectic temperatures which vary between 960

and 1170 °C, while the eutectic temperatures in the binary Cr-Zr system are 1332

and 1592 oe.
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The cross-sections of the Zry/ss reaction specimens after annealing at 1000, 1100,

1150 and 1200 °C for various duration of reaction times are shown in Figure 26.

The cross sections of both pre-oxidized Zry/ss reaction specimens (initial Zr02 lay

er thickness: 10 pm) are presented for comparison. In order to recognize better

the metallic reaction zone which forms as a result of the chemical interactions the

specimens were etched forming a dark looking phase (Fig. 26). The eutectic inter

actions, which occur between 1000 °C and higher, result in the formation of liquid

reaction products and voids form as some of the molten material relocates.

Although the specimens were annealed in an upright position, the reaction zones

of theas-received Zry are not symmetrical around the circumference. Apparently,

very small forces are sufficient to induce asymmetric reaction zones in the Zry

wall. First interactions could be noticed at 1000 °C after annealing times longer

than 5 minutes. At 1200 °C, the Zry crucible wall of 2.25 mm thickness was already

completely dissolved after 2 minutes. In all cases, the reaction in the Zry was much

stronger than in the stainless steel. This may be explained by phase diagram con

siderations (Fig. 24, 25). Only small amounts (~ 5 wt. %) of Fe, Cr or Ni are neces

sary to dissolve (Iiquefy) large quantities of Zr. Also, since the lowest eutectic tem

peratures in the Fe-Zr, Cr-Zr, and Ni-Zr systems are on the Zr rich side, Zr can be

liquefied at much lower temperatures than Fe, Cr, or Ni. Liquefaction starts as

soon as the solid/liquid two phase field has been reached.

The cross sections of Zry/ss specimensand typical microstructures produced by the

chemical interactions are shown in Figures 27 through 38. The metallic

(Zr,Fe,Cr,Ni) melts decompose into various phases on cooldown. The integral

chemical composition of the solidified melt (about 83 wt. % Zr, 12 % Fe, 3 % Ni, 2

% Cr) is very similar to the chemical composition of the eutectic point on the Zr

rich side of the Fe-Zr system (Fig. 24) [8]. The three individual phases which form

during cooldown have the following composition:

a) approximately 50 wt. % Zr, 27 % Fe, 23 % Cr

b) approximately 78 wt. % Zr, 17 % Fe, 5 % Ni and tracesof Cr

c) approximately 96 wt. % Zr, 3 % Sn and some Fe and Cr.

Phase b) may correspond to FeZr2 in the binary Fe-Zr phase diagram (Fig. 24),

while phase c) is essentially Zr with small amounts of other elements. Apparently,

the expected FeZr3 equilibrium phase does not form as a result of rapid eooling.
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3.3.2 Reaction kinetics

The maximum reaction zone thicknesses in the Zry crucible and ss rod are listed in

Tables 5 and 6. The reaction zones in Zry and ss are plotted versus the square root

of time in Figures 39 and 40, respectively. The isothermal growth of the reaction

zones (dissolution of Zr and ss) obey parabolic rate laws, indicating a diffusion

controlled process. Fe and/or Ni diffuse into the Zry and initiate the Zry liquefac

tion as soonas the solid/liquid phase field has been reached. To show the large

differences in theamount ofdissolved Zry and ss, the reaction zone thicknesses in

Zry and ss are plotted in dependence on temperature for an annealing time of 5

minutes in Figure 41. Only small amounts of ss are necessary to dissolve large

amounts of Zry. Above about 1250 °C a cömplete liquefaction of the specimens

occurs.

The reactionzone growth rates for the Zry/ss interactions are listed in Table 7 and

plotted as a function of the reciprocal temperature in Figure 42. The growth rate

equations determined for the temperature range of 1000 to 1200 oe are:

For Zircaloy-4:

x2/t (cm2/s) = 2.78·10 19·exp (- 642864/RT)

For stainless steel:

x2/t (cm2/s) = 1.08·1019·exp (- 688790/RT)

R = 8.314J/mol-K

These equations can be extrapolated to lower temperatures, but not to higher

temperatures since a fast and complete liquefaction of the materials takes place

at about 1250 oe. One can recognize the difference of the reaction zone growth

rates for Zry and ss. At temperatures above 1150 °C the liquefaction of the Zry by

ss is even faster than by the (Ag,ln,Cd) alloy (Fig. 42). The reason is the higher acti

vation energy indicating a stronger temperature-dependence of these interac

tions.
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3.3.3 Influence of an oxide layer on the stainless steel/Zircaloy-4 interactions

The macroscopic behavior of pre-oxidized Zry/ss interaction specimens has been

compared to as-received Zry/ss specimens in Figure 26. Similar to the

(Ag,ln,ed)/Zry system, the 10 pm thick Zr021ayer on the inner Zry crucible wall de

lays and reduces the chemicalinteractions between Zry and ss. Stainless steel does

not interact with Zr02, but the oxide layer will be dissolved by the Zry during a

time-dependent incubation period, to. The Zry/ss interaction will begin as soon as

the oxide layer has disappeared and doesnot protect anymore the metallic Zry

substrate.

The measured reaction zone thicknesses in Zry and ss for the pre-oxidized Zry/ss

reaction specimens are listed in Table 8 and plotted versus the square root of time

in Figures 43 and 44. The strong impact of the oxide layer on the chemical inter

actions between Zry and ss is shown in Figure 43. No chemical interactions take

place at 1000 oe up to the examined reaction time of 30 minutes since the time is

to short for the dissolution of the Zr02 layer. Further experimental studies with

pre-oxidized Zry specimens (20 to 100 pm thick Zr02 layers) at higher tempera

tures have shown that the liquefaction of the specimens will be shifted to higher

temperatures, but cannot be prevented [9].

The reaction zone growth rates in Zry and ss are listed in Table 8 and plotted ver

sus the reciprocal temperature in Figure 46 along with the as-received Zry/ss inter

action results. The growth rate equations and the to values were determined

from x2 versus t correlations of the experimental data.

4. Discussion

Because of the low-temperature melting point (range) of the (Ag,ln,ed) absorber

alloy of about 800 oe, in all (Ag,ln,ed) alloy/Zry compatibility experiments a liquid

phase is present from the beginning. The Zr is dissolved by the melt and the wall

thickness of the Zry crucible will decrease continuously during the annealing pro

cess. At temperatures above 1200 oe, the dissolution rate is so fast that the speci

mens fail already during heatup.

In the Zry/ss system, a considerable amount of liquid phase is formed around

1000 oe, and the amount of liquefied material increases with increasing tempera-
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ture and time. In this reaction system, the 2.25 mm thick Zry crucible fails during

heatup above 1200 °C and the molten alloy is released.

These results are in agreement with results of integral tests where fuel rod bun

dies containing (Ag,ln,Cd) absorber rods were heated to temperatures of about

2000 °C [2,10,11]. The onset of liquid-phase formation and the complete liquefac

tion of the absorber rod components at temperatures above 1200 °C was detect

ed by video systems. The low-temperature failure of the absorber rods initiated

core melt progression. The resulting mett attacked the fuel rods chemically dis

solving the Zry c1adding and apart of the U02 fue!. By this process, "molten" fuel

relocation and early fission product release can take place even weil below the

melting point of Zry c1adding (:::;;:: 1760 °C). The melts relocate towards cooler re

gions of the core where it may formcoolant channel blockages on solidification.

The main purpose of this work has been to determine the reaction kinetics be

tween the various (Ag,ln,Cd) absorber rod components. Although some interac

tion experiments were described in the literature [3,4,5,6], no Arrhenius equa

tions had been previously developed from the data. In all cases, the maximum re

action zone thickness was used for the evaluation of the kinetic data to obtain

conservative resu Its.

Thin oxide layers (about 10 pm) on the Zry surface can delay the chemical interac

tions with the (Ag,ln,Cd) alloy or the ss, but cannot prevent them. The Zr02 inter

acts with metallic Zr under the formation of oxygen-stabilized a-Zr(O). The inter

action of Zry with the absorber alloy or ss will begin as soon as the oxide layer has

disappeared, that means after an incubation period, to, has been passed. In gen

eral the reaction zone growth rates for pre-oxidized Zry are slower than those of

as-received Zry (Fig. 46). The oxygen dissolved in the Zr lattice exerts an influence

on the diffusion and/or dissolution processes; the reaction rates are slower. Ex

periments with thicker oxide layers (20, 45, 100 pm) indicate that the incubation

period, to, increases with increasing Zr02 thickness, and that complete meltdown

of the absorber rod components will be shifted to higher temperatures (up to

1400 oe) for thicker oxide layers [9].

The Zr02 layers on metallic Zry disappear only if no further oxygen in the environ

ment is available or has no access to the Zry to continue the oxidation. In all ether

cases the reaction of Zry with oxygen or steam is thermodynamically more favor

able than the reactions with (Ag, In, Cd) and ss, respectively. But, as the integral

PWR bundle meltdown experiments [2,11,12] show, a steam environment cannot

prevent the chemical interactions between Zry and (Ag, In, Cd) and ss since local-
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ized steam-starvation conditions may exist. In these experiments, the bundle

components were used in the as-received condition. The chemical/physical behav

ior of heavily pre-oxidized bundle components has not yet been studied in inte

gral experiments. A different meltdown behavior has to be expected since thick

oxide layers (~ 20 pm) on Zry protect the metallic substrate against interactions

even by molten (Ag, In, ed) alloy and/or ss. The relocation of molten absorber ma

terial and ss should occur faster as the wetability of the Zr02 surface by metallic

melts is extremely poor. Blockage formation within the core region is therefore

more difficult under these conditions.

During a severe reactor accident not only Zry but also ss will be oxidized by steam

atcomparable rates [12]. If, the resulting oxide layers are in solid contact with

each other, eutectic interactions will take plaee with liquid phase formation be

tween 1200 and 1400 oe [13]. Therefore, the oxide layers offer only Iimited pro

tection from thechemical interactions. In all cases, liquefaction of the non

oxidized and oxidized eomponents will oeeur below their melting points.

The metallographie and ehemical/analytical examinations of thespecimens re

vealed a large number of various phases at room temperature. Since only binary

phase diagrams are available, the observed phases cannot all be described by

phase diagram considerations. In addition, some of the phases will not be in equi

librium condition since cooldown of the specimens occurred rather fast. The inte

gral chemical eompositions of the soiidified melts indicate for the Zry/ss system

that only small amounts of ss are needed to dissolve large quantities of Zry (Fig.

25). The integral compositions are nearly identical for all interaction tempera

tures examined.

The kinetic evaluation of these interaction experiments is problematie since a liq

uid phase forms as reaction produet. The liquid causes relative movements be

tween the Zry crucible and the ss rod during annealing of the diffusion couple.

Depending on the annealing conditions of the specimens (upright, horizontal)

the ss rod ean penetrate into the Zry crucible wall by liquefying it with different

velocities. As a result, the interaction zones in the Zry crucible or the amount of

Zry dissolved are not uniform along their axis and circumference. This can be

c1early reeognized in Figure 47 showing specimens which were annealed in up

right and horizontal position at 1100 oe for 15 minutes.ln a few cases the inserted

ss rod turned even around for about 90° at higher temperatures (Figure 48). The

penetration of the ss rod into the Zry is strongest at locations where the liquid

film is thinnest. For the kinetic evaluation of the Zry/ss reaetion experiments the
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maximum attack of the Zry was therefore considered. The different extents of Zry

liquefaction by the ss is shown in Figure 49 in dependence on the annealing con

ditions. The ss rod behaves similar as the Zry, but, at lower temperatures, the dif

ferences with respect to the reaction zone growth rates between the two exam

ined annealing conditions become larger.

5. Summary and Conclusions

• The (Ag,ln,Cd) absorber alloy starts to melt at about 800°C, but this will

not affect core degradation as long as the molten material is contained

within the stainless steel (AISI 316) c1adding. The chemical interaction be

tween the absorber alloy and stalnless steel is negligible.

• Failure of the stainless steel absorber rod c1adding takes place as a result of

either internal pressurization (high Cd vapour pressure) or eutectic interac

tions with the Zircaloy guide tube (bowing of the rods at high tempera

tures). The released (Ag,ln,Cd) melt can then interact with the Zircaloy

guide tube.

• The Zircaloy will be chemically dissolved by the absorber alloy. The dissolu

tion of the Zircaloy can be described by a parabolic rate law. The dissolu

tion rate is very fast; at 1200 °C, it takes only about 50 s to dissolve 1 mm

Zircaloy and about 4 minutes to destroy the entire 2.25 mm thick Zircaloy

crucible wall.

• As soon as solid state contact occurs between the stainless steel c1adding

and the Zircaloy guide tube, eutectic interactions take place which can be

described by parabolic rate laws. Liquid phases form at around 1000 °C, and

a fast and complete liquefaction of both components takes place above

1250 oe. ünly small amounts of stainless steel are necessary to dissolve

great amounts of Zircaloy, and it takes only a little more than 2 minutes to

destroy the 2.25 mm thick Zircaloy crucible wall at 1200 oe.

• Thin Zrü2 layers (~ 10 pm) onthe Zircaloy surface delay the chemical inter

actions of Zircaloy with the (Ag,ln,Cd) alloy or the stainless steel, but can

not prevent them. The Zrü2 layer must be dissolved by the Zry before

chemical interactions can take place. The required incubation period de

pends on temperature and time. Dissolved oxygen in the Zircaloy, forming
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oxygen-stabilized a-Zr(O), reduces the reaction rates and shifts the lique

faction temperature tö slightly higher levels.

• Withrespect to the chemical behavior of (Ag,ln,Cd) absorber Jods during

severe reactor accidents, meltdown and relocation must be assumed to oc

cur at temperatures around 1250 oe. The resulting melt destroys the Zir

caloy c1adding of the fuel rods and dissolves apart of the U02, contributing

substantially to fuel element degradation. Since U02 fuel can be liquefied

at temperatures as low as 1250 °C, this process has a strong impact on the

release of volatile fission products.

• The premature low-temperature failure ofthe PWR absorber rods and the

localized relocation of (Ag,ln,Cd) ally within the reactor core may cause

criticality problems during flooding of the destroyed core.
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Table 1: Measured maximum reactionzone thickness in Zircaloy for the
diffusion couple Zircaloy-4/(Ag,ln,Cd) alloy as a function of
temperature and time (figures 19 and 20).

Temperature Time Reaction zone thickness
Specimen

°C mm pm

164 1000 5 315

165 11 15 525

166 11 30 660

169 1100 5 830

168 11 10 1260

167 11 15 1550

174 1150 2 730

171 11 -5 1850

175 11 5 1070

172 11 15 molten

176 1200 1 840

173 11 3.5 2250

191 11 4 2250
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Table 2: Reaction zone growth rate in Zircaloy for the diffu
sion couple Zircaloy-4/(Ag,ln,ed) alloy (fig. 21).

Temperature Reaetion zone
growth rate. x2/t

oe 1/K em2/s

1000 7.855'10-4 2.565'10-6

1100 7.283'10-4 2.636-10-5

1150 7.027'10-4 7.377-10-5

1200 6.789-10-4 2.204'10-4

Growth rate equation:

x2/t (cm2/s) = 3.55·108·exp (- 344874/RT)

R = 8.314J/mol-K
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Table 3: Measured maximum reaction zone thickness in Zircaloy forthe
diffusion couple pre-oxidized Zircaloy-4/(Ag,ln,Cd) alloy;
initial Zr02 oxide layer thickness: 10 pm (fig. 22).

Specimen
Temperature Time Reaction zone thickness

°C min pm

178 1000 5 65

167 " 15 203

163 " 30 340

177 1100 2 73

173 " 5 430

169 " 10 453

161 " 10 320

170 " 15 650

166 " 15 570

175 1150 2 398

168 " 3.5 494

176 " 5 578

162 " 5 625

179 " 10 653

174 " 10 668

180 " 15 885

165 1200 1 377

164 " 2 626

172 " 3,5 663
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Table 4: Reaction zone growth rate in Zircaloy for the diffusion
couple pre-oxidized Zircaloy-4/{Ag,ln,(d) alloy; initial Zr02
oxide layer thickness: 10 pm (fig. 23).

Temperature Reaction zone growth rate, x2/t

O( 1/K cm2/s

1000 7.855-10-4 7.5-10-7

1100 7.283-10-4 4.1-10-6

1150 7.027-10-4 8.6-10-6

1200 6.789-10-4 2.4-10-5

Growth rate equation:

x2/{t - to) (cm 2/s) = 4.67-104-exp (- 263685/RT)

R = 8.314 J/mol-K

to values (10 pm Zr02Iayer), s

1000°(:280

1100°(: 66

1150 0(: 0

1200°(:0
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Table 5: Measured maximum reaction zone thickness in Zircaloy for the
diffusion couple Zircaloy-4/stainless. steel 1.4919 (AISI 316) as a
function of temperature and time (fig. 39).

Temperature Time Reaetion zone thiekness
Specimen

oe min pm

177 1000 5 0

178 11 15 80

179 11 15 80

198 11 30 150

197 11 30 120

192 1100 2 370

189 11 5 670

196 11 10 840.

180 11 15 1200

182 11 30 1610

193 1150 1 550

184 11 2 960

183 11 5 1530

194 1200 1 1390

187 11 1 1150

188 11 2 1740

185 11 3 2250
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Table 6: Measured maximal reaction zone thickness in stainless steel
for the diffusion couple Zircaloy-4/stainlesssteel 1.4919 (AISI
316) asa function oftemperature and time (fig. 40).

Temperature Time Reaction zone thickness
Specimen

oe min pm

177 1000 5 0
' ..

178 11 15 0

179 11 15 0

198 11 30 15

197 11 30 6

192 1100 2 35

181 11 5 15

189 11 5 65

196 11 10 105

180 11 15 65

193 1150 1 30

184 11 2 60

183 11 5 110

194 1200 1 145

188 11 2 190

199 11 4.5 375
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Iq.

Temperature Reaction zone growth rate, x2/t
cm2/s

oe 1/K Zircaloy-4 stainless steel

1000 7.855'10-4 9.48'10-8 5.74'10-10

1100 7.283'10-4 1.44'10-5 8.72'10-8

1150 7.027'10-4 7.69'10-5 3.81'10-7

1200 6.789'10-4 3.33'10-4 4.79'10,-6

Table 7: Reaction zone growth rates in Zircaloy and stainless steel for
the diffusion couple Zircaloy-4/stainless steel1.4919 (AISI 316)
(f 42)

Growth rate equation:

For Zircaloy-4:

x2/t (cm2/s) = 2.78·10 19·exp (- 642864/RT)

For stainless steel:

x2/t (cm2/s) = 1.08,1019'exp (- 688790/RT)

R = 8.314J/mol·K
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Table 8: Measured maximum reaction zone thickness in Zircaloy and
stainless steel for the diffusion couple pre-oxidized Zircaloy
4/stainlesssteel1.4919 (AISI316); initial Zr02 oxide layer
thickness: 10 pm (figs. 43 and 44).

Reaction zone thickness
Specimen Temperature Time pm

oe min
Zircaloy-4 1.4919 ss

29 1000 15 0 0

22 11 30 0 0

37 11 30 0 0

38 11 60 0 0

25 1100 3 0 0

33 11 10 198 54

21 11 15 287 66

27 11 30 513 119

34 1150 2 0 0

26 11 5 263 57

30 11 5 192 45

35 11 10 440 95

23 11 15 683 124

36 1200 1 0 0

32 11 2 160 40

31 11 3 393 73

24 11 5 490 112

28 11 10 793 151
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Table 9: Reaction zone growth rates in 2ircaloy and stainless steel for
the diffusion couple pre-oxidized 2ircaloy-4/stainless steel
1.4919 (AISI316); initial2r02 oxide layerthickness: 10 pm
(fig.46).

Temperature Reaction zone growth rate, x2/t
cm2/5

oe lIK Zircaloy-4 5tainle5s 5teel

1000 7.855'10-4 - -

1100 7.283'10-4 1.9'10"6 9.7'10-8

1150 7.027'10-4 6.7'10-6 2.1'10-7

1200 6:789'10-4 1.2'10-5 4.3'10"7

Growth rate equation:

For 2ircaloy-4:

x2/(t - to) (cm2/s) = 1.43'1 06·exp (- 3111 OO/RT)

For stainless steel:

x2/(t - to) (cm2/s) = 3.4,1 02'exp (- 250817/RT)

R = 8.314 J/mol'K

to value5 (10 pm Zr02Iayer), 5

Zry 55

1000 0 e - -

1100 oe 426 371

1150 oe 239 176

1200 0 e 83 56
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Fig. 1: Schematic of the PWR (Ag,ln,Cd) absorber rod arrangement within the
fuel element.
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Fig.8: Zircaloy-4 wall thickness decrease due to chemical interactions with the
(Ag,ln,Cd) alloy at different temperatures after annealing for 5 minutes.
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Fig.46: Reaction zone growth rates for the reaction system pre-oxidized
Zircaloy-4/stainless steel 1.4919 (AISI 316). Comparison with as-received
Zircaloy specimens (table 9). .
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Fig.47: Extent of chemical interactions between Zircaloy and stainless steel in
dependence on annealing conditions (upright or horizontal).
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Fig.48: Turning of the stainless steel rod within the Zircaloy crucible as a results
of liquid phase formation. The relocated melt form a large void.
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Fig.49: Reaction zone growth rates tor the reaction system Zircaloy/stainless
steel 1.4919 (AISI 316) tor two modes of annealing conditions (upright or
horizontal).




