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1. SCOPE

Chemical interaction between fuel and cladding is one of the major concern in

metallic fuel rod design. The contact of metallic fuel and stainless steel cladding in a

fuel rod forms a complex multi-component diffusion couple at elevated temperatures.

The potential problem of inter-diffusion of fuel and cladding components is

essentially two-fold : weakening of cladding mechanical strength due to the

formation of strength reducing diffusion zones in the cladding, and the formation of

comparatively low melting point phases in the fuel/cladding interface to develop

eutectic reaction.

In an attempt to assess the severity of these two deleterious effects prior to

irradiation testing of specific fuel elements, diffusion couple experiments in the

laboratory shall be customarily performed. Inter-diffusion of fuel and cladding

components can in principle lead to several phenomena that could affect the reliable

performance of a fuel rod.

In this experimental study, diffusion couples are consisted of U-Zr alloys and

HT-9 material. Three diffusion couple experiments shall be conducted with U-Zr

alloys which contain various zirconium contents from 8 % to 12% of Zr, such as, U-

8%Zr, U-10%Zr, and U-12%Zr, to specifically assess the propensity for molten

phase formation. This document gives the experimental specifications for the

eutectic reaction experiment and chemical interaction between HT-9 cladding and

various U-Zr fuels at the elevated temperatures. The experimental specifications

cover the scope and purpose, design of test specimen, test set-up, test procedure, the

requirements for the test, and test results and comparative acceptance criteria of

eutectic reaction of U-(8-12 wt.% )Zr/HT9 test specimens.
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2. PURPOSE

A key objective of this experiment is to produce experimental data to assess

acceptable zirconium content for U-Zr alloy fuel with HT-9 cladding. According to

the objective, the purposes of the eutectic reaction experiment between HT-9

cladding and U-Zr fuels with various contents of zirconium are as follows.

2.1 To investigate general thermal-design characteristics of U-Zr fuels with

HT9 cladding, which the fuel slugs contain various zirconium contents from U-

8%Zr, U-10%Zr, U-12%Zr.

2.2 To determine the threshold temperatures for eutectic formation at the

interfaces of diffusion couples for each specimen.

2.3 To measure the diffusion zone widths(|a.m) of diffusion structures along

with the types of phases that developed in the diffusion structures for each specimen

of U-Zr/HT9 diffusion couples.

2.4 To compare the inter-diffusion behaviors in HT-9 cladding with the

behaviors (Appendix B) reported in U-lOZr fuel versus HT-9 cladding steel

investigations and to study the relative inter-diffusion behavior of the various fuels

in the presence of different Zr weight and HT-9 cladding steel.
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3. DESIGN CONCEPT OF TEST SPECIMEN

U-Zr fuels with various contents of zirconium up to 12 wt.% and HT-9 cladding

samples shall be alternatively stacked, in columns of up to 3 samples as shown in

Fig. 1. The test series consisted of four specimens, so called EMI, EM2, EM3, and

EM4, alternatively stacked. Diffusion coupling specimens shall be equipped and

installed according to the procedure and a guide described in chapter 4 and 6.

URQZr

Fig. 1 Alternatively stacked specimen of diffusion couple test columns
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4. TEST SET-UP

4.1 Diffusion couple and its assembly

Various U-Zr fuels and HT9 cladding samples shall be cut from cylinder bars to

~3 mm thick slices with approximately 8 mm in diameter. The binary alloys of U-Zr

shall be prepared by 'metallic fuel fabrication technology development project',

according to the internal guide and referring the design data of KALIMER fuel rod

as shown in Appendix C. Depleted U shall be used in the preparation of the alloy

using conventional induction melting methods. The HT-9 shall be provided by

"metallic fuel design development project", which has nominal composition of HT-9

cladding as shown in Table 1.

The sample slices shall be ground flat on SiC paper to ensure parallel faces, and

metallographically polished through 1 u.m diamond paste. This procedure is

employed to ensure that the surfaces shall be free from an oxide layer. Diffusion

couples shall be assembled by stacking alternatively the fuel and cladding samples

in columns of up to 3 samples. And they shall be placed in a Kovar alloy (Fe-29Ni-

17Co-0.3Mn-0.2Si) jig that consisted of two Kovar end plates and three threaded

Kovar rods. Kovar is a steel with a low coefficient of thermal expansion. Because

oxide films on the surfaces of the U-Zr alloys prevent the diffusion process between

the couples, all procedures including sample preparation, polishing, diffusion couple

assembly, annealing, and analysis are performed in an argon atmosphere or the

surfaces of the alloys are removed with a special polishing treatment.

To reuse the once assembled the Kovar jig, the jig shall be placed in a furnace

under argon atmosphere and annealed at 740-760 °C for 100 hours and then

quenched with argon.

U^r. alloy system

The binary U-Zr phase diagram is presented in figure 2. There are three

allotropes of solid uranium: orthorhombic U(a), tetragonal U(P) and body centered

cubic (bcc) U(y). The temperatures of transition are 942 K for U(cc->P) and 1049 K

for U(p—»y). Zirconium has two allotropes: close packed hexagonal (hep) Zr(ct) and

bcc Zr(P). The transition temperature for Zr(a->P) is 1136 K. As shown in the

diagram, solubility of Zr in U(oc) or U(p) is very low. Similarly, solubility of U in

13



Zr(ot) is very low. The two bcc phases, U(y) and Zr(P), form a solid solution phase in

which a miscibility gap exists. An intermediate phase (5) is in a composition range

of 67 - 73 at.% Zr, effectively UZr2 with some solubility for Zr.

Fe-U and Cr-U alloy systems

The binary Fe-U phase diagram is presented in figure 3. There are two

intermediate phases: U6Fe at 14 at.% Fe and UFe2at 67 at.% Fe. In the diagram the

most concerning point is a eutectic point at 725 °C, 34 at.% Fe. Solubility of Fe in

U is negligible. Solubility of U in Fe is also negligible.

The binary Cr-U phase diagram is presented in figure 4. There is not any

intermediate phase. Solubility of Cr in U or U in Fe is very low. Only a eutectic

point exists at 859 °C, 20 at.% Cr.

Fe-Pu alloy system

The binary Fe-Pu phase diagram is presented in figure 5. Plutonium has six

alloptropes: simple monoclinic Pu(a) (up to 122 °C), body centered monoclinic

Pu(p) (122 - 206 °C), face centered orthorhombic Pu(y) (206 - 319 °C), fee Pu(5)

(319-451 °C), bctPu(8')(451-476 °C), and bcc Pu(e) (476 - 6 3 9 °C).Ofthesix

alloptropes, only delta phase plutonium is relatively stable or metastable. There are

two intermetallic phases: Pu6Fe and PuFe2 A eutectic point at 10 at.% Fe shows low

melting temperature at 410 °C.

4.2 Annealing furnace and characterization

The assembled couples shall be placed in a quartz tube which is fabricated by

"metallic fuel fabrication technology development project".

To reduce oxidation of the samples, the fixtured test column shall be quickly

inserted into a quartz tube. Each quartz tube shall be flushed several times with

argon, evacuated to vacuum, and sealed to form a capsule. The nominal test

temperatures are 720 °C - 760 °C and are controlled within ±4 °C. Annealing

times of the majority of the tests are 100 hours with a few tests ending at 500 h, as

shown in Table 2 and 3.

After annealing the couples, the capsules shall be allowed to cool in air. The

diffused couples shall be removed from the quartz capsules and mounted in a cold

self-setting resin. Mounted couples shall be then cut longitudinally using a cut-off

14



wheel to expose sections parallel to the direction of diffusion. The exposed cross

section of each couple shall be metallographically polished through 0.05 ,«m

alumina. The couples shall be analyzed using an optical microscope, scanning

electron microscopy (SEM) with energy-dispersive spectroscopy to identify phase

compositions throughout the diffusion structures and to generate composition

profiles and diffusion paths. In turn, this information shall be used to calculate

average effective inter-diffusion coefficients on both sides of the Matano plane, i.e.,

the plane of mass balance.

15
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5. EXPERIMENT REQUIREMENTS

5.1 Homogenization

The fuel shall be homogenized at 900 °C for 4 days. After homogenization, the

metallographic examination of specimen will be performed using EDX or EPA

(electron probe analyzer).

5.2 Oxidation

The surfaces of the fuel alloys and HT9 rod shall be polished through 0.1 jam

alumina to remove the oxidation layer. During annealing and quenching, the

provision will be provided to keep the specimen from free of oxidation.

5.3 Dimension Measurement

Before assembling the specimen, the thickness of each specimen shall be

measured of the accuracy of ±0.1 mm. Each specimen should be parallel in

thickness. The diameter of HT9 specimen should be larger than the fuel specimen to

compare the reaction layer after experiment.

5.4 Temperature Control

than

Pemperature Control

The temperature gradient over the length of stacked specimens should be less

1 °C and the temperature controlled to ± 4 °C in steady-state annealing.

5.5 Duration Time

To determine the duration time of the experiment, the depth of maximum

reaction layer is pre-estimated using the empirical correlation of reaction rate

between metallic fuel and stainless steels.

1.646 - ^ p l (1)

where R is reaction rate in |im/sec and T is temperature in Kelvin. Fig.6 shows the

calculated depth of reaction layer using equation (1).
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The 3-hour test at 800 °C is expected 2.2 mm of reaction layer on HT9

specimen. It means 44% wastage of HT9 if 5 mm thick slice is used. In addition to

this point, the equation (1) is derived based on 1-hour test, so that 1-hour test is

preferable.

5.6 Pressure

During experiment, liquefaction of the reaction layer may result in collapse of

the specimen thickness. Therefore compressive pressure should be applied

continuously at both side of specimen assembly during annealing.
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6. TEST PROCEDURES

A series of ex-reactor tests are performed to assess and study the potential

problems between U-Zr fuel and HT9 cladding. Diffusion couples of U-Zr with

various contents of Zr and HT9 steel are annealed at temperatures ranging from

720 °C to 760 °C for 100 ~ 500 hours in an argon atmosphere, with the longer

times generally associated with the lower temperatures. Optical microscopy and

SEM examination shall be used to determine whether or not melting had occurred.

6.1 Alloy and cladding preparation

U-Zr fuel alloys with various contents of Zr shall be prepared by "metallic fuel

fabrication technology development project". The diameter of fuel slug shall be

fabricated according to the KALIMER fuel design as shown in Appendix C. The

HT9 cladding steel for the experiment shall be provided by "metallic fuel design

development project".

For HT9 cladding material, nominal composition of HT9 cladding is shown in

Table 1.

Table 1. Nominal composition of HT9 in weight percent

c

0.20

Si

0.4

Mn

0.55

Cr

11.5

Ni

0.5

Mo

0.5

W

1.0

V

0.3

6.2 Procedures

The disks of various U-Zr alloys and the HT9 cladding steel shall be cut and

metallographically polished. This procedure is employed to ensure that the surfaces

are free from an oxide layer. During polishing, thickness measurements shall be

made to ensure that both faces of the disks are flat and parallel to each other. Fuel

and cladding samples are alternatively stacked, like "sandwiches", in columns of up

to 3 samples. Experience by ANL has shown that the surface condition in the

diffusion-couple experiments is very important. Clean surfaces of a good contact

yield lower melting temperatures. Conversely, dirty surfaces that present barriers to

22



diffusion and will significantly increase the time required for formation of liquid

phases at the fuel/clad interface. Therefore, poor contact does not give a proper

'onset-of-melting' temperature. Immediately after polishing, a test column shall be

assembled in an "Atmosbag" by stacking the sample into a fixture. Clean surfaces

prior to assembly shall be prepared by polishing on a small pad with diamond paste

and cleaning with alcohol inside the "Atmosbag". The specimens shall be clamped

together in a jig that consisted of two end plates, as shown in Figure 7. The base of

this fixture shall be a Kovar alloy (Fe-29Ni-17Co-0.3Mn-0.2Si, w/o) disk with three

tapped holes in which threaded Kovar rods are fastened. The threads of these rods

shall be upset on the underside of the disk so that the rods are locked in place. This

assembly shall be held by a brass pot-chuck while specimens are stacked. A second

Kovar alloy disk shall be aligned with the threaded rods and placed atop the stack.

Stainless steel nuts shall be then tightened on the threaded rods to put a compressive

stress on the test column. A thermal expansion difference between the Kovar alloy

rods and the test column ensured axial compressive loading of the samples during

annealing.

The assembled couples shall be placed in a quartz tube that is fabricated by

"metallic fuel fabrication technology development project". To reduce oxidation of

the samples, the fixtured test column shall be quickly inserted into a quartz tube.

Each quartz tube shall be flushed several times with argon, evacuated to vacuum,

and sealed to form a capsule. The heat-up rate shall be typically about 10°C/sec,

hold times at temperature are described in table 2 and table 3. Results of prior

calibration tests have established the accuracy of the temperature measurements to

be within + 4°C.

23



3X MUF - S5 - iD HEX

MATERIAL -SST

UPSET THREADS

3 THREADED RODS

) UNC-2A TKREA3

DETAIL A
THREADED ROD

3 REQUIRED

CETA;L 3
TOP D;5K

AT SURFACES - 1 i FINISH

: REQUIRED

DETAi, [

30TTGM DISK

= L A " SURFACES - '.L FINISH

1 REQUIRED

Figure 7. Kovar fixture : assembly and details

24



The heat-up rate shall be typically about 10°C/sec, hold times at temperature are

described in table 2 and table 3. Results of prior calibration tests have established

the accuracy of the temperature measurements to be within ± 4°C.

The selected temperature ranges for these experiments shall be 740 °C to

760 °C for EMI ~ EM3, which are cover the eutectic temperature of —740 °C for

the U-Zr system. For EM4 experiment, the selected temperature and hold time are

720 °C and 500 hours, as shown in table 3. For EM1-EM3 experiments, the

experimental conditions are given in table 2.

Table 2. Hold times at temperature for EM1-EM3 specimens

Procedure

1

2

3

Specimen
Alloy ID

EMI

EM2

EM3

Test
Temperature

(°C)

740

750

760

Test Duration
(Hr)

100

100

100

Remarks

Check melt and
do metallurgical

analysis

After the test, the specimen shall be metallographically examined to evaluate

eutectic formation and fuel/HT9 interaction. Before examination, the specimen shall

be mounted. The specimen shall be ground and then polished. From the

photomicrographs, the thickness of the thinnest remaining cladding shall be

determined based on metallographic length standards. The difference between the

as-built cladding thickness and the remaining thickness shall be defined as the depth

of the cladding penetration. Some cases, the couples shall be analyzed using an

optical microscope, or scanning electron microscopy (SEM).

Table 3. Hold times at temperature for EM4 specimen

Procedure
Specimen

1

Alloy ID

EM4

Temperature
(°C)

720

Duration (Hr)

500

Remarks

Perform
metallurgical

analysis
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7. TEST RESULTS AND COMPARATIVE ACCEPTANCE CRITERIA

The post-test analysis of the diffusion couples includes : metallographic

examinations, scanning electron microscopy, and scanning Auger microscopy.

Interaction between fuel and cladding under heating condition can result in the

formation of phases that degrade the performance of the cladding, and as a result,

diffusion couple techniques have been employed to study the relative inter-diffusion

behavior of fuel and cladding components. To compare the inter-diffusion behaviors

in HT9 cladding with the behaviors reported in U-lOZr fuel versus HT9 cladding

steel investigations, comparative criteria are described.

The following sections describe the relevant test results that are needed for this

experiment as a design data base.

7.1 Documentation and experimental results

The experiment shall be carried out according to written procedures prepared by

the engineer of metallic fuel fabrication technology development and approved for

use by the engineer of metallic fuel design development. All experimental results

shall be documented in a test report that shall be issued to metallic fuel design

development for approval. The final approved test report shall then be issued at

revision 0 for use.

7.2 Comparative acceptance criteria

7.2.1 Eutectic formation and threshold temperature

Optical microscopy shall be used to decide whether or not melting had occurred

for these samples. Indications shall be given as to whether or not liquid phases

formed under the condition of each test.

When zirconium contents are varied to U-fuel, fuel/cladding compatibility and

the solidus temperature of the alloy are significantly changed. If the temperature is

raised above the eutectic temperature of the alloy, the fuel can form a mixture of

liquid and solid phases that may promote further cladding interaction.

The following characteristics are to be observed during the experiment:

26



optical observation to form liquid phases.

Subsequent to eutectic formation, additional work shall be performed in which

time is included as a variable. The following characteristic is to be observed during

the experiment:

threshold temperatures of each alloy to form combined liquid and solid

phase in interface area of fuel/cladding.

7.2.2 Cladding penetration and metallurgical changes in the cladding

Metallograpy shall be conducted on every experimental specimen to search for

evidence of liquid phase formation and to measure the extent of penetration for

cladding interaction and the formation of a liquid phase to together with the solid.

For conservatism, only the maximum penetration shall be measured and reported

after the completion of each experiment. Selected samples shall be analyzed by

electron microprobe analysis (EMP) and scanning electron microscopy (SEM) to

determine the phases and constituents present in the fuel and cladding after FCCI

(fuel/cladding chemical interaction) melting and to provide insight into the FCCI

mechanism.

The maximum depths of cladding penetration from the 4 tests shall be

measured and compared with previous data as described in Appendix B.

The variation of cladding penetration rates with test temperature, and time

at test temperature

- Diffusion layer on the fuel side.
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APPENDIX A . Fuel-Cladding Chemical Interaction

Fuel-cladding chemical interaction (FCCI) in an all-metallic fuel element is

essentially a complex multicomponent diffusion problem. Characterization of fuel-

cladding interdiffusion is exceedingly difficult because of the number of alloy

components involved. With stainless steel cladding, even in the most simple fuel

alloy such as U-Fs and U-Zr, at least five major constituents participate in the

diffusion process. In addition, minor alloy component such as C, N and O, as well as

fission products - particularly at higher burnup - appear to play an important role. The

potential problem of interdiffusion of fuel and cladding components is essentially

two-fold: weakening of cladding mechanical properties and formation of relatively

low melting point compositions in the fuel. In an attempt to assess the severity of

these two deleterious effects prior to irradiation testing of specific fuel elements, one

customarily performs diffusion couple experiments in the laboratory.

During the 1960's ANL tested a large number of fuel-cladding combinations

with this diffusion method. It was concluded that the 300 series of austenitic

stainless steel cladding has an acceptable degree of cladding attack for U-Fs fuel.

However, the addition of Pu increased the rate of attack, and more importantly,

decreased the temperature at which melting was observed in the diffusion zone. As

shown in Fig. Al and Table Al (Zegler and Walters, 1967), a marked improvement

in both diffusion rates and minimum melting temperature was obtained through the

addition of at least 10 wt.% Zr in the fuel alloys. Whereas Ti was also considered as

a fuel alloy addition, but proved to be ineffective. This discovery forms the basis for

the selection of 10 wt.% Zr alloys for the present IFR fuels.

Table Al. Melting temperatures from diffusion couple data after 300-700 hours at

temperature.

Cladding/Fuel Couples

U-8Pu-10Zr
U-19Pu-10Zr
U-26Pu-10Zr
U-15Pu-10Zr

304

>760
>780

>800

Tmin

316

790
790

<775
>800

°C

HT-9

<750
>780
650
>800

D-9

740
>730
650
>800
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Temperature in °C
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§10-2

I
Annealing time = 10 h

U-10Pu-10Fs/304SS

U-10Zr/304SS

U-18Pu-14Zr/304SS

5Fs/304SS

5Fs/316SS U-15Pu-1OZr/3O4SS

1.25 1.19 1.13 1.07 1.01 0.95 0.89 0.83
ivn * io3 K"1

Figure Al . Depth of interaction layer in cladding for various fuel-cladding diffusion

couples (Zegler and Walters, 1967).

30



Considerable variability in austenitic cladding attack was observed with U-

18Pu-14 Zr; for example, type 310 showed a depth of 30-44y m after 5000 hours at

750 °C (similar to type 304), while type 309 showed less the 8u m. However, in none

of these combinations did melting occur after 5000 hours at 800 °C (Zegler, 1967). It

was concluded that the variability in cladding attack was due to the formation of thin

layers of oxygen-stabilized Zr, which formed at the original fuel-cladding interface.

These layers act as diffusion barriers, and the extent of their formation would

depend on the oxygen activity in the stainless steel, which could vary from type to

type. It is of interest to note the limited test result then obtained on ferritic type 440

stainless steel because of the current use of ferritic-martensitic cladding. Diffusion

tests with U-10 Pu-14 Zr and this ferritic steel showed molten phase formation at

750°C after only five days. This inferior behavior, compared to austenitic steels,

removed the ferritic steels from further consideration in the 1960's.

These results and earlier data reported by Kittel (1949) on diffusion experiments

with uranium (see Fig. Bl) also lead the researchers to conclude that Ni played an

important role in fuel-cladding interdiffusion. These findings and conclusions are

relevant to the newly developed low-swelling cladding materials used for the IFR

fuel elements.

The austenitic cladding D-9 contains Ti, which forms extremely stable with

interstitial elements in the steel, rendering these elements unavailable for the

possible formation of a Zr-compound diffusion barrier. On the other hand the

martensitic steel HT-9 contains very little Ni and might be expected to behave like

the aforementioned type 440 stainless steel.

In order to assess specifically the propensity for molten phase formation,

diffusion experiments were performed with the current IFR fuel-cladding

combinations. Series 300 stainless steel were included, as well as fuel sample from

an archive fuel element that was fabricated in 1967 for comparison with the previous

experiments. The results of these experiments are summarized in Table Al below.

They are "consistent" with 1960's data: there is considerable scatter in both sets of

data in regard to various fuel/cladding types, but in the same wide range of results.

The result of this sort of testing have shown many indications as to the

influence of the formation of a surface layer of zirconium containing 20-30 at.% of

interstitial elements (O, N, C), as was found in the 1960's studies (oxygen was

thought to play a dominant role). The interstitial element found in greatest at
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abundance in the interface zirconium layers found in the recent work (Hofman et al.,

1986) was nitrogen. Moreover, it seemed that thicker layers were formed in couples

where the nitrogen content of the cladding alloy was greatest. It was, therefore,

speculated that the enhanced compatibility of the 316 couples, compared to the D9

and HT9 alloys, was due to the 600ppm N contents vs. 40-50ppm in the HT9 and D9

alloys. The increased carbon content was apparently not effective in enhancing HT9

compatibility compared to the 316 and D9 austenitic alloys, perhaps due to carbide

stability at T>700°C.

Another indication of the nitrogen effect on inter-diffusion is that none of the

diffusion couples containing the 1967 archive fuel showed any evidence of

melting at the highest temperature of 810 °C, and that they had formed much thicker

Zr layers at the fuel-cladding interfaces. While the carbon and oxygen content of the

various fuel alloys used in the test was similar, the nitrogen content of the 1967

vintage fuels was ~500w/ppm, compared to ~20w/ppm in the current IFR fuel

alloys.

Studies were done to show that the presence of small amounts of nitrogen (in a

heat treatment atmosphere) can induce the formation of Zr-rich layers on the surface

of samples. These layers were then shown to enhance compatibility in subsequent

diffusion-couple tests and appear to be effective interdiffusion barriers. The

relationship of how the- layers form as influenced by test technique, sample

preparation, etc., may also explain some of the scatter in the diffusion-couple data.

Metallographic examinations of the various diffusion couples lead to the

following general observations (Hofman et al., 1986). A Zr layer containing

approximately 20at.% N is first formed at the interface of all fuel-cladding

combinations as shown in Fig. A2. This layer is thicker and apparently forms more

readily in the case of type 316 stainless steel, which has a rather high dissolved

nitrogen concentration. Subsequently, primarily Fe and Ni (in austenitic steels)

diffuse into the Zr layer and form two distinct phases that contain some U and Pu as

well, indicating that these elements can diffuse through the Zr compounds (see Fig.

A2). Finally further diffusion of U and Pu leads to the formation of fuel-cladding

component phases equivalent to U6Fe and UFe2 on the cladding side of the Zr

compound layer. In the case of austenitic steels, the UFe2 type phase forms a

"finger"-like diffusion front, a structure often observed in multi-component diffusion

when two of the diffusing species (in the present case Ni and U) diffuse by a
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relatively rapid exchange mechanism (Van Loo et al., 1984). The U6Fe-like phase

forms directly behind the "fingers" (see Fig. A3).

The inter-diffusion zone is essentially the same for type 316 and D9 stainless

steel, but the rate of formation is much lower for the former, due to the difference in

the initially formed Zr-N layer. In the case of basically Ni-free ferritic steel, HT-9,

the U6Fe and UFe2 type phases form a single zone without the finger-like structure,

also shown in the Fig. A2. There exists a eutectic composition between these two

phases, the temperature of which depends on the concentration of Pu, Ni and Zr in

the phases, as well as U and Fe. However, judging from the data in Table Al for D9

and HT-9, this temperature appears to lie in the vicinity of U-Fe eutectic of

approximately 720 °C. Presumably the type 316 stainless steel would have yielded a

similar melting temperature had the test run longer, i.e., more U diffusion through

the Zr layer should have occurred. As it were, melting in the case of type 316 or

304L occurred near 800 °C and appeared to have started in the fuel side of the

diffusion couple. At this temperature the diffusion of Fe and Ni into the fuel, rather

than U into the steel, lead to eutectic formation, The eutectic temperature is the Fe-

U-Pu-Zr system drops significantly with Pu concentration, which may explain the

lower melting temperatures for the 26 wt.% Pu fuel. The melting in this case also

started in the fuel side of the diffusion couple.
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Fuel U-i9Pu-10Zr

52r-25N [U-Pu-Zr-Fe) IZr-Fo-Cr)-N (2r-Ni-Fel-N

\

Clodding

HT-9

•*• • • ^ v Fuel

3'.^-, U-19Pu~10Zr

300 h o1 700 "C
H

5 yvn

300 h at ?25'C
H

5 Mm

Fig. A2 Layers formed at fuel-cladding diffusion couple interfaces.

U-Pu-Fe-Ni Zr phases

U-Pu-Zr

U-Pu-Fe ——— HT-9

200 pm

Ferrite
decorbufized

H
100 prn

Fig. A3 Interaction layers formed after 300h at 705 °C between D9

steel(upper) and HT-9(lower) and U-19Pu-10Zr fuel(note decarburization in HT-9).
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The results obtained with diffusion couples indicate what might occur in reactor

during fuel-cladding chemical interaction. However, post-irradiation examinations

and annealing experiments with irradiated fuel and cladding show significantly

different behavior of FCCI in an actual fuel element. The emphasis in the

proceeding discussion of the diffusion couple test has been in the formation of liquid

phases, but except during possible transient events, fuel elements operate by design

below these melting points. The FCCI during normal operation is thus characterized

by solid state interdiffusion. As was suggested earlier, Ni appears to play an

important role in FCCI. Preferential diffusion of Ni into the fuel result in a ferritic

layer in the cladding of all austenitic steel-fuel combinations. This Ni, as well as

some Fe, diffuses into the fuel to a depth several times as large as the Ni-depleted

layer in the cladding. The ferritic layer, on the other hand, contains little or no fuel.

The inter-diffusion zone in a high-burnup U-5Fs 304L-clad elements (Hofman,

1980) is very similar to those reported by Zegler and Walters (1967) in diffusion

studies with the same fuel-cladding combination. A selection of post-irradiation

observations listed in Table A2 shows some interesting differences various fuel-

cladding combinations. For example, the Ni depletion in type 316 stainless steel is

substantially lower than in type 304 for both U-5Fs (Hofman et al., 1976) and U-Pu-

Zr (Murphy et al., 1969), where Zegler and Walters found no difference between

these two steels in their diffusion studies. Moreover, a difference in radiation-

enhanced diffusion of Ni in the two steels does not explain this different behavior.

The effect of rare earth fission products on Ni diffusion was considered because

these elements are found in the Ni-depleted zone of austenitic steel clad U-Pu-Zr

fuel elements up to a concentration of a few percent at 5 at.% Bu (see Fig. A4 and

Table A2) and as much as 20% in the high-burnup D9-clad elements as illustrated by

Fig. A5 (also reflected in the hardness of the Ni-depleted zone). Rare earth fission

products of the lanthanide series migrate readily to the cladding in Pu-containing

fuel, but not as easily in U-Zr, which might explain the large difference in layer

width between those fuels and D9 cladding. However, there are no rare earth

elements found in the Ni-depleted layers in the U-5Fs fuel, yet the difference

between type 316 and 304L is of the same order as that U-15Pu-9Zr fuel.
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Table A2. Comparison of Ni-depleted zones in various fuel-cladding combinations.

Fuel

U-5Fe

U-15Pu-9Zr

U-9Pu-10Zr

U-lOZr
U-lOZr

U-19Pu-10Zr

Cladding

304L
316

304L
316
D9
316
D9

HT-9a

HT-9

Ni depleted
Zone3, jam

50(10)b

10(10)"
140
30
100
70
20
100
45

Bu in
at. %

10
10
5
5
17
13
17
5
12

T(BOL)
in°C
560
560
650
650
580
580
580
650
600

Ce-Nd
in at. %

~ 0
~ 0
Few
Few
- 2 0
nmc

nmc

3

DPH

230
nmc

280
280
1050
1000
nmc

200
350

a Decarburized zone for HT-9 ; b extrapolated from Zegler and Walters diffusion
couples ; c not measured.

There is no satisfactory explanation of this behavior at this points, other than the

suggestion that the aforementioned initial Zr-rich layer formation at the fuel-

cladding interface of the various fuel-cladding combination sufficiently different,

and affected differently enough during irradiation, to alter Ni diffusion from the

cladding.

FCCI between austenitic and martensitic steel has both similarities and

differences. Because HT-9 contains very little Ni, depletion of this element, which

seems to control FCCI in austenitic D9, does not apply to HT-9. However, the

ferritic layer in D9 formed by Ni depletion is essentially similar to a ferritic layer in

HT-9 that results from decarburization of the original martensite. An example of this

is shown in Fig. A6, which was measured after 6 at% burnup at -620 °C. Such

decarburization and ferrite formation, one recalls, also occured in diffusion couples

illustrated in Fig. A3. However, the differences in FCMI between austenitic and

martensitic steel may be more significant than are aforementioned similarity. First,

the rate of ferrite formation due to decarburization of HT-9 is lower than that due to

Ni depletion in D9 at comparable temperatures. Moreover, the diffusion of rare

earths into the ferritic layers is quite different for the two steels. Unlike the uniform

diffusion in D9, rare earths diffuse only partially along a uniform front, but rather

more along grain boundaries in HT-9, as shown also in Fig. A6.
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Fig. A5 Micrograph of etched cross-section showing fuel cladding inter-difffusion

of U-Pu-Zr and D-9, in pile, after ~ 12 at.% burnup at -500 °C.

Fuel Cladding

Rore earths—* —-Ferrite- "Martensile
Optical, Etched, 5OO»

Fuel - Cladding Fuel • Cladding

Pr, X-Ray Image, SEM Specimen, Current, SEM

Fig. A6 Fuel-cladding inter-diffusion of U-lOZr and HT-9
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Although our understanding of FCCI is not complete at this juncture, it appears

that the data allow us to make the following general observations. Prior to

accumulation of significant amounts of lanthanide fission products at the fuel-

cladding interface, FCCI depends on the particular fuel-cladding combinations; i.e.,

various degrees of Ni depletion in austenitic cladding and decarburization of

martensitic cladding have a solid state diffusion type time and temperature

dependence. Lanthanides ultimately control FCCI, but their presence at the internal

cladding surface depends not only on burnup but very strongly on their radial

migration in the fuel. Although radial lanthanide migration increases with fuel

temperature for all fuel alloys, it is most rapid in U-Pu-Zr, less so in U-Zr and least

in U-5Fs.

The in situ formation of Zr-N layers in diffusion couples and the reduced Ni

depletion found in type 316 stainless steel indicate the feasibility of improving the

FCCI. However, the FCCI problem with austenitic cladding might be largely

academic, since swelling alone renders these steels unacceptable for use at high

burnup. High burnup operation requires a low swelling cladding material such as

HT-9, so acceptable FCCI is more important in this steel.

Although melting due to FCCI is not expected at normal fuel element operating

conditions, the ex-reactor diffusion test indicate that liquid phase formation needs to

be considered if cladding temperatures were to reach the 700°C-800°C range during

transient conditions. In these considered transients, the higher temperatures in this

range are reached in events lasting only minutes, while relatively lower temperature

events such as loss of coolant combined with a disabled heat rejection system may

last many hours. To better characterize liquid phase formation in cladding and fuel at

elevated temperatures, sections of various irradiated fuel elements have been heated

in an in-cell apparatuses over a range of temperature and time (Tsai et al., 1990).

This work has shown no evidence of liquid phase formation below ~ 725 °C for test

durations of up to seven hours, in general agreement with the diffusion experiments

discussed before, and has yielded a large body of kinetic data at higher temperature

(Tsai et al., 1991). Figure A7 shows an envelope of test results on several fuel-

cladding combinations measured as a function of time at 800 °C. The broadness of

the data range is due to the number of fuel-cladding combinations tested, i.e., 0-

26%Pu and type 316, D-9 and HT-9 steels, as well as various burnup levels and

irradiation conditions of the tested samples. Further testing is still in progress.
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In general, the penetration depths appear to be parabolic functions of time with

a power of less than one. The rate of attack is similar for HT-9 and D9, but generally

lower for type 316 with all fuel compositions. It is interesting to note that for the

parameter range covered thus far in these post-irradiation heating tests, 0 % Pu fuel

has shown the highest rate of attack and 26% Pu fuel the lowest, opposite to the

trend observed in diffusion couples. Metallographic examination of these post-

irradiation samples reveals that the FCCI is similar to that observed in unirradiated

diffusion couple tests, with the exception of a pronounced effect of rare-earth fission

products in high burnup fuel samples. This experimental program has not advanced

to development of a satisfactory fundamental model for the observations.

Meanwhile, correlations of cladding penetrations with temperature and time derived

from these preliminary test results are used in evaluating transient behavior of

metallic fuel elements.
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Figure A7. Envelope of fuel-cladding penetration depth as a function of time at

800 °C during post-irradiation heating tests (burnup of test samples in

blackets) (Tsai, 1991).
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APPENDIX B Standard behavior reported in U-10%Zr fuel versus HT9

cladding steel investigations

The results and earlier data reported by Kittel on diffusion experiments with

uranium also lead the researchers to conclude that Ni played an important role in

fuel-cladding inter-diffusion, as shown in Figure Bl . The U6Fe and Ufe2 type phases

form a single zone without the finger-like structure in martensitic steel HT-9 which

contains very little Ni. These exists a eutectic composition between these two phases,

the temperature of which depends on the concentration of Pu, Ni and Zr in the

phases, as well as U and Fe. Melting temperature from diffusion couple data for U-

8Pu-10Zr after 300-700 hours was 740 °C, this temperature appears to lie in the

vicinity of the U-Fe eutectic of approximately 720 °C[refl]. The eutectic

temperature in the Fe-U-Pu-Zr system drops significantly with Pu concentration,

which may explain the lower melting temperatures for the 26 wt% Pu fuel. The

melting in this case also started in the fuel side of the diffusion couple.

Experimental results[2] for various irradiated fuel elements which were heated in an

in-cell apparatus over a range of temperature and time, have shown no evidence of

liquid phase formation below ~725 °C for test durations of up to seven hours, in

general agreement with the diffusion experiments and has yields a large body of

kinetic data at higher temperature. An envelope of test results on several fuel-

cladding combinations are appeared in Figure B2 and B3, which were measured as a

function of time at 800 °C. Maximum cladding penetrations were ranged from 100

Arn to 150 /"m for test duration of 1-2 hours.
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Figure Bl. Thickness of interaction layers in diffussion couples after six day anneals.
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Figure B2. Envelope of fuel-cladding penetration depth as a function of

Time at 800 °C during post-irradiation heating tests
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Figure B3. Time dependence of cladding penetration depth at 800 °C. Results from

tests of other fuel systems are also shown : (1) U-10Zr/HT9 at 8 at.%

BU, (2) U-10Zr/D9 at 17 at.% BU, (3) U-10Zr/316SS at 5 at.% BU.
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APPENDIX C Preliminary design data of KALIMER fuel rod

Fuel Slug
- binary
- ternary

Fuel Slug Diameter (mm)
Fuel Slug Density(g/cm3)

- Fabrication
-TD

Enrichment of Fuel
• binary system

- driver
- blanket

• ternary
Smeared Density (%)
Fuel Cladding Gap (mm)
Pin P/D Ratio
Cladding Material
Pin Outer Diameter (mm)
Integrated Gap Between Fuel and Clad (mm)
Pin Inner Diameter (mm)
Cladding Thickness (mm)

Pin Overall Length (mm)
• Upper End Plug (mm)
• Lower End Plug and Shielding (mm)
• Upper Gas Plenum Length (mm)

- Sodium Filler Height (mm)
- Net Gas Plenum Length (mm)

• Fuel Slug Length (mm)

Net Plenum Volume (cm3)
Fill Gas Pressure (psi)
Fill Gas
Pin Pitch (mm)
Plenum to Fuel Ratio
Wire Wrap Diameter (mm)
Wire Wrap Pitch (mm)
Bond Material
Gas Taaaine Svstem

U-10wt%Zr
U-Pu-10wt%Zr
5.46

15.58
17.5

19.9% U-235
depleted U
TBD(Pu content)
75
0.42
1.203
HT9
7.4
0.84
6.3
0.55

3593.00
25.40
1117.60
1550.00
250.00
1300.00
900.00

26.42
14.7
He
8.9
2.00
1.40
187.2
Na
None
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