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CHAPTER I

SUMMARY

The reaction of dispersed uranium dioxide in an aluminum

matrix in pressed compacts and fuel plates has been studied at

500 — 600°C. Correlation of reaction with the accompanying volume

increase was made and a growth mechanism proposed.

Uranium dioxide reacts slowly with aluminum in 50 weight per

cent UOp pressed compacts at 600°C to form UAl^ and AlpO.-,. Seventy-
d _j t.. j

five per cent reaction is attained in 80 hours and is accompanied by

swelling.

Uranium dioxide reacts with aluminum in 52-3 weight per cent

U0n fuel plates to form UAL and AlpO,,. Intermediate reaction pro-

ducts are UAlp and UA1_. Reaction is rapid at 600°C, attaining

90 — 100 per cent completion in 10 hours, and moderate at 500°C,

attaining 50 — 70 per cent completion in one week. Three reaction

product zones, tentatively identified as containing UAlp, UA1_, and

UA1], are visible by electron microscopy. No evidence of diffusional

porosity is noted. Volume increases of 20 — 30 per cent accompany

reaction. The rate of volume increase decreases with heat-treatment

temperature.

The observed volume increase cannot be explained on the bases

of specific volume changes associated with the solid-state reaction,

a Kirkendall mechanism, or the presence of hydrogen chemisorbed on the

UOp surface. A growth mechanism is proposed and supported which is
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based upon gas generation within the fuel plate core during reaction,

thus causing growth by creep due to internal pressure.



CHAPTER II

INTRODUCTION

Aluminum-base, plate-type fuel elements are attractive for use

in high-flux research reactors, such as the Materials Testing Reactor.

In this application, highly enriched uranium containing greater than

90 per cent U-235 is used in the form of 10 — 20 weight per cent U-A1

alloy. The method of fabrication of such fuel elements has long been

established. The composite fuel plates are fabricated by roll clad-

ding at 590°C_, and subsequently assembled by brazing Into a fuel

e lenient „

In the spring of 1955^ the Oak Ridge National Laboratory was

requested by the Atomic Energy Commission to construct a pool-type

reactor for display at the Geneva Conference in August, 1955- The

uranium for use in the fuel elements, however, was limited to 20 per

cent U-235 by Congressional restriction. The urgency of time also

precluded the investigation of major design alterations. These

factors necessitated Increasing the total uranium content of the

fuel-bearing core of the composite plate by a factor of approximately

five, so that a 50 per cent U-Al alloy was thus required. The estab-

lished Inhomogenelty and lack of ductility In such high-concentration

U-Al alloys at that time indicated that considerable fabrication

difficulty would be encountered. The unproved, yet promising, tech-

nique of incorporating the uranium, as a UOQ dispersion in aluminum

powder was, therefore, selected. Problems soon developed, however, In
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the use of this approach. Fuel plates showed abnormal dimensional

growth during the elevated temperature fabrication"procedures. Exami-

nation revealed the dispersed UOp particles were reacting with the

aluminum matrix to form the uranium-aluminum intermetallie compounds

and aluminum oxide. Fortunately, as a result of an intensive develop-

ment program, an acceptable number of UOp-bearing fuel elements were

prepared. This was accomplished, however, without obtaining an under-

standing of the UOp-Al reaction itself.

An increasing number of research reactors using fuel enriched

to 20 per cent U-235 are presently being planned and constructed

abroad under the Atoms-for-Peace Program of the United States.

Although alternate fuel systems are now available, it is important to

try to establish the soundness of the UOp-Al fuel component for this

application,by obtaining a basic understanding of the conditions and

mechanism of the undesirable reaction which has been observed. This

study is an attempt to accomplish these objectives.



CHAPTER III

OBJECTIVES

The objectives of this study are to obtain a basic under-

standing of the conditions and mechanism of the UOp-Al reaction in

pressed compacts and fuel plates, This study should permit evaluation

of the growth mechanism by correlation of extent of reaction with the

accompanying volume increase of fuel plates. The following factors

were selected for evaluation:

1. the reaction in pressed compacts at 600°Cj»

2. the effect of atmosphere in the reduction of UOo'ELO to U0p

on the subsequent reaction and growth characteristics of fuel plates,

and

3. the reaction in and growth of fuel plates heat treated at

500 - 600°C.



CHAPTER IV

REVIEW OF PREVIOUS WORK

A literature survey indicated that limited and, in general,

qualitative work has been reported on the reaction of UOp with alumi-

num. Waugh and Cunningham have reported the difficulties encountered

in the fabrication of the UOp-Al fuel elements for the 1955 Geneva

2
Conference display reactor. Picklesimer has reported on the reaction

o
rate in pressed compacts at 6l5°C. The uranium-aluminum intermetallic

compounds UA1-, and UAl̂  and aluminum oxide were identified as reaction

products, and U-,Oo was postulated to be an intermediate reaction pro-

duct . The primary cause of the growth of compacts and fuel plates

which had been observed was attributed to the release of hydrogen

which had been previously chemisorbed by the U0p during its prepara-

tion. Later, Waugh detected trace amounts of UAlp during the early

stage of reaction in fuel plates. Waugh and Beaver have reported

the growth characteristics at 600°C of aluminum fuel.plates containing

52.3 weight per cent U0p prepared by several methods. No reaction-

rate data were given. The reaction rate of U0p prepared by various

methods in aluminum fuel plates has been evaluated metallographically

at 500 — 600°C by Eiss. Williams has reported that aluminum will

react with U0p to form the U-A1 intermetallic compounds, accompanied

by a volume increase. In the solid state, this reaction is sluggish

and needs an innoculation time of more than a day at 600°C.



CHAPTER Y

EXPERIMEITAL PROCEDURE AID EQUIPMENT

Two types of UOp were used in this study and both were pre-

pared from UO'HpO. The UO'EpO had been grown in an autoclave at

250°C from a UGu hydrate (peroxide cake)-nitrie acid aqueous solution.

For the first type, the UO^'HpO was thermally reduced to UOp^ high

fired at 1700 °Cj, and cooled in a high-purity-argon atmosphere. This

material is referred to subsequently as A-UOp. The purity of the

argon used;, as determined by mass spectrographic analysis,, is given in

Table I. For the second type .of UOg, the UCU'HpO was reduced to UOp,

high fired at 1700°Ĉ  and cooled in a dry-hydrogen atmosphere. It is

referred to subsequently as H-UOp. The as-received A-UOp and H-UOpj

both -100 +325 mesh (kk — 1̂ 9 microns), are shown in Figures 1 and 2,

respectively. The A-UOp particles were angular and had a vitreous

appearance. The H-UOp particles were angular and had a generally

rough surface which was locally faceted. The lattice parameters of

the A-UOp and H-UOp were determined from a slow-scan diffractometer

trace^ using nickel-filtered copper K radiation, to be 5-̂ 69 ± 0.002

and 5-̂ 66 ± 0,001 A, respectively. These results are in excellent
Q

agreement with the accepted value of a = 5«^691 ± 0.0005 A° The

stoichiometry of each UOp was determined by a method based on the de-

termination of the excess oxygen content by polargraphic measurement of

9the Uranium VI. Compositions determined for the A-UOp and H-UOp were

UOp ni7 and U0p 01o^ respectively. The chemical purity of each UOp



TABLE I

MASS SPECTROGRAPHIC ANALYSIS OF ARGON

Constituent

A

H2

CH4

°2

He

Composition
(Wt %)

99-995

0.0034

0.0006

0.0003

0.0002



UNCLASSIFIED
Y-26193

Figure 1. As-Received, -100 +325 Mesh UOp Reduced from UO -H 0
in High Purity Argon (A-UOg). 250X. 3
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U1CLASSIFIED
Y-26192

Figure 2. As-Received, -100 +325 Mesh UOp Reduced from UO '
in Hydrogen (H-UOg). 250X. ^



11

was determined by quantitative spectrographic analysis and the data

are presented in Table II. Combined differential thermal analysis and

weight change determination during oxidation from UOO to U_0n were per-

formed on each UOp. The curves obtained are presented in Figures 3

and k- for the A-UOp and H-UOp and are typical of coarse-grained, dense

uo2.

The aluminum powder used was Grade MD-101, atomized powder manu-

factured by Metal Disintegrating Company, Elizabeth, Hew Jersey. It

was -100 mesh with approximately 85 per cent -325 mesh. The powder

was vacuum sintered at less than ten microns of Eg pressure for two

hours at 600°C prior to analysis and use. The results of a semi-

quantitative spectrographic analysis are given in Table III. The

major elements were determined by wet chemical methods to be 99-^ per

cent total aluminum, 0.2 per cent iron, and 0.1 per cent silicon.

Wrought, 1100-grade aluminum, supplied by the Aluminum Company

of America, was used for the frame and cover-plate material in the

fuel plate fabrication.

Fuel Plate Fabrication

The fuel-bearing core sections of the composite plates were

prepared by powder-metallurgy techniques. The composite plates were

fabricated by roll cladding at elevated temperature. The procedure

used is described in detail below.
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TABLE II

QUANTITATIVE SPECTRQGRAPHIC ANALYSIS OF
AS-RECEIVED A-UOg AND H-U02 POWDERS

Element

Al

B

Ca

Cr

Cu

Fe

Mg

Mn

Ni

Si

Composition
A-U02

0.00012

0.00025

0.0017

0.00063

0.0013

0.0068

0.00047

0.000077

0.00054

0.00034

(wt %)
H-U02

0.0010

0.00017

0.002

0.00065

0.0013

0.0046

0,00036

0.000095

0.0034

0.00013
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TABLE III

SEMI-QUANTITATIVE SPECTROGRAPHIC ANALYSIS
OF ALUMINUM POWDER

Element

Ag

Al

As

Au

B

Ba

Be

Bi

Ca

Co

Cr

Cu

Fe

Ga

Ge

Hg

Li

Mg

Wt $

< 0.0002

10 - 100

< 0.1

< 0.004

< 0.006
< 0.2

< 0.0002

< 0.002

0.001 - 0.01

< 0.0005

0.0001 - 0.001

0.001 - 0.01

0.1 - 1.0

< 0.004

< 0.003
< 0.14

< 0.02

0.001 - 0.01

Element

Ma

Mo

la

NI

P

Pb

Pd

Pt

Ru

SI

Sn

Sr

Ta

Ti

V

¥

Zn

Zr

¥fc %

0.001 - 0.01

< 0.003

< 0.05

< 0.001

< 0.2

< 0.02

< 0.0004

< 0.009
< 0.004

0.1 - 1.0

< 0.003
< 0.1

< 0.3
0.01 - 0.1

0.01 - 0.1

< 0.1

< 0.02

< 0.008
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The standard A-UOp- and H-UOp-bearing fuel cores were 52-3

weight per cent U0p — balance aluminum and weighed 103-3 grams. The

uranium dioxide and aluminum were blended in a 4-ounce glass jar for

3 hours on an oblique-type blender and compacted cold in a double-

acting die at 33 "tsi to approximately 95 per cent of theoretical

density. A piece of 0.002-inch-thick aluminum foil was pressed on the

top and bottom surfaces of each core to assist in attaining sound core-

to-clad bonding during hot rolling. The core was deliberately made

0.025-inch thicker than the picture frame. Prior to billet assembly}

the core was inserted into the frame cavity and hydraulically pressed

to give an intimate fit. This step minimized the possibility of sub-

sequent blistering due to misfit. Cover plates and evacuation stem

were added and the composite billet assembled by heliarc welding.

The billet was initially evacuated cold, degassed for 1 hour at 300°C

at 5 microns of Hg pressure, and the evacuation stem forged shut.

The billet was preheated at 590°C for 60 minutes and hot rolled

in 9 passes from an initial billet thickness of 0.75̂ - inch to 0.072

inch. It was reheated for 5 minutes between each pass. Excess

aluminum was sheared after fluoroscopy. The flux-annealing operation

consisted of coating the plate surfaces with a slurry mixture of

alcohol and Eutectic 190 brazing flux and annealing for 35 minutes at

6ok°C- The water-soluble flux was removed by a scrub wash. The

plates were dipped in an acid bath of 15 volume per cent HNO_—1 volume

per cent HP—balance water, rinsed in hot water and dried. The plates

were reduced cold in several passes to a nominal thickness of 0.060
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inch. They were flattened by roller leveling prior to fluoroscopy and

shearing.

The plates were machined to a width of 2 = 91-6 ± 0.002 inch and a

length of 28,625 ± 0,0l6 inch. The nominal core dimensions in the

finished plate were 2.5 inches wide and 22 Inches long. The clad and

core thicknesses were 0*0175 and 0,025 inch, respectively. This pro-

cedure will be referred to subsequently as the standard fuel-plate-

fabrication procedure.

A reference plate containing an aluminum core was prepared by

compacting 62.5 grams of aluminum power at 33 tsi. The standard fabri-

cation procedure was used through the roller-leveling operation, ex-

cept for the elimination of the fluoroscopic marking steps. The

nominal core dimensions and clad and core thicknesses were the same as

those of standard fuel plates. The over-all plate dimensions were

30 Inches long and 3-5 inches wide.

Fuel Plate Heat Treatment and Growth Measurement

The A-U00 and H-lJOp fuel plates fabricated by the standard pro-

cedure were heat treated for selected times at 500,. 525;> 550, 575^ and

600°C in a resistance-heated tube furnace. The plate containing an

aluminum core was heat treated for kO hours at 600°C in the same

furnace. Volume changes which occurred during heat treatment were

determined by the displacement method using distilled water containing

Aerosol OT wetting agent.
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Evaluation of Reaction in Fuel Plates

The distortion which occurs during heat treatment "was removed

by cold rolling the fuel plates to a 0.002-inch reduction in thickness.

The cladding was removed from a sheared portion of the flattened plate,,

and the desired core specimen obtained in the form of fine chips by

machining. The sample obtained was used for the chemical and x-ray

diffraction analyses.

A complete constituent analysis was performed on the A-UOp and

H-UOp fuel plate cores which had been heat treated at 600°C. The

method of analysis consisted of sequential., selective leaching of the

constituents in the sample. ' Basically, the steps were as follows:

the unreacted aluminum was dissolved in 1 M BaOH, the uranium-aluminum

intermetallics dissolved in 1 M HpSOk, the unreacted U0p dissolved in

HNO,,, and the AlpO_ residue ignited. The amount of uranium in the

uranium-aluminum intermetallics relative to the total uranium recov-

ered is defined as the degree of reaction. The amount of each con-

stituent present is expressed as a percentage of the total weight

recovered, which was generally greater than 97 Per cent of the

original weight. The partial chemical .analysis required to determine

the degree of reaction was performed only for the standard A-UOp and

H-UOp. fuel plates heat treated at less than 600°C.

The constituents present in A-UOp and H-UOp fuel plates heat

treated at 600°C were identified by diffractometer trace using nickel-

filtered, copper K radiation. The 20 values for the UAuU formed in
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the H-UCU plates were examined for evidence of the range of aluminum

content_, UAlr ,_ to UAL Q, which has been reported.

Procedure for Pressed Compacts

The reaction of H-UOp with aluminum in pressed compacts was

studied during vacuum heat treatment at 600°C« The compacts were

50 weight per cent U0p—balance Al and weighed 0,80 gram. The UOp and

Al were preblended for 0-5 hour on an oblique-type blender, one drop

of carbon tetrachloride added to the blend, and the mixture blended

for an additional three hours. The core was compacted cold in a

double-acting cylindrical die at 30.8 tsi to approximately 92 per cent

of theoretical density. The compact dimensions were 0.252 inch diame-r

ter and 0.242 inch high.

Each compact was individually encapsulated cold, and groups of

4-7 heat treated for 2k-, 32, 40, 48, 72, and 80 hours at 600°C.

The identity of the constituents present was established by x-ray dif-

fraction for a number of the compacts, and the degree of reaction

determined for all compacts. One compact from each group was checked

for Uranium VI by a polargraphic technique after initial dissolution

in phosphoric acid under an argon blanket.
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CHAPTER VI

RESULTS AMD DISCUSSION

Reaction In Pressed Compacts

A summary of the data on the extent of reaction at 600°C in

pressed compacts containing 50 weight per cent H-UOp—Al is presented

in Table IV. Each compact bad been individually encapsulated cold

prior to vacuum heat treatment for selected tim.es. The data show con-

siderable scatter for compacts which had been prepared and processed in

an identical manner. The reason for this scatter was not established.

The average deviation within each group decreases, with a single ex-

ception, with increasing time of heat treatment. The significance of

the observed decrease also is not understood.

In spite of the scatter within each group, the average degree

of reaction for each group generally Increases with Increasing heat

treatment, as expected. The reaction-rate data are plotted in

Figure 5- An average degree of reaction of 75-7 per cent Is attained

after 80 hours at 600°C. As will be discussed In a subsequent section,

fuel plate cores containing 52.3 weight per cent H~UOp will react

completely in 10 hours at 600°C (see Figure 12). Pressed compacts

react, therefore, markedly slower than fuel plate cores. This result

is reasonable,", however, considering the greater continuity of the

aluminum oxide film on the matrix particles and the lower densification

of the reacting specimen. Pronounced swelling of the compact
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TABLE IV

REACTION IH 50 WEIGHT PER CEIT H-U02-AL COMPACTS
AFTER VACUUM HEAT TREATMENT AT 600°C

Heat
Treatment
at 600 °C
(Hr.)

24

32

4o

48

72

80

Degree of
Reaction

(*)

52.3
16.7
11.6
13-0
69.6
64.0
57-1
40.6

69,7
55-3
51.2
35.5
86.4
70.3
73-5
69.6

71-3
84.3
73-8
74.1
79-4
81.2
80.2
79.0
69.7
77-2
77.0

Average
Average Degree Deviation from
of Reaction Average Degree of
for Group Reaction for Group

(*) W
23,4 14.4

57-8 9.0

52.9 9-6

75-0 5-8

77.8 5.1

75»7 3-0
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accompanies reaction. The friable nature of the reacted compact pre-

vented measurement of the swelling which had occurred.

The change in compact composition with degree of reaction, as

determined by chemical analysis , is shown in Figure 6. The cur-res

obtained for the individual reactants and reaction products are linear.

It is apparent that the Initial 50 weight per cent aluminum investment

is approximately 100 per cent In excess of that required for reaction,

Minor inhomogeneity of the dispersed UOp would therefore not affect the

degree of reaction obtained on heat treatment .

One compact from each of five groups was examined by x-ray dif-

fraction to identify the constituents present. The results are sum-

marized in Table V. It is significant to note that UAL- is the

principal U-A1 intermetallic compound formed. A trace of UAlp was

detected in one compact and small amounts of UAL in two compacts. By

way of contrast and as will be discussed in a subsequent section, UAL

is the principal and equilibrium U-AL intermetallic compound formed

during reaction in fuel plate cores. The latter condition would be

expected at equilibrium since reference to the aluminum-uranium phase

diagram, shown in Figure J} indicates that UAL is the equilibrium U-AL

intermetallic compound present at these conditions „ It is pertinent

to note that DeLuca reports a supporting situation in U-AL diffusion

12couples. His x-ray diffraction studies revealed that IIAl̂  was the

main diffusion product at all temperatures and that traces of UAlp and

i were detectable at 4̂ 5 °C and above. Ho explanation was given.
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Figure 6, Composition Change During Reaction of 50 Weight Per Cent H-UOp + Aluminum
Compacts at 600°C.



TABLE V

X-RAY DIFFRACTION IDENTIFICATION OF CONSTITUENTS
PRESE1T IN H-U02-A1 COMPACTS AFTER
VACUUM HEAT TREATMENT AT 600°C

Heat • Treatment
at 600 °C
(Hr.)

2k

32

ko

kQ

80

Al

Yes

Yes

Yes

Yes

Yes

Constituents Present

TIO FATUUg UHJ-,-)

Yes Trace

Yes

Yes

Yes

Yes

UAL

Yes

Yes

Yes

Yes

Yes

UAl^

Yes

-

„
_

™
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One compact from each group was examined for Uranium VI In an

attempt to verify the postulate that tLOn was an Intermediate product.

In no case,, however^ were amounts of Uranium VI greater than that

associated with the excess oxygen of the U00 found. Neither was the
£_

presence of UUGo detected in any of the x-ray diffraction analyses of

compacts or fuel plate cores. The data, therefore, do not verify the

presence of U-,On as an intermediate reaction product.

Reaction In Fuel Plates

reaction which occurs during heat treatment of A-UOp and

H-UOp fuel plates at 500 — 600°C has been evaluated by a, similar chemi-

cal analysis. The change in core composition with degree of reaction

during heat treatment of A-UOp and H-UOp fuel plates at 600°C is shown

in Figures 8 and 9° The U0p curve of each is linear by its definition.,

The fact that the AlpO~ curve is linear, and that a reasonably good

oxygen balance Is obtained for the H-UOp fuel plates heat treated at

600°C by using UO^ and A100., as the only oxygen-containing constituents^

is additional 'verification that U~0Q is not an intermediate product.J o

The rate of aluminum consumption increases at an intermediate

point. In the case of the 5-U00 fuel plates, this increase occurs at

approximately 35 per cent reaction. This increase would be due to

Increase In the UA1 -Al side reactions, because it will be shown sub-
x

sequently (see Figure 12) that the UO reaction rate at 600°C is con-

stant through approximately 90 per cent reaction. These side reactions
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are discussed further in a subsequent section. Figure 10 is a, replot

of the Al and U-A1 intermetallic compound curves for each UCU. A sig-

nificant deviation exists between the respective curves for each U0p,

starting at about 50 per cent reaction. The data indicate that the

U-A1 side reactions occur at a faster rate for the B-UOp. Toward com-

pletion of the UOp-Al reaction, however, the respective curves rejoin,

indicating that the same U-A1 intermetallic compound (UAli ) is formed.

A generally sharp increase in the U-Al intermetallic compound

curve and decrease in the Al curve at completion of reaction occurs for

each 130 and indicates increase in the aluminum content of the UAlj.

The data for the H-U02 fuel plates heat treated at 600°C were evalu-

ated to ascertain the variation with time in the aluminum/uranium mole

ratio in the U-Al intermetallics. The individual scatter was fairly

large, however, and thus inconclusive. The cause of the scatter

appeared due to prior leaching of some of the aluminum of the inter-

metallic compounds during the initial HaOH leaching step of analysis.

This effect may be seen in Figure 10.

The UOp-Al reaction rates in A-UOp and H-UOp fuel plates heat

treated at 500 — 600°C are shown in Figures 11 and 12. The reaction

rate is moderate at 500°C and rapid at 600°C for each UQp. A striking

difference in the reaction rates, however, is apparent. The H-'JDp has

reacted faster at every point of comparison. For example, reaction in

the H-UOp plates is complete in 10 hours at 600°C, whereas in the A-UOp

plates reaction is 98-7 per cent complete after 32 hours. The faster
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reaction rate observed in the H-UOp plates appears to be due to greater

stringering and fragmentation of the UOp during fabrication, as well as

the presence of a larger fraction of UOp particles in the lower end of

the kk — 1̂ 9 M- size range. Both factors produce a larger UOp surface/

volume ratio in the H-UOp plates, and thus a faster reaction rate would

be expected.

X-Eay Diffraction Analysis of Reacted Fuel Plates

The A~UOp and H-UOp fuel plates which had been heat treated at

600°C were examined by x-ray diffraction for identity of the constitu-

ents present. The data are summarized in Tables VI and VII. Aluminum

was present in each plate and UAlp was not detectable in any plate.

Trace amounts of UAlp had been detected, however, in several earlier

fuel plates which had been heat treated for 1 — 2 hours at 600°C. The

formation of all three of the U-A1 intemetallic compounds, UAlp, UA1,,,

and UAlh, is predicted by the U-A1 equilibrium phase diagram.

Kiessling .and LeClair have reported in their respective studies of
]3 ]_4

U-A1 couples that the three are present in the diffusion zone. J}

In the case of the UQp-Al reaction in fuel plates, the UAlp diffusion

layer is at the limit of detection by x-ray diffraction. The UAlp-Al

side reaction which produces ~CJA1~, may also be very rapid. As will be

discussed in a subsequent section, howeverj, electron microscope

studies have shown the existence of an extremely thin diffusion layer

adjacent to the reacting UOp particle (see Figure 16). This layer is



TABLE VI

X-RAY DIFFRACTION IDENTIFICATION OF CONSTITUENTS
PRESENT IN A-U02 FUEL PLATES HEAT

TREATED AT 600°C

35

Heat Treatment
at 600 °C
(Hr.)

As-Fabricated

1.5

3

4.5

6

10

Al

Yes

Yes

Yes

Yes

Yes

Yes

Constituents

U02 UA1

Yes

Yes

Yes

Yes

Yes
_ _

Present

2 UA1
3

-

Yes

Yes

Yes

Yes
_

UAl̂

-

Yes

Yes

Yes

Yes

Yes



CABLE VII

-RAT BIFFBACTIGI IDHTXFICATIOH OF COISTXTUEHTS
PRESENT II H-UOg FJEL PLATES

TREATED AT 600°C
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Heat Treatment
at 600 °C
(HP.)

As-Fabricated

0.5

1.5

3

4.5

6

8

10

AL

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Constituents Present

U02 UA12 UA13

Yes - Yes

Yes - Yes

Yes - Yes

Yes - Yes

Yes - Yes

Trace
_

« » « * . • « >

UA14
_

Yes

Yes

Yes

Yes

Yes

Yes

Yes
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therefore; tentatively Identified as containing UAlp. Two thicker

layers containing UA1_ and UA1< , respectively ̂ exist adjacent to it,

The x-ray data show that HAL-, and UAL co-exist in the presence of U0?

during reaction. The UA1-, quickly converts to UAU by a UAl^-Al side

reaction after the UOp has completely reacted.

No change should occur in the UALj, lattice parameters when

aluminum atoms are added to the defect structure. This was verified

experimentally.

Optical and Electron Microscopy

The nature of the reaction occurring in fuel plates has been

studied by optical and electron microscopy. Figures 13 and 14 show

representative areas of as-fabricated A-UOp and H-UOp fuel plates.

Approximately the same degree of reaction has occurred in each during

fabrication. The degree of reaction determined by chemical analysis

is 16.5 per cent in the A-UOp fuel plate and 17»0 per cent in the H-UOp

plate. Minor fragmentation and stringering of the UOp has occurred.

The larger UOp particles generally show slight peripheral reaction,

whereas fragmented and stringered areas exhibit considerably greater

reaction. Figure 15 shows a section of an H-UOp fuel plate which has

been heat treated for 0.5 hour at 60Q°C. The degree of reaction has

increased to 27-1 per cent. The fragmented and stringered areas show

severe reaction. An apparent increase in the porosity of some of the
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Figure 13- As-Fabricated A-UOp Heat Treat Control Plate Showing
Typical Structure! 16.5 Per Cent Reaction. As-Polished, 500X.
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Figure lU. As-Fabricated H-UOp Heat Treat Control Plate Showing
Typical Structure; 17.0 Per Cent Reaction. As-Polished. 500X.
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Figure 15. H-U02 Plate Heat Treated for 0-5 Hour at 600°C.
Note increased reaction of fragmented U02 stringers and apparent lack
of reaction of some U0p particles; 27-1 per cent reaction. As-Polished,
500X.



UO^ particles Is seen. Tills Is not a general observation^ however.

It Is Interesting to note the apparent lack of reaction of several UOp

particle So

The nature of the reaction products formed was defined by elec-

tron microscope studies. An unusual view of a reacting Interface Is

shown in Figure l6» Two distinct reaction product zones are visible,

and adjacent to the U'O particle is an apparently third diffusion zone,

From U-A1 couple studies and phase diagram considerations previously

discussed, it logically follows that the diffusion zones are identi-

fied as containing UA1. $ UAL.,,, and UA10 and are so labeled. Each zone

would contain AL~0~ also. The IIAli + Al-,0., zone anuears as a contin-
<?• J 4 ^ 5

uous region adjacent to the aluminum matrix* The UAL,, + AlpOq zone has

a lamellar structure (see Figure 17) with the two phases showing a

tendency to align parallel to the reacting UOp interface. The UAlp +

ALpO_ zone was seen In only one other field. This zone Is apparently

extremely thin and consequently, visible only in rare,, high angle cuts

of polish through it. A supporting observation has been made of U-AL
"1 Q

couples^ in which a thin UAlp zone is formed at 600°C.

A typical section of a reacting UOQ particle Is shown in

Figure 17. Note the absence of the UAlp + AlpO_ diffusion zone. A

short separation of the aluminum matrix and reaction diffusion zone is

visible. Such separations have been observed at the aluminum-UAL^ +

A100Q and UAJL + A1^00-UA1Q + A100Q interfaces, but not at the UAL,, +
<- J T - ^ J J ^ J O

AlpO^-UOp particle interface . So porosity was noted in the diffusion

zone or matrix aluminum, and no increase In the small amount of



ELPO>- 15 parts
Figure 16. As-Fabricated H-UOo Heat Treat Control Plate. Etched with

SO, . Fax film, Pd sladowed carbon negative replica.



iV SEPARATION

Figure 17. H-UOp Fuel Plate Heat Treated for 0-5 Hour at 600°C. Etched with
20 parts H^Op—5 parts BLSO^—balance water. Fax film, Pd shadowed carbon negative replica.



porosity present in the as-received UCu of either type was observed.

Electron microscope examination of as-polished fields comparable to

that shown in the etched condition in Figure 17 showed no porosity in

either reaction zone, and also verified that the observed lamellar

structure is an etching effect. It should be emphasized that the

total growth observed was only 0.4 per cent. The interface separation

noted may represent a part of this small increase in core porosity.

It is unfortunate that specimens which have reacted to a greater

extent are so difficult to process metallographically.

Fuel Plate Growth

Roberts has reported that hydrogen is chemisorbed on UOp in

lc
the temperature range of kOO — 700°G. ^ The hydrogen probably reacts

with the surface oxygen atoms, and at least one complete layer can

be formed. Increased hydrogen adsorptions were observed, however,

thus suggesting the possibility of solubility of hydrogen in the

bulk UOp. Possible mechanisms include lattice solubility and. the

mobility of (OH) ions into the lattice. This information was the

basis for a prior explanation of the volume increase of UOp-Al compacts

and fuel plates which has been observed. It also was the reason for

preparing UOp from UO °H00 in both hydrogen and argon in this study.

The argon has no tendency to chemisorb on the UOp surface during

cooling from high firing, and thus it would be anticipated



that subsequent growth of A-UOp fuel plates during reaction would be

greatly reduced.

The reproducibility of growth during heat treatment of similar

fuel plates was found to be quite good. Growth data for A-UOp and

H-UOp fuel plates heat treated for 2k hours at 600°C are summarized, in

Table VIII. The growth of individual fuel plates in each group is

accurate within plus or minus four per cent of the average growth of

the group.

Significant growth occurs during heat treatment of A-UOp and

H-UOp fuel plates at 500 — 6QO°C, and the data are plotted in Figures

18 and 19. The A-UOp plates reach a maximum growth of approximately

25 per cent in about 16 hours at 600°C, while the H~UOp plates attain

approximately 19 per cent in about 20 hours. These values represent

an experimentally significant difference in the levels of maximum

growth. Plates of each UOp show greater growth during heat treatment

at 550 and 575°C than was attained at 600°C.

The results of heat treating a second group of A-UOp and H-UOp

fuel plates for extended times at 550, 575 > and 600°G are shown in

Figure 20. Maximum growth was attained in the plates heat treated at

575 and 600°C. The two plates heat treated at 550°C failed in-test

due to localized cladding rupture, and thus maximum growth was not

attained. Both plates heat treated at 575°C attained experimentally

significant, greater growth than those heat treated at 600°C, with the

A-UOp plate growing more than the H-UOp plate at each temperature.

The two plates heat treated at 550°C grew more than those at 600°C
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TABLE VIII

EEPRODUCIBILITY OF FUEL PLATE GROWTH AFTER
HEAT TREATMENT FOR 2k HOURS AT 600°C

Type U02 in
Fuel Plate

A-U02

A-U02

A-U02

H-UO,

H-U02

H-U02

H-U02

Growth
Attained

(*)

25.28

26.94

26.46

19.68

20.40

19.96
19.26

Average Growth Deviation from
for Group Average Group Growth

(*) (*)

26.23 - 3-8

+ 2.6

4- 1.2

19.83 - 0.8

+ 2.8

+ 0.8

- 2.8
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but less than those at 575°C, and the A-UO^ plate had grown more than

the H-UOp plate at the time of failure. The extent of additional

growth^ had they not failed, is uncertain. Growth takes longer to

start at the lower heat-treatment temperatures. The growth rates of

the A-UOp and B-UCU plates at each heat-treatment temperature are

approximately the same and they both decrease significantly with

temperature.

It is evident that the A-UOp and H~UOp plates of this second

group heat treated at 600°C have attained significantly greater growth

than the comparable plates shown in Figures 18 and 19. The reason for

the difference in growth levels is that the as-fabricated, un-heat

treated plates of the second group had 10 — 15 per cent less reaction.

Growth therefore could be observed over a greater span of reaction.

The significance of these observations with regard to a postulated

mechanism of fuel plate growth will be discussed in the following

section.

The severe distortion which accompanies growth of plates of

each UOp during heat treatment at 600°C Is shown in Figures 21 and 22.

Distortion is seen to increase with growth.

The reference plate containing an aluminum core Instead of the

dispersed fuel showed no growth after heat treatment for kO hours at

600°C. It is evident, therefore, that fuel plate growth Is not caused

by heat treatment of the aluminum matrix itself.

The degree of reaction-volume Increase relationship during

heat treatment at 500 — 600°C is shown for A-UOp and H-UOp plates in
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Figure 21. Distortion of A-UOp + Al Fuel Plates Due to Reaction During Heat
Treatment at 600°C.
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Figure 22. Distortion of H-UOp + Al Fuel Plates Due to Reaction During Heat
Treatment at 600°C.
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Figures 23 and 2k. The increased fuel plate growth with increased

degree of reaction is apparent. The relationship of growth to reaction

will be discussed In detail in the following section.

Proposed Mechanism of Fuel Plate Growth

The absence of growth during heat treatment of the plate con-

taining an aluminum core indicates that growth is not caused by heat

treatment of the aluminum matrix itself. Two potential mechanisms by

which a solid-state reaction could exhibit a volume increase are as

follows: first, the reaction products could occupy a greater specific

volume than the reactants consumed, and second, a Kirkendall effect

could be operative. The feasibility of each of these mechanisms has

been evaluated in detail and, as shown below, neither was found appli-

cable to the phenomenon under consideration.

Consider the following equation for the stoichiometric reaction

of U02 to UAl^:

16 Al + 3 U02 = 3 UAl̂  + 2 AlgO (l)

Using theoretical density values of 2.68 g/cc for Al, 10-9 for UO,

6.0 for UAlk, and k,0 for AlpQ.,, it may be shown that a 5 per cent

volume decrease should accompany the solid-state reaction - not volume

Increases of 20 — 30 per cent as were observed. Similarly, and using

a theoretical density value of 6.7 g/cc for UA1.,, no volume change

should occur when UA1~ converts to UAli . It is apparent, therefore,

that volume Increase encountered during reaction in fuel plates cannot
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be explained on the basis of change In specific volume during

reaction.

large volume expansions of 50 — 180 per cent during the solid-

state reaction of various binary metal systems, such as U-A1, Be-U,

and Be-Th^ have been reported by Williams. The volume changes ob-

served were far greater than the maximum of approximately 5 per cent

which would be expected from volume changes associated solely with, the

phase changes accompanying the formation of alloys „ The expansion was

attributed to the Kirkendall effect, In which an excess of vacancies

are formed when there is an appreciable difference In the diffusion

rates between the component atoms of a system. Volume expansion was

thus associated with the formation and growth of voids on the side of

the diffusion Interface which contained the more rapidly diffusing

component . For a phase to exhibit dif f usional porosity,, it must be

stable over a range of composition.

Williams has reported that sintering compacted U-A1 mixtures of

composition Ml-, at 1100 °C gave very friable, swollen compacts which

contained UA1-, and UAlj,-''"0 Both hot and cold compacted mixtures con-

taining 18 weight per cent uranium gave no anomalous expansions upon

sintering between hOO — 600°C= The final structure consisted of UAl^

in a matrix of aluminum. For compacted mixtures, the maximum expansion

upon sintering occurred around the composition UAlo-UAl. . They feel

that dif fusional porosity may be the cause of swelling, and that i

may be the phase responsible since it apparently has a range of homo-

geneity.
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13Kiessling 'has made a detailed study of U~A1 couples. Reaction

starts by formation of nuclei of UAlp in the uranium phase near the

interface. The UAlp grains grow into the uranium, and UA1-, and UAlu

are formed on the aluminum side. Some UAl^ also grows on the uranium

side of the initial boundary and, in close contact with UAlp. The UAl̂

grows into the aluminum, forming a rather coarse and porous structure.

Porosity is attributed to the Kirkendall effect.

The diffusion characteristics of the UGp-Al reaction appear to

differ,, however, from that observed in U-A1 couples because the h

formed does not exhibit porosity. Possibly, the net difference in the

aluminum and uranium diffusion rates, or the driving force for the

Kirkendall effect, is less in the case of the UQp-Al reaction, thus

accounting for the apparent lack of diffusional porosity. In any case,

however, electron microscope examination of reacted fuel plates has not

revealed evidence of porosity either in the U0p particle, the reaction

product Kone, or the matrix aluminum. The fact that A-UCU and H-UOp

fuel plates heat treated to maximum growth at 575 °C attain signifi-

cantly greater growth than those heat treated at 600°C (see Figure 20)

is inexplicable by the Kirkendall effect. It was concluded, therefore,

that the volume increase observed during reaction in fuel plates was

not caused by the Kirkendall effect.

It is known that the matrix aluminum and each type of UOp

4
studied incorporate significant gas in the fuel plate core. The

hydrogen available from the reacted aluminum alone is sufficient to

create a maximum pressure of 960 psi at 600°C in a volume equal to the
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original fuel-plate-core porosity, and thus cause growth. The impli-

cations of this mechanism of growth will now be discussed in detail,

and an attempt will be made to explain the experimental observations

on this basis.

A co-plot of ;bhe growth and reaction rates at 600°C for the

A-UOp and H-UOp fuel plates, Figure 25, shows that the growth of both

types of fuel plates continues for an extended period of time after

the UOp reaction is essentially complete. In the case of the H-UOp

plates, reaction is complete after 10 hours, but growth slowly con-

tinues for an additional 10 hours. Similarly, reaction is 90 per cent

complete in the A-UOp plates after 6 hours, but only 13 per cent growth

has been attained) growth continues for 10 more hours, at which time a

maximum growth of 25 per cent—almost double that at 90 per cent

reaction—has occurred. This behavior is consistent with the postulate

of growth by internal-gas-pressure buildup during reaction. Growth

occurs when the internal pressure exceeds the creep strength of the

cladding, and would be expected to continue after completion of reac-

tion until the internal pressure was reduced by increase in the core

volume to the point where creep effectively ceased.

The postulate that growth was due to hydrogen chemisorbed

on the UOp surface is incorrect. If growth resulted from the re-

lease of chemisorbed gases, the A-UOp fuel plates should have grown

less than the H-UOp plates during reaction, based upon relative pres-

sure considerations. The data show, however, (see Figures 18 — 20)

that the A-UOp plates grow significantly more at 575°C and 600°C than
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do the H-UOp plates. Some hydrogen actually may be chemisorbed on the

UOp surface and ultimately released during reaction, but its effect on

growth should be small.

Greater growth also occurs on heat treatment at the lower temp-

eratures. Figures 18 — 20 show that the A-UOp and H-UOp plates heat

treated at 550 and 575°G consistently grew more than those heat

treated at 600°C.

The observed effects of type of U0p and of temperature on growth

are not inconsistent with the proposed growth mechanism. The diffi-

culty of explaining the observed effects with the available data is a

result of the numerous variables involved, The variables include

relative amounts of gas associated with each UOp, reaction rate,

diffusion of hydrogen through the cladding, strain rate (growth rate),

and the effects of temperature upon these.

A detailed investigation and verification of the proposed

mechanism of fuel plate growth was beyond the scope of the study

described. Such an investigation is, however, presently underway at

the Oak Ridge National Laboratory. The results to date support the

4
mechanism proposed.'
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CHAPTER VII

CONCLUSIONS

The following conclusions can be stated as a result of the

reported investigation:

1. Uranium dioxide reacts slowly with aluminum at 600°C in

50 weight per cent U0p pressed compacts,, attaining 75 per cent com-

pletion after 80 hours in static vacuum. The primary reaction products

are UAl^ and AlpO~. The absence of UA1< is not understood. A volume

increase accompanies the reaction.

2. Uranium dioxide reacts with aluminum in 52=3 weight per cent

UOp fuel plate cores to form UAL and AlpO^. Intermediate reaction

products are UAlp and UA1-,. Reaction is rapid at 600°Ĉ  attaining

90 — 100 per cent completion in 10 hours, and moderate at 500°C,

attaining 50 — 70 per cent completion in one week.

3« Three reaction product zones are visible in reacted fuel

plate cores by electron microscopy. The zones are tentatively identi-

fied as containing UAlp, UA1-,,, and UA!U, respectively. The extremely

thin UAlp zone generally is not detectable by x-ray diffraction, No

evidence of diffusional porosity is noted.

k. Volume increases of 20 — 30 per cent accompany reaction in

fuel plates. Plates containing U0p reduced from UOo'IUO in argon at-

tain greater total growth during heat treatment at 575 and 600°C than

do plates containing U0p reduced from UO^IUO in hydrogen. Plates

containing both types of U0p attain greater growth during heat
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treatment at 550 and 575°G than at 600°C. The rate of fuel plate

growth decreases with heat-treatment temperature.

5. The observed volume increases cannot be explained on the

bases of specific volume changes associated with the solid-state

reaction or a Kirkendall mechanism. A prior explanation that growth

is due to hydrogen chemisorbed on the UOp surface is shown to be

incorrect.

6. A growth mechanism based upon gas generation within the

fuel plate core during reaction is proposed. Growth occurs by creep

due to the large internal pressure which is developed. The observed

effects of type of UOp and of temperature on growth are not incon-

sistent with the proposed growth mechanism. The difficulty of

explaining the observed effects with the available data is a result

of the numerous variables involved. Supplementary investigation

supports the proposed growth mechanism.



LIST OF REFERENCES



6k

LIST OF REFERENCES

1. Boyle., E. J. and Cunningham., J« E,, "MTR-Type Fuel Elements,"
Proceedings of the Xntemational Conference on Peaceful Uses

"~;~2151August~"l9557 ~ " ~ ' ™~~ ~~

2. Waugh, R. C. and Cunningham, J, E., "The Application of Low-
Enrichment Uranium Dioxide to Aluminum Plate-Type Fuel
Elements," ORIL-CF-56-8-128 (August 1956)

3. Picklesimer, M. L., "The Reaction of U0p with Aluminum," OKEL-CF-
56-8-135 (August 1956)

k. Waugh, R. C., Unpublished work.

5- Waugh, R. C. and Beaver, R. J., "Recent Developments in the
Powder Metallurgy Application of Uranium Oxide to Aluminum
Research Reactor Fu6l Elements,sl Paper presented at the
American Nuclear Society Meeting, Pittsburgh, Pa., June 1957

6. Eiss, A, L., "Reactivity of Certain Uranium Oxides with Aluminum.,"
SCNC-257 (February 1958),

7- Williams, J., "Dispersion-Type Fuel Elements Based on Fissile
Ceramics," TID-7546, Book 2 (March 1958)

8. Rough, F. A, and Bauer, A. A., "Constitution of Uranium and
Thorium Alloys," BMI-1300 (June 2, 1958)

9. Kubota, H., "Study of Chemical Changes In UOg-Al Reactor Fuel
Elements During Fabrication," Anal, ghem. Ann. Progr. Rep.,
ORHL-2i)-53, p 10 (December 31, 1957)

10. Kubota, H., "Study of Chemical Changes ia TJCU-A1 Reactor Fuel
Elements During Fabrication,,FS Anal. Chem.0 Ann. Progr. Rep.,
OREL-2662 (December 31, 1958) ~~~~ ~~~~~ ~ —— —^ •

11. Borie, B. S. Jr., "Crystal Structure of UAljV' J. of Metals 3,
800 (September 1951)

12. DeLuca, L. S, and Sumsion, H. T./'Rate of Growth of Diffusion
Layers in U-A1 and U-AISi Couples," KAPL~17̂ 7 (May 1, 1957)

13- Kiessling, R., "The Solid State Reaction Between Uranium and
Aluminum, " Proceedings of the_ Iq-teraational Conference on
Peaceful Uses of Atomic Energy"97~5̂ ~rAugust" 1955)™



65

LIST OF REFERENCES (continued)

lU. LeClaire, A. D. amd 'Bear, I. 3., "The Interdiffusion Beihavior of
Uranium and Aluminum," AERE-M/R-878 (March 1952 (Declassified)

15• Roberts, L. E. 3. "The Adsorption and Absorption of Gases by
Uranium Dioxide," AEKE-C/R-887 (March 5, 1953)

16. Williams, J. and Jones, J. W. S., "The Formation of Uranium and
Beryllium Alloys by the Solid-State Sintering of Mixed
Elemental Powders," AERE-M/R-197̂  (June 7, 1956)



66

OREL-2701
Metallurgy and Ceramics

TID-4500 (14th ed.)

INTERNAL DISTRIBUTION

1. C. E. Center 62.
2. Biology Library 63.
3- Health Physics Library 6k.
4. Metallurgy Library 65.

5—6. Central Research Library 66.
7- Reactor Experimental 67.

Engineering Library 68.
5—27- Laboratory Records Department 69-
28. Laboratory Records, OR1L RoC. 70.
29. A. M. Weinberg 71.
30. L. B. Emlet (K-25) 72.
31. J. P. Murray (Y-12) 73-
32. J. A. Swartout 74.
33- E. H. Taylor 75-
3k. E. D. Shipley 76.
35. M. L. Nelson 77-
36. ¥. H. Jordan 78.
37. C. P. Keim 79-
38. R. S. Livingston 80-104,
39. R. R. Dickison 105.
kO. S. C. Lind 106.
41. F. L. Culler 107-
42. A. H. Snell 108.
43. A. Hbllaender 109.
kk, M. T. Kelley 110.
45. K. Z. Morgan 111.
k6. J. A» Lane 112.
47. A. S. Householder 113.
48. C. S. Harrill 114.
49. D. S. Billington 115-
50. C. E. Winters 116.
51. H. E. Seagren 117-
52. D. Phillips 118.
53. A. J. Miller 119-133-
54. R. A. Charpie 134.
55. C. F. Leitten
56. E. G. BohLmann 135.
57. M. J. Skinner 136.
58. C. 0. Smith 137-
59. H. Kubota
60. J. H. Frye, Jr. 138.
61. ¥. ¥. Parkinson 139-

¥, D. Manly
J. E. Cunningham
R. E. Mams
G. M. Adamson, Jr.
J. ¥. Allen
R. J. Beaver
E. S. Bomar, Jr.
R. E. Clausing
Jo H. Coobs
J. H. DeVan
L. M. Doney
D. A. Douglas,, Jr.
J. I. Federer
E. A. Franco-Ferreira
R. J. Gray
J. P. Hammond
R. L. Heestand
T. Hikido '
M. R. Hill
E. S. Hoffman
H. Inouye
L. K. Jetter
¥. J. Kucera
T. S. Lundy
C. J. McHargue
P. Patriarca
M. L. Picklesimer
T. K. Roche
J. R. Sites
G. Po Smith, Jr.
R. M. Steele
A. Taboada
¥. C. Thurber
R. C. ¥augh
E. E. Stansbury
(consultant)

J. L. Gregg (consultant)
¥. 0. Harms (consultant)
H. A. WiUielm
(consultant)

J. H. Kbenig (consultant)
H. Leidheiser, Jr.
(consultant)



67

IHTERIAL DISTRIBUTION (continued)

140. C. S. Smith (consultant)
141. OREL - 1-12 Technical Library,

Document Reference Section

EXTERNAL DISTRIBUTION

142. Division of Research and Development, AEC, ORO
143-̂ 03* Given distribution as shown in TID-̂ 500 (l4th ed.) under

Metallurgy and Ceramics category (75 copies » OTS)



iAR 10


