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graphy and X-ray diffraction. The results were used to construct the partial .
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W'ith2 ap to 2.20 and =< 0.30. A single phase "M O, type exists

M U 4+ Pu
with % between 2.20 and 2.27. This phase does not show a superlattice as

reported for U O, With increasing temperature the two phase region be-
comes smaller. At 1 400° C a single fluorite phase exists for all Pu concentra-

O
tions and — ™ 9P to 2.27.

Above O/M = 2.27 and for overall Pu/U + Pu ratios below O.5, a plutonium-
rich fluorite phase is in equilibrium with a uranium-rich orthorhombic
U,;O4-type phase. When oxidation takes place at 600° C a metastable phase of

. Pu _ O _
the tetragonal U0, type is formed for T 1 Pu << 0.25 and Vi = 2.28; and

no segregation of plutonium occurs between the U ;Og4-type phase and the
fluorite phase, because cation diffusion is too slow at that temperature.

The oxidation limit in air was determined for all compositions and tempera-
tures studied. The pattern of the U;O4 structure was completely indexed
with reference to its pseudohexagonal form, and the dependence of its lattice
parameters from oxygen and plutonium content was studied.
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Wlthm up to 2.20 and U 1 Pa =T 0.30. A single phase MO, type exists
with © between 2.20 and 2.27. This phase does not show a superlattice as

M
reported for U,O,4. With increasing temperature the two phase region be-
comes smaller. At 1 400° C a single fluorite phase exists for all Pu concentra-

tions and 1\—(/)[ up to 2.27.

Above O/M = 2.27 and for overall Pu/U + Pu ratios below O.5, a plutonium-
rich fluorite phase is in equilibrium with a uranium-rich orthorhombic
U30O4-type phase. When oxidation takes place at 600° C a metastable phase of

. Pu O
the tetragonal U;0, type is formed for U & Pu << 0.25 and ™ = 2.28, and

no segregation of plutonium occurs between the U ;Og-type phase and the
fluorite phase, because cation diffusion is too slow at that tempecrature.

The oxidation limit in air was determined for all compositions and tempera-
tures studied. The pattern of the Uj;04 structure was completely indexed
with reference to its pseudohexagonal form, and the dependence of its lattice
parameters from oxygen and plutonium content was studied.
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with ™ UP to 2.20 and U X Pu = 0.30. A single phase MOy’ type exists
with S between 2.20 and 2.27. This phase does not show a superlattice as

M
reported for U,Oy. With increasing temperature the two phase region be-
comes smaller. At 1 400° C a single fluorite phase exists for all Pu concentra-

. O
tions and ™ 9P to 2.27.

Above O/M == 2.27 and for overall Pu/U + Pu ratios below O.5, a plutonium-
rich fluorite phase is in equilibrium with a uranium-rich orthorhombic
U3O04-type phase. When oxidation takes place at 600° C a metastable phasc of

. Pu O
the tetragonal U,;0O, type is formed for T T+ Pa << 0.25 and ™ = 2.28, and

no segregation of plutonium occurs between the U;Og4-type phase and the
fluorite phase, because cation diffusion is too slow at that tempecrature.

The oxidation limit in air was determined for all compositions and tempera-
tures studied. The pattern of the Uz;Oy4 structure was completely indexed
with reference to its psecudohexagonal form, and the dependence of its lattlce
parameters from oxygen and plutonium content was studied.
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ABSTRACT

Sintered pellets of uranium-plutonium mixed oxides with ratios

Pu
U + Pu
from 5 to 90 9, were oxidized under appropriate oxygen partial pressures
at different temperatures. The oxidized samples were analyzed by ceramo-

graphy and X-ray diffraction. The results were used to construct the partial
U-Pu-O phase diagram for = 2.00 at room temperature, 600°,

1 000° and 1 400¢° C.

-9 __
U + Pu

At room temperature a two phase region MO, .. + “M,0,” was observed

Withl\_(/)l up to 2.20 and UL < 0.30. A single phase ”M,O,” type exists

+ Pu
with % between 2.20 and 2.27. This phase does not show a supetlattice as

reported for U,O,. With increasing temperature the two phase region be-
comes smaller. At 14000 C a single fluorite phase exists for all Pu concentra-

. O
tions and 3 upto 2.27.

Above O/M = 2.27 and for overall Pu/U + Pu ratios below O.5, a plutonium-
rich fluorite phase is in equilibrium with a uranium-rich orthorhombic
U,O4-type phasc. When oxidation takes place at 600° C a metastable phase of

Pu O
7 i -5 . - <2
the tetragonal U,;0, type is formed for U1 Pu < 0.25 and MS 2.28,and
no segregation of plutonium occurs between the UyOg-type phase and the
fluorite phasc, because cation diffusion is too slow at that temperature.

The oxidation limit in air was determined for all compositions and tempera-
tures studied. The pattern of the U,Oj structure was completely indexed
with reference to its pseudohexagonal form, and the dependence of its lattice
parameters from oxygen and plutonium content was studied.
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- 7,0, = Puo

STUDIES ON THE TERNARY SYSTEM UO2 30g 2

Introduction

The U-Pu~0 system has been studied by several authors, using mainly
high temperature and room temperature X-ray methods. BRETT and FOX
investigated the oxidation behaviour of U-Pu mixed oxides at 750°C
(4). DEAN made X~ray measurements on mixed oxides at 800° - 1400°¢
(3). These data have been used by MARKIN and STREET (1) (2), to-
gether with their own X-ray measurements, to construct a tentative
partial U-Pu-0 phase diagram. Preliminary results on the U=Pu-O
system at 600° and 1000°C have been communicated by SARI, BENEDICT
and BLANK (5).

As the results presented up to now were rather incomplete, we have

undertaken more detailed studies, using micrographic and X-ray ana-

lysis.

*) Manuscript received on 14 May 1969,



1.2.

1.3.

Experimental

The starting material used was sintered pellets of general
Pu
U+Pu’

composition U, PuyOZ’ with y =

y
These were obtained by coprecipitating ammonium diuranate and
plutonium hydroxide from a nitrate solution, calcining in air,
reducing in hydrogen, compacting to pellets and sintering in

a N2/8%H2 mixture at 1500° - 1700°C. The U/Pu ratio and im-
purities of each batch was determined by chemical analysis.

A typical impurity analysis is given in table I. Homogeneity
was ascertained by autoradiography, metallography and X-ray
diffraction. The oxygen stoichiometry was determined gravi-
metrically by equilibration of duplicate samples with a CO/CO2
10 : 1 mixture at 850°C (6) and from lattice parameter measure-

ments.

Oxidation of samples

Small discs 2 - 3 mm thick were cut from the sintered pellets
and oxidized under appropriate oxygen partial pressures at
6000, 1000° and 1400°C and then quenched to 300. In order to
determine the phase diagram at room temperature, a set of
samples were oxidized at 900°C and cooled slowly to room

temperature.

The O/M ratios of the oxidized specimens were determined by

equilibration with a CO/CO2 10 : 1 mixture at 850°C (6).

X-ray measurements

Samples were studied in a 114.6 mm @ Debye~Scherrer camera and

on a Siemens diffractometer. These instruments had been con-




TABLE I

Typical impurity analysis of sintered (U,Pu)O2 pellets

ppm
Fe <50
Si ) 100
Mg 20
Mn <10
Cr 5
Ni <10
Pb not detected
Bi not detected
Al <100
Mo < 10
Sn not detected
Ag 2
Zn . not detected
Cd not detected

\'i not detected



1.4,

structed or modified for use with Pu (7). For Debye-Scherrer
work, Ni-filtered CuK-radiation was used. With the diffracto-
meter, pure CuKa1 diffraction diagrams were obtained by inser-
ting a quartz monochromator between the sample and the counter
tube. Cubic lattice parameters were obtained by extrapolation
against 00529 wherever sharp high angle lines were available.
In the other cases, lattice parametefs were obtained from d-

values suitably corrected for systematic errors.

Metallography

The samples were cut, cold-mounted in araldite, ground on 600
emery paper and polished with 3, 1 and 1/4 micron diamond paste
on microcloth. The microstructure was revealed by chemical

etching with a variety of etchants consisting mainly of HNO31
nzsoq, HF and H202 in varying proportions chosen according to

the Pu and O contents of the sample.

Results

(U,Pu)O2 solid solutions were oxidized at 900°C under appro-
priate oxygen partial pressures for 20 hrs. and cooled down
slowly to room temperature. The results of ceramographic and

X-ray analysis are represented in the phase diagram of fig. 1.

A two phase region containing two fluorite phases has been
found for 0<y £0.30; the high and low oxygen limits of this
region vary with the plutonium content (see fig. 1). The pha-
ses have been designated MO

2+X
structures of this region are shown in fig. 3% and compared

and "M409". Typical micro-

with those found in the U-0 systems, fig. 2. On the basis of




Fig, 1 Phase diagram at room temperature







































Fig, 11 - Metastable phase diagram at 600°
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This phase diagram differs from the other ones described above

mainly by two points

1) A tetragonal phase of the UBO7 type, called consequently

M.0O replaces the cubic phases coexisting with M',O at the
71 8—Z

5 3

three temperatures discussed before and with MO2+x at room
1

temperature.

2) In the two phase field M308—z + M307, the two phases have

the same plutonium content.

Samples oxidized at higher temperatures, cooled to 600°C, kept
at this temperature for 6 hrs and then quenched, did not show

a tetragonal phase. So it must be concluded that M,0_ is a

37
metastable phase. The tetragonal phase was observed together
with MO, . at 0/M£2.20, as a single phase at 0/M ratios be-

tween 2.27 and 2.28 (see fig. 12) and together with M308-z at
O/M > 2.35. In the two phase samples it had lattice parameters
a~5.39, ¢c ~ 5.54, with ¢/a ratios from 1.028 to 1.03%. This
fits the data of Y1—U307 as named by PERIO (8), a variety which
has been described by many workers (see ref. 9 for a recent re-
view). So it has to be concluded that up to 20 % of the U atoms
of U3Q7 can be replaced by Pu without noticeable change in lat-
tice dimensions. In the two single phase samples observed, the
tetragonal phase had c/a = 1.013 and c¢c/a = 1.008, resp. with

a ~5.405 in the two cases. These c/a ratios approximate that

3-U307 by PERIO (8).

given for Y
For y = 0.25 no M307 phase was found, but a single f.c.c. phase
at O/M = 2.325 and O/M = 2.357, and two coexisting f.c.c. pha-
'ses for lower O/M ratios. The corresponding lattice parameters

are reported in table III.
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region has been drawn to at least y = 0.2, as no noticeable
cation diffusion takes place at 600°C, and so in the two phase

samples with y = 0.2 no Pu depletion of the M308-z occurs.

Oxidation limit in air

Samples with Pu content y between 0.05 and 0.9 have been com-
pletely oxidized in air for 20 hrs at 600°, 1000°, and 1400°cC.
Only pellets, no powders were used for oxidation in this ex-
periment. The O/M ratio of the oxidation limit decreases with
increasing temperature. The dotted lines drawn in the phase dia-
grams for the different temperatures represent the composition
for which the dissociation pressure is equal to the oxygen

partial pressure in air.

Tie=lines in the M' O + M"O field
------------------- 5 B mmmmmmm 2 g X m m 2

Four independent quantities have been combined to determine the

tie-lines in the M'308-z + M"O phase field at room tempera-

2+x
ture, 1000° and 1400°C. M' means (U,Pu) with low Pu content

y', M" means (U,Pu) with high Pu content y'".

The samples have been analyzed in the oxidized state as well
as after having been reduced again to O/M = 2.00. This re-
duction performed at 850°C in CO/CO2 (6) leaves the cation
concentrations unchanged, leading thus to 2 f.c.c. phases

M'O and M"O2

2.00 00*

Samples oxidized at 600°C and then reduced back to O0/M = 2.00

showed only one MO phase, thus indicating that no U-Pu

2.00

segregation had occurred between the M308 and M307 phases.

The four independent quantities are :



a) M'/M" ratio: This has been determined from the ratios

of diffraction line intensities of the two coexisting pha-
. s . ' "

ses in the oxidized as well as in the M 02.00 + M 02.00
state. The average of these two determinations was used.
: . . . " . .
Intensity ratios M 308-z/M O2+x were calibrated against

. : ! 1
mixtures of known U308/U02+x ratio. For M 02.00 + M 02.00
intensity ratios are assumed to be equal to M'/M" ratios.

b) y's: For M'308-z’ y' has been obtained from the b/a

. ratio of this orthorhombic phase using suitable calibra-

tion curves that will be discussed in sect. 2.7.

c) y" : Vegard's law between UO2 00 and PuO2 oo Was used

for finding y'" from the lattice parameters of M"O2 00°

d) O/M : This was measured gravimetrically in the usual

way.

.Theoreticélly two of these fouf»inaependent values would be
sufficient to counstruct the tie-line for a given specimen.
But it was found that imprecisions on. the four variables were
“too large to allow this to be done. So only samples where at
least three variables agreed with each other were used to con-
struct fhe\tie-iines given iﬁ the phase diagrams. To keep the
\diagrams sufficiently clear, only some characteristic tie-
lines are indicated. It is seen that the tie-lines for 1400°¢
extend from 0<y'<0.02 at the M308-z side, to values mainly

between y" = 0.25 and y" = 0.45 at the MO side,for overall

Pu coments from y = 0.05 to y = O.4 and rizzer high degrees

Qf oxidation., The limiting concentration of Pu in M308-z at
1400°C is thus found to occur at y~0.02. In the same manner,
the limiting concentration at 1000°C was determined as being

y ~0.,06. At both temperatures, a high degree of oxidation
and a high Pu content make the tie-lines to higher Pu contents

at their two end points and vice versa.
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The tie~lines and limiting Pu concentration in U308 at room

temperature are very similar to those observed at 1000°¢C.

The structure of U308 is usually described in orthorhombic co-

ordinates with a ~ 6.7, b ~ 11.9, ¢c ~ 4.15 (10)(11)(12). A

hexagonal structure has been found in some cases, as for example

in the work of SIEGEL (13)(14) who gives a complete indexing
of hexagonal U308' No completely indexed pattern of orthorhom-
bic U308 was available in the literature, and there is no de-

finite agreement on its space group. So an orthorhombic in-

dexing had to be found that fitted our experimental data.

It was observed that in M308 patterns a number of line doub-
lets merged progressively to broad single lines as experimen-
tal conditions varied. The pattern so obtained corresponded
to the hexagonal pattern given by SIEGEL (13). So in our
samples a continuous transition from true orthorhombic to
nearly hexagonal patterns could be observed, analogous to

the transition found by SIEGEL. As hexagonal lattices can be
described in terms of orthorhombic co-ordinates, this transi-
tion provided the means to check possible orthorhombic Miller
indices by the known hexagonal indices, using the transforma-
tion relations between hexagonal and orthohexagonal indices
of the same lattice plane. The Miller indices thus obtained
are given in tapble IV, Table V shows a typical example of our

M308 patterns.

Literature data and our own measurements indicate that in
orthorhombic U308 the lattice parameter a increases and the
lattice parameter b decreases with decreasing 0/U ratio. The
relation between the ratio b/a and the oxygen content 0/U is
shown in fig. 13. The ratio b/a was chosen as it partly eli-

minates experimental errors existing in a and b. In our pluto-



Table IV

HEX OR : HEX OR

001 001 ook ook
130 392
110 200 332 602
131 134
m 201 14 204
002 002 o1 oég§.1
060
300 | 339 (193)
L13 463
061 533
301 o1 .
0
260 30k 33
220 400
264
2ot 261 22k Lok
401
0.12.2 2
421 222 1 662
311 | (171) .
351 4,12.0 2
: 4ho 7 | gl
062
302
352 005 005
003 003 1 pp—
152 | 205 9
262 5
222 402
s | s
1
(190)
410 460 534
530
(191)
411 L6
531
063
303 333
i E
(192)
412 | 462
532
- 119 ]

Correspondance between Miller indices of hexagonal and
orthorhombic U,0,. Indices between brackets were very
rarely found in our samples. A question mark means that
a line was found at that place, but its posifion deviated
more than normally from theoretical position.
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[}

hk1 d LxJ 100 x/I §
Oiffraktoneter Oobye-Schorred'

001 | 4147 90 B i
130 3,416 100 100 :
200 | 3.381 45 60 '
131/201 | 2.637 g6 98 :
002 2,076 3 34 !
060 1,978 i R :
330 1,957 18 "2 3
061 1.785 24 82 :
331 1,72 81 87 :
260 1,706 12 16 :
400 1,688 8 12 :
261 1,578 14 19 :
401 1,564 8 " :
21 | 1,51 3 - :
062 1,4310 12 22 :
332 1,4240 10 2 :
003 1.3626 8 17 :
262 1,3184 8 1% :
402 1.3098 5 - :
460/530 | 1,2818 19 34 :
191 1,2353 1 20 :
063 1.1333 6 2 :
333 1.1303 6 28 '
462 1,092 4 24 :
601/532 | 1.0695 3 :
263 1,0740 4 :
403 1,0692 3 H
004 1,031 3 H
134 0,9924 10 31 :
0,12,1 | 0,9616 2 :
463/533 | 0,9407 4 :
064 0,9187 5 :
334 0,9167 4 3 :
264/662 | 0,8865 5 :
005 08299 3 '
194 0,8003 4 - ;
534 0,8063 8 x| ;

Table V Typical example of dlffractlon pattern of M3O
Composition U0 95Pu0 05 2 62’ single phase.

20 and d are corrected with reference to gold
used as an internal standard, Debye-Scherrer in-
tensities are peak heights of photometric record.
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a

178 1

177

176

176 T

174 A

173 T T T T
270 2.65 2.60 2.55 250 O/U

Fig. 13 - Orthorhombic b/a as a function of O/T in U308 and
M08
+ this work

o literature data taken from the compilation of STEEB (15)



- 32 -

nium-containing samples, the variation of b/a is larger than
could be expected from the differences in oxygen content mea-
sured. It has to be concluded that addition of Pu also makes
b/a decrease, and that in our specimens both oxygen content
and plutonium content contribute to the change in lattice di-
mensions. To separate them, the b/a ratios of M308 phases
with known Pu content were plotted against y (fig. 14). A
straight line could be drawn with a good approximation,
through the points representing the low oxygen limit of M308-z'
As this 1limit has the same oxygen content for all Pu concen-
trations studied, the straight line of fig. 74 represented
the variation of b/a with Pu content only. It has been used

for determining y' from b/a in sect. 2.6.
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X =

178 —  °
X
177 —
176 —
175 —
X
17% — X
173
l I l ]
0 5 10 15

100y [—

Fig. 14 - Orthorhombic b/a as a function of y
x single phase samples, oxidized at 600°

C
o single phase samples, oxidized at 1000° C
+ single phase samples, oxidized at 1400° C

C

(4)

single phase samples, oxidized at 750°

Underlined points correspond to M308—z coexisting

with MO2+x of the same Pu content and therefore

represent the low oxygen 1limit of M308—z'
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Discussion

The phase diagrams proposed tentatively by MARKIN and STREET (1)
(2) have been partially modified by this work. We found that at

room temperature the single phase region "M409" exists for low
Uf;u ratio. Furthermore, the two phase region "M409" has been en-

larged in the direction of low % ratio and closed at about Ufgu

= 0.32. It is unlikely that the "Mqog" type phase exists for pluto~

nium concentration much higher than 30 % as suggested (1).

Like MARKIN and STREET, we did not find any indication of a super-
lattice for the so-called "M409” type phase. Therefore this phase
cannot be crystallographically related to the UL+O9 which is con-

sidered an ordered type of the f.c.c. UO2+x structure. On the
other hand, the fact that UL+O9 and "M409" precipitates are morpho-
logically comparable as revealed by metallographic analysis, leads
us to assume a close similarity between the U-Pu-0 and the U-D

- 0 .
Topy £0.30 and r up to 2.27. It is thought

that "M409” differs from MO

system, at least for
Dix but is not a completely ordered
structure. The two phase region has been closed in the direction

of high plutonium content with a dashed line only because of the
difficulties to prepare suitable samples. It is nevertheless likely
that it meets the phase boundary against the two phase field con-
taining the cubic and the M308-z phase. The M308-z phase could be

in equilibrium with "M409" or MO2+x according to the plutonium con-
tent.

The M308 single phase region was given with its oxygen content de-
creasing with increasing Pu content, in the phase diagrams proposed
earlier (1.2). Our results show that at least the low oxygen limit
of this region remains constant with increasing Pu content. This is
shown by the fact that at 1000°C, e.g., the single phase M308 is
obtained with virtually the same 0/M ratio for y = 0 and y = 0.05.
Furthermore, two phase samples with a noticeable proportion of cu-
bic phase are found at all temperatures at or near oxygen contents
inside the M308 single phase region as proposed by MARKIN and
STREET.
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It is to be noted further that we determined a rather different
position of the tie-lines in the M'308_z + M"O2+x two phase region
than that given by MARKIN and STREET, on the basis of their own
and of BRETT and FOX' (4) results. In particular, no tie-line was
observed by us extending to very high plutonium contents as in the
work of BRETT and FOX. Tie-lines parallel to lines of constant Yy,
as given by MARKIN and STREET for room temperature, were not found
by us except for the metastable 600°¢ phase diagram.
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Legend for the phase diagrams figs. 1, 6, 8 and 11 :

orthorhombic M3 82

O

orthorhombic M,O + f.ce.c.
38~z

@ single phase f.c.c.
X two f.c.c. phases
5]

tetragonal ("M307“) phase

[N

orthorhombic M308-z + tetragonal phase

>

f.ce.c. MO2 ot tetragonal phase

phase limits

—em o=,
________ tie=lines

cceseens oxidation limpit in air

Figures 2 or 3 on an experimental point means overlapping of

2 or 3 measurements.

The phase relations for 0/M € 2.00 were omitted from the dia-

grams.
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