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SUMMARY 

Plutonium oxides in the range 1.61 .L. 0/Pu .L. 2.00 have been 
investigated at room temperature both by metallography and by x-ray 
analysis, mainly on samples quenched from about 1500° C to 5° C. 
Specimens with compositions 1.627 < 0/Pu .L. 1.69 are single phase 
a-type at 650° C and this phase can be quenched to room temperature 
to a high degree. Specimens with 1.69 < 0/Pu .L. 1.995 invariably 
transform to a two-phase structure a + r (r = PuO,-x) on quenching 
through the 650° phase boundary known from previous published phase 
diagrams. These phase diagrams have to be modified on the basis of 
the present results in two respects : 

I) a-Pu,O, which has been taken earlier as a compound with 0/Pu = 
1.61 exists as an extended phase in the range 1.62 < 0/Pu .L. 1.69 
at T > 650° C. This range becomes narrower with decreasing tempe­
rature and terminates in a point near 0/Pu ::::; 1.62 + 1.63 at 
about 350° C. 

II) The oxygen deficient fluorite phase PuO,-x at 350° C in equilibrium 
with the a-phase has a composition close to PuO,, that is about 
PuO,..,. instead of PuO,.,s as claimed before. 

III) Reinterpretation of published data on the Pu-0 system suggest, 
that above 650° C the a-phase is separated from the highly oxygen 
deficient y-phase (PuO,-x) by a narrow two-phase region a + r 
in the range 1.69 .L. 0/Pu L 1.72. 

The variation of the low oxygen side of the boundary of the a-phase 
field with temperature near 0/Pu = 1.62 is not yet known with cer­
tainty. Also the details of the transformation process and their variation 
with oxygen content for samples in the region 1.70 < 0/Pu < 1.995 
cannot be explained at present. 
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A METALLOGRAPHIC AND X-RAY lNVESTIGATieN)OF 
PLUTONIUM OXIDES AT ROOM TEMPERATURE+ 

1. INTRODUCTION 

The low temperature range up to about 1000° C of the Pu-0 system 

between 0/Pu = 1,5 and 2,00 has been investigated repeatedly in 

part or as a whole by dilatometry (1), (2), (3), x-ray analysis (5), 

(6), electrical resistivity (4) and with the EMF-method (11). Metal­

lography obviously has not yet been used in a systematic way. 

For this reason work was started in Karlsruhe at the beginning of 

1966 on the Pu-0 phase diagram with metallography and x-ray analy­

sis with the aim to correlate the results of these two experimental 

tools. The starting point was the phase diagram by Gardner, Markin 

and Street (5) shown in fig. 1. It is based mainly on high tempera­

ture x-ray analysis of powdered oxides. 

The main problem in the Pu-0 system at present seems to be the 

question if a eutectoid exists at 0/Pu = 1,71 as proposed by Chi­

kalla et al. (6), if a continuous solid solution between ~-Pu
2
o

3 
and Puo 2 exists as proposed by Gardner et al. (5) or if ot-Pu2o

3 
and 

Puo2 are separated somewhere by a narrow two-phase region above 

6500 C++). This paper gives a contribution to clarify the situation 

from the point of view of experiment, a more general discussion and 

comparison of the Pu-0 system with some rare earth oxide systems up 

to about 12000 C will be given elsewhere (14). 

In order to present the results as clearly as possible, we shall 

use designations for the different phases in the Pu-0 system as 

given in table I. This avoids the use of specified chemical compo­

sitions for phases which in fact may exist with a variable range of 

stoichiometries and furthermore the possibility of confusion be­

tween the two bee phases of different oxygen contents is hoped to 

be at least minimized. The subscript 1 to ~
1

, see table I, for the 

C-type rare earth Pu2of structure stands for "low'',since this phase 

only exists at low temperatures and with low oxygen content. 

On the other hand for the ~-phase the synonym C'-phase is proposed 
(+) 

C++) 
Manuscript received on June 19, 1967. 
This last point has been discussed extensively at an IAEA PANEL 
ON THE THERMODYNAMIC PROPERTIES OF THE Pu-0 system at Vienna in 
October 1966. 
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in order to distinguish it from the C-type rare earth structure which 

has 0/M = 1.5. 

2. EXPERIMENTAL PROCEDURES 

2.1. Preparation of startirgmaterial 

The Pu02 powder was prepared by precipitation of the oxalate 

and calcined at 9000 C in oxygen. The powder was then granu­

lated without binder, but for lubrification o,4 % zinc stearate 

was used. It w~s compacted at 4 to/ cm2 and sintered at 1550°c 

under a nitrogen 8 % hydrogen gas mixture. The properties of the 

resulting pellets are given in table II. 

2.2. Heat treatment and reduction to a given 0/Pu-ratio 

In order to prepare specimens of a given 0/Pu-ratio, the pel­

lets were reduced in a tube furnace at temperatures between 

1400° C and 16000c for times between about 2 hours to 24 hours. 

As reducing atmosphere hydrogen with different amounts of water 

(about 10 - 1000 ppm) or ultra pure hydrogen (purified by dif­

fusion through a Pd-Ag alloy) were used. After some experience 

it was possib~e to produce with this method 0/Pu-ratioa not 

far away from the desired values. After a reducing treatment 

the pellet usually was quenched from 1400 - 16000c to about 

50 c. Several samples were cooled in the furnace to 6000, 500°, 

4oo0 or 3000 C and annealed at one of these temperatures be­

tween one and 16 hours and then quenched to 50 C in the normal 

way. 

2.3. Determination of 0/Pu-ratio 

After the heat treatment the oxygen content was determined by 

gravimetric analysis. Always two specimens of the quenched 

sample were oxidized to Puo2 , 00 , either in oxygen at 850° C 

or in a CO/Co2 = 10: 1 mixture at 850° C (Harwell). The two 

methods give essentially the same results. The precision of 

the method is about 0/Pu ± 0,005. 
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2.4. Metallography 

The samples are handled in glove boxes under dry nitrogen and 

mechanically polished following the usual classical methods. 

Chemical etching is used. In the range 2,00 ~ 0/Pu ~ 1,70 mix­

tures of HN0
3 

+ HF at temperatures up to 100°c (5-20 sec) are 

used. In the range below 0/Pu = 1,70 H2so4 cone. at the boiling 

point for 10-30 sec. works better. Occasionally H
3
Po4 at the 

boiling point (1 - 2 min.) was used for samples close to stoi­

chiometric Puo 2 • 

2.5. X-ray Rnalysis 

SRmples for both the Debye-Scherrer- and the diffractometer 

techniques were prepared by crushine the pellets in glove 

boxes kept under nitrogen. In a few cases solid specimens were 

investigated on the diffractometer to check for oxidation 

durine: crushing. 

The x-ray diffraction patterns were obtained either with 114,6 mm 

diameter Debye-Scherrer cameras or with a Siemens diffracto­

meter having a quartz crystal monochromator placed between 

specimen and co11nter. In all cases, CuK(l(. - radiation was used. 

A description of the Debye-Scherrer cameras is civen elsewhere 

(13). Their construction permits the handline and the mountine 

of the capillaries in a glove box whereas the x-ray source and 

the films are outside of the box. With this arrangement the 

possibility of contaminating the films is completely eliminated. 

Calibrations of the cameras with gold, silver and tungsten pow­

ders yielded mean values of the lattice parameters within 
-4 0 2.10 A of the best values reported in the literature. Ilford 

Industrial Bx-ray film was used in the asymmetric Straurnanis 

arrangement, line positions were measured to 0,05 mm and en­

tered into a computer program executing the following operations: 

1. Straumanis correction for obtaining the true film diameter. 

2. Calculation of the Bragg angle of each line, with inter­

planar distanc~ and in the case of complete cubic spectra 



- 7 -

calculation of the lattice constant a. 

For complete cubic 2 spectra the function a = f (cos 0) is extra-

polated toe = 90° for the high angle lines by a least squares 

method. 

In cases where the cubic spectrum does not allow extrapolation 

to 0 = 90° and for non-cubic spectra an empirical correction 

curve ~d = f (9) has been used to obtain the trued-values and 

lattice parameters. This proved necessary especially for deter­

mination of the lattice parameters of the «-phase which never 

gave reflections at high angles. 

For work with the goniometer the specimens are loaded into a 

special container with a semi-cylindrical beryllium window. A 

procedure has been developed to load it with the specimen in a 

glove box without contaminating its outer surface. In the case 

of cubic spectra with sharp lines at high angles the same compu­

ter program was used including the extrapolation to 9 = 90°, but 

with somewhat less precision than for films. With theoC-phase 

the lattice parameter was calculated for each line observed and 

finally taken the mean of all values. The limit of error for the 

lattice parameters of well-crystallized cubic phases is about 

± 0,0005 i with the film technique and about± 0,0008 i with the 

diffractometer. Many of the oc-phases observed were poorly crystal­

lized and their parameters are not known better than to± 0,01 R. 

The majority of the spectra was analysed for the half widths and 

ratios of intensities of the following pairs of lines 

r-phase 

oc-phase 

111 

222 

200 

400 

220 

440 

311 

622 

If the spectrum was recorded on film the line profites were found 

by densitometry. The results are given in figures 4, 5, 6,8and 9 

taking into account the instrumental half width b of the lines. 

This was determined as b = 0,1° on diffractometer recordings and 

as b = 0,35° on films for the angular position of the (622) line 

of the of. and as_-phases and of the (311) line of the [-phase 

(Pu02 ) respectively. The true half width Bis taken as B = B - b, 
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where Bis the observed half width. Thus for specimens which 

are very well crystallized the line broadening Bis taken as 

zero. 

3. METALLOGRAPHY 

3.1. General results 

The photo micrographs M1 to M20 with a few exceptions show the 

metallographic structures of specimens quenched from 1400° -

1600° C to 5° C. The pictures are arranged in the order of in­

creasing oxygen content of the specimens starting from 0/Pu ~ 

1 1 62 up to 1,995. 

The as quenched structures can be divided into 4 groups, each 

group corresponding to a certain range of 0/Pu. These groups 

and their subdivisions are shown in table III. The results for 

specimens with 0/Pu 4 1,61 will be given in a later publication. 

For the interpretation of the micrographs the transformation 

behaviour of plutonium oxides must be taken into account. By 

dilatometry (1), (?.), (3) electrical resistivity (4) and by 

high temperature x-ray analysis (5) it has been established 

that the transformation at 650° C is rather quick and cannot 

be suppressed by normal quenching techniques. This implies 

rather high rates of the migration of oxygen when the high 

tem~erature phase is separated into two low temperature pha­

ses with very different oxygen content (see fig.1). Small vari­

ations in the rate of quenching may possibly give a very diffe­

rent geometry of the precipitates. An example is seen in the 

figures M16 a and b. These show a typical pearlite-like 

structure. The lamella spacing is very different in both spe­

cimens though the cooling rates were very similar. Probably 

the grain size plays also a role. On the other hand the inte­

gral 0/Pu-ratio itself certainly influences the mode of preci­

pitation too. 

For a detailed interpretation the phase relations at 1500° C 

and the transformation behaviour at 650° C and 350° C should 
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be known as function of the 0/Pu-ratio, but this is not yet the 

case. Information on these points can be gained by holding the 

specimens at temperatures below and above the phase boundaries 

before finally quenching to 5° C. There is a certain risk 

especially at lower 0/Pu-ratios that the specimens are slight­

ly reoxidized during such low temperature annealing, therefore 

the oxygen content has to be checked after each treatment. 

3.2. Region 0/Pu ~ 1,62 

The two phase structures fig. M1 and M2 appear straight for­

ward from the point of view of metallography. If one accepts 

that the line for cubic Pu0
1161 

may be shifted to about Pu0
1162 

in fig.1 we have an oc-matrix with some traces of hexagonal B. 

The latter phase is precipitated with a well defined crystallo­

graphic relationship with respect to the matrix. This could be 

caused by a rapid shear transformation on (111) planes when 

crossing a phase boundary on quenching. Consequently the spe­

cimens would have been single phase at 1500° C according to this 

interpretation and the low oxygen boundary should be shifted 

to lower 0/Pu-ratios with increasing temperature. 

Yet another interpretation seems equally possible. The preci­

pitation of the second phase may have taken place at rather low 

temperatures and it may consist of 0(1 + t instead of e. 

In this case the low oxygen phase boundary of the ()(.-phase must 

have a different shape at high temperatures with respect to the 

first interpretation. In fig. 7, this interpretation is adop­

ted and the low oxygen phase boundary of the OC -phase is drawn 

as a dotted line. This problem will be discussed once more in 

section 4.5. 

3.3. Region 1 2627 f 0/Pu f 1,69 

A rather important result of this investigation is the existence 

of the single phase region shown in the fig. M3-8. In this range 

of oxygen content the 0<-phase can be quenched to room tempera­

ture with little difficulty. Only at 0/Pu = 1,68 and 1,69, see 
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fig. M7 and Ba, one finds a fine substructure within each 

grain indicating the beginning precipitation of a second 

phase. In order to clarify this, specimens with 0/Pu ~ 1,65, 1,676 

and 1,69 have been furnace cooled from 1400 - 16000 C to 600°, 

500°, 4000 and 300° C
1
kept at least 1 hour at the low tempe­

rature and then quenched in the usual way. The results are 

shown in the fig. M5 a -c for 0/Pu = 1,65 and 8 band c for 0/Pu 

= 1,69. For 0/Pu = 1,65 the high temperature single phase re­

gion of« terminates between 4oo0 and 300° C, for 0/Pu = 1,69 

this phase boundary certainly lies not far above 600° C, per­

haps at 650° c. The resulting phase boundary which limits the 

domain of existence of the~-phase at low temperatures at the 

oxygen rich side is shown in fig. 7 to a first approximation. 

3.4. Region 1,70 ~ 0/Pu ~ 1,98 

Here the transformation occuring at about 650° C cannot be 

suppressed. Therefore the figures M9 to M20 show invariably 

two phase structures, but systematic changes in morphology as 

function of oxygen content occur. Infact one may subdivide 

this range in regions whose limits are approximately given in 

table III. Clearly more work is necessary in order to find 

the reasons for the striking changes with 0/Pu-ratio under 

the same heat treatment in these specimens. 

Since we may assume that all samples are single phase at 

1500° C the amount of oxygen and its rate of migration cer­

tainly must influence deeply the morphology of the different 

two phase structures. But also ordering effects in the 

oxygen vacancy distribution may give some contribution. 

Lineal analysis has been tried in this region in order to 

check the phabe boundaries. Since this analysis had to be 

carried out on photographs the areas analysed were not suffi­

cient to give precise values for the amounts of the two pha­

ses. On the other hand discrepancies occured between lineal 

analysis, x-ray analysis and calculated amounts around the 

composition O/Pu~1,78 which cannot be explained by measuring 

errors and the causes are not known at present, see table V. 
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The results for the other regions 1,69 - 1,72 and 1,89 to 1,93 

are also tabulated in table V in columns 8 to 10 together with 

an estimation of the relative amounts of the two phases by x­

ray analysis and by calculations according to the phase diagram 

fig.7. With respect to the errors involved the agreement can 

be called satisfactory in these cases. 

3.5. Region 1,98 ~ 0/Pu ~ 2.00 

Following the phase diagram fig. 1 this region should be single 

phase.(, but metallography did not prove this. 

Fig. M20 from a specimen with 0/Pu = 1,995 ± 0,005 shows tra­

ces of a s.econd phase and the sample of fig. M19 with 0/Pu = 
1,98 which was kept 1 hour at 700° C before quenching to 5° C 

has a very similar aspect as fig. 18. This points to a limit 

for the miscibility gap at T 1£, 500°c and 0/Pu ~ 1,995 instead 

of 1,98 as assumed before (5) (6). We shall refer to this 

point again in section 4.2 taking account of the x-ray results. 
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4. X-ray analysis 

4.1. General results 

As described in section 2,5 the x-ray data have been analysed 

in the following manner: 

i) determination of lattice parameters and phases, see fig. 2 

and 3 and table V. 

ii) Correlation of the line profiles with the 0/Pu-ratio of the 

samples in which structures have been produced by phase 

transformatiomat 650° to 350° Con quenching, see fig. 4, 

5 and 6. A phase which has not changed or hardly changed 

iii) 

its composition during quenching gives sharp and highly pea­

ked lines indicating a well crystallized structure. On the 

contrary a phase precipitated at low temperatures from a 

matrix with different 0/Pu-ratio gives broad lines with 

lower peaks. Fig. 6 gives an example of such a difference 

in line shape. 

Analysis of relative peak heights for the lines of diffe-

rent phases in the same specimen has been atterrp;ed in or-

der to estimate the amounts of the phases present, see fig.8 

and 9, and column 9, 12 and 13 in table V. 

Before going into details, the following general results can be 

stated: 

a) Specimens which are clearly single phase by metallography 

may show two or even three phases by x-ray analysis. This 

happens especially in the region 1,62 ~ 0/Pu~ 1,69. Speci­

mens at 1,69 ~ 0/Pu !=-1,70 which appear two-phase by metallo­

graphy may r,ive as much as four different cubic phases by 

x-ray analysis. 

The question arises if these "x-ray phases" have been pro­

duced on the surface of the samples during the preparation 
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o~ the powders from the solid specimens. To decide on this, 

solid sample;eilivestigated on the diffractometer but no 

difference was noted against the powdered specimens. 

Though also in this case the production of a transformed 

surface layer cannot be excluded we believe that these 

phases exist also in the solid specimens and are distributed 

on a submicroscopic scale, therefore they cannot be revealed 

by metallography. 

b) Lattice parameters and line profiles of two phase structures 

(by x-ray analysis) show characteristic differences in the 

regions 1, 61 < 0/Pu ~ 1, 69 

1,69< 0/Pu..:::. 1,80 

1,80:= 0/Pu::: 2,00 

These differences can be seen on the figures 3, 4, ,, 8 and 9. 

c) Inspite of the low temperature the transformation at 350° C 

proceeds still rather fast and shows up both by metallo­

graphy, see fig. M 5 b, c and by x-ray analysis, see table V 

No. 12. This specimen with 0/Pu = 1,65 was furnace cooled 

from 1500° C to 300 ° c, kept for one hour at this tempera­

ture and then quenched. The lattice parameters correspond 

exactly to the low temperature equilibrium structure a1 + Y 

as to be expected from fig. 7 or fig. 1. 

If the high temperature phases in the region 1, 62~ O/Pu ~ 

1,72 are quenched directly to 5° C, the low temperature 

transformations at 350° C to 600 °Care suppressed partial­

ly and a.-phases with a < 11,04 l and y-phases with a> 5,396 l 
are produced as metastable transformation products, see fig. 3 

and table V• These metastable phases cannot be identified 

on the photomicrographs with the exception of figures M 7 

and M 8 a. 

d) Attempts have been made to deduce the relative amounts of 

phases present on photo micrographs showing two phase struc­

tures by comparing relative peak heights of x-ray lines. 

This analysis did not always give useful quantitative re-
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sults, see section 3.4.4., but the general trend in the de­

velopment of the quantity of a-phase present as a function 

of 0/Pu-ratio comes out very clearly, see fig. 8 and 9 and 

section 4.3.1. 

e) The limits of detect~bility for the a-phase and for tqe 

y-phase are very different. Very faint traces of yin a 

may still be found on films or goniometer recordings, 

even if they are not revealed by metallography. 

The a-phase on the other hand cannot be established by x-ray 

analysis for oxides with 0/Pu~ 1, 94 though the second phase 

is clearly revealed by metallography, see fig. M 18. This is 

a consequence of the double cell edge of the a-structure 

with respect to they-structure. 

4.2. The lattice parameter of stoichiometric Pu02 and the limiting 

composition of Pu02 at 20° C 
-x 

It has been shown that Puo2 cannot incorporate excess oxygen 

in its lattice [ ?] • In table IV measured lattice parameters of 

Pu02 oxidized in air or oxygen by ·11arious authors are ~ollec­

ted, also the parameter of Puo1 , 98 is given where available. 

The last value for Pu02 in the table has been determined in 

the course of this work both with a Debye-Scherrer camera and 

with the goniometer. Each apparatus was checked for correct 

alignment as indicated in section 2.5. The lattice parameter 

compares well with the results of [9]. The results of table 1.V 
0 

give the lowest values a= 5,3952 A for the purest specimens 

of Puo2 , 00 • We may conclude therefore tha~ the commonly accep­

ted lattice parameter for Puo2 a= 5,396 A is somewhat too high, 

and pertains to impure Puo2 • The necessity for this redetermi­

nation arose because thelattice parameter and 0/Pu-ratio of 

the y-phase in two phase a+y specimens at T < 350° C as found 

here, did not agree with the values a= 5,405 land 0/Pu = 1,98 

given in the literature[5], see table IV. 

From fig. M 19 and section 3.5 on metallography we know that 

an oxide with O/Pu~1,995 still may show traces of a second 

phase after quenching from high temperatures. Furthermore, the 

lattice parameters of the y-phase in oxides 1, 72 £: 0/Pu ~ 1,995 
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which invariably have two phase st~u~tures a.+ y after quenching 
0 

from 1500° C show little scatter around a mean value, a= 5,3969 A 
0 

instead of a= 5,405 A, see fig. 3. And finally, the specimen No.12 

of table 5 which was slowly cooled to 300° C gives also a lattice 

parameter of a= 5,396 ~ 0,002 A for they-phase in equilibrium 

with a.1 • 

Consequently the phase boundary of Puo2 against the two phase 
-x 

region a.+ y at T~450° C cannot lie correctly at 0/Pu = 1,98, 

but must be moved to about 1,995. Fig. 1 has bPen corrected ac­

cordingly in fig. 7. 

From fig. 3 another interesting conclusion may be reached. If 

oxides with 0/Pu;::S 1, 72 a.re que~c.hed from 1400° C, or from some 

temperature above the p~ase boundary a. against a.+ yin the 

range 1,62<0/Pu.!:::1,72, the lattice parameter of yin the resul­

ting two phase structures increases with decreasing 0/Pu-ratio 

from a~5,397 A at 0/Pu = 1,72 to a= 5,425 A at 0/Pu = 1.65. 

Obviously the low temperature equilibrium composition of the 

y-phase (O/Pu~1,995) cannot be produced any more for 0/Pu< 

1,72 though the quenching conditions are kept the same. There­

fore, a metastable oxygen deficient y-phase with a higher lat­

tice parameter results. This is reflected also by fig. 4 which. 

shows the line broadening of these y-structures. They-phase 

with the highest lattice parameter also has the broadest lines, 

that is the structure which is least well developed. 

4.3. The a.-phase in the s!_!::~ .. (b.~P!!_~se region 1 162<0/Pu~.l.t.69 

The domain of existence of the a.-phase has been established in 

section 3.3 on the basis of metallo~raphic evidence. Because 

the partial low temperature transformations not detected by 

metallography are revealed now, the interpretation of the x-ray 

data is more involved. 

4.3.1. Lattice parameters and line profiles of the a.-phase ---------------------------------------------------
In fig. 2 the lattice parameters of the main a-phase 

of quench~d specimens with 1,62:::: 0/Pu..::.. 1,69 are plot­

ted against 0/Pu ratio. From this the lattice parameter 
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0 

varies linearly between 10,95 ! 0,02 A at 0/Pu = 1,69 

and 11,00 ! 0,02 1 at O/Puz-1,62 and these values have 

been employed in table I. The broadening of the corres­

ponding x-ray lines is small or practically zero as seen 

from the group of points in the range 1, 62 ~ 0/Pu S. 1,69 

at the bottom of fig. 5. This proves that this phase must 

have existed already at high temperatures with the same 

composition. The points indicating broad line profiles 

in the same 0/Pu - region in fig. 5 belong to the secon­

dary phases which have been produced in small quantities 

by the low temperature transformation on crossing the phase 

boundary which closes the a.-phase field against the abscissa 

of fig~ 7. This transformation follows either of two schemes 

depending on the integral oxygen content of the sample 

and/or on the quenching rate. 

a. (x) ~~-.. .... - « (x' ) 

a. (x)---1>,-:i-.. a. (x ",) 
1 

+ 'Y (x'' ) 

+ 'Y (x "") 

The behaviour of the apJIOpriate y-phases with respect to 

lattice parameters and line broadening is found in fig. 3 

and 4. It fits exactly to this interpretation. Finally in 

fig. 8 the intensity ratio I(440) /1(220) is plotted 
a. 'Y 

against oxygen content of the samples and a very steep 

rise is found for 0/Pu< 1,70. This again is consistent 

with an extended a.-phase at high temperatures and for 

0/Pu ~ 1,69. 

4.3.2. The structure of the a.-phase ----------------------------
As already stated by several authors l5] [6] [12] the dif­

fraction pattern of a.-Puo1 61 is body centered cubic at , 
20° C, but the basic fee reflections of they-phase still 

exist and constitute part of the bee-pattern. Rather of­

ten the bee extra lines are very weak or cannot be found 
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at all and in these cases the ~-phase can only be iden­

tified by its lattice parameter. At higher temperatures 

the existence of the bee extra lines has not yet been 

proved with certainty [5]. 

Another peculiarity of the~ -phase is the weakness or ab­

sence of high angle reflections. The highest reflections 

observed in this work had a sum ,Lh2 = 1L~4. 
i i 

For these reasons all diffraction patterns containfng 

the ~-phase have been searched carefully for the exi­

stence of bee extra lines. The phases for which they 

could be identified have been marked by the letter bin 

column 7 of table 5. They are only present in specimens 

with 0/Pu ~ 1,72. Very often only one to three bee extra 

lines could be found. The most numerous set of 10 extra 

lines exists in specimen No. 24 of table 5 with 0/Pu = 

1,72 which according to column 9 of table 5 contains about 

70 % of the «-phase. The next numerous set of 7 bee extra 

lines was found in specimen No. 11 with 0/Pu = 1,65 which 

had been cooled slowly to 4oo0 c. Several times the (134)­

line has been found as strongest bee-line in the patterns. 

4.4. The low temperature two phase region OC+( 1 at 1,70 ~0/Pu < 2,00 

The finer details of the metallogr9phic results of section 3.4 

with the fi~ures M9 to M20 and table III are hardly reproduced 

by the x-ray analysis. Only the subdivision of this region into 

a part 1,80 £ 0/Pu ~ 2,00 and a p~rt 1,70 ~ 0/Pu ~ 1,78 is indi­

cated. This corresponds to the difference between the structu­

res shown in the figure M12 and in figulle M13, at 0/Pu """1, 79. 

For 0/Pu ~ 1,80 the lattice parameters of the 1
1

-phase show 

little scatter and the line broadening~ is very small, see 

fig. 3 and 4. This corresponds to the photo micrographs M13 to 

M20. We may conclude that in this region under the quenching 

conditions employed the [-phase can be produced easily with an 

oxygen content close to the Jow temperature equilibrium value f 1 • 
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On the other hand for 0/Pu < 1,79 the lattice parameters of the 

/-phase in fig. 3 show somewhat more scatter and the line width 

has risen suddenlif to higher values with l!espect to Ofi>u ~ 1,80, 

see fig. 4. This ind~cates in fact a change in the way by which 

this phase is produced during the trans!ormation. This can also 

pe observed as the difference in the distribution of the two 

phases in fig. M12 and fig. M13. 

The results on the estimation of the relative amounts of the 

o(.· and f-phases present, have already been described in ooction 

3.4. 

4.5 The low oxygen boundary of the ~-phase and the region 0/Pu< 1,62 

In section 3.2 two possible interpretations for this region have 

been put forward, but a final decision must wait for more expe­

rimental results in the range 1,50 ~ 0/Pu ~ 1,62. Careful in­

spection of the x-ray films of the specimens No. 2 and 3 of 

table V did not show any traces of the B-phase. After this, the 

peak heights of the (622)-and (440)-lines of the two o<-phases 

present were measured and are given in arbitrary units in columns 

12 and 13 of table V. The figures show that a fair amount of the 

second~- (or ~l -) phase must be present, together with acer­

tain amount of the Y-phase. But about the same ~elations may 

also exist for other specimens up to 0/Pu ~ 1, 72, as seen in 

table V. 

Since it is very unlikely that the precipitates in fig. M1 and 

M2 are ex in ex. or <X
1 

in cx.
1 

they should consist of the {"-phase. 

Precipitation of one cubic phase in another cubic phase with a 

similar morphology as shown in fig. M1 and M2 can be found in 

fig. M18 to M20. Therefore the structures shown in fig. M1 and 

M2 might be interpreted as ~with some traces of )f. 
The following considerations may also hint at tris interpreta­

tion•. 

In principle there exists a way to check the limiting composi­

tion of the ~-phase near 350° C by making use of the intensity 

ratios of x-ray lines. There are several specimens in which 

the amount of ~l produced in the last-transformation at 350° C 
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is negligible. These specimens appear single phase by metallo-

graphy and two-phase a. + y 1 by x-ray analysis. From the course 

of the phase boundary between 640° C at 0/Pu = 1,69 to 1,64 at 

about 400° C in fig. 7, we see that a specimen with 0/Pu = 1,69 

which is truly single phase above 650° C will transform a 

bigger part to they-phase between 650° C and 350° Con quenching 

than for example a specimen with 0/Pu = 1,64, because the latter 

crosses this boundary at much lower temperatures. Now one can 

plot the relative intensities of the (440) and the (220) -lines a y 
as amount of a-phase in% 

I (440) x 100 
a 

I (440) +I(220) a y 

against 0/Pu-ratio and one can extrapolate this curve to 100 % 
a.-phase in order to get the maximum oxygen content of the 

a-phase at 350° C. This has been done in fig. 9. Of course one 

cannot expect a high precision from this analysis, but it 

seems possible that the a single phase field at 350° C termi­

nates at O/Pu~1,63 instead of 1,62. This interpretation is 

adopted tentatively in fig. 7. 

5. DISCUSSION 

The most important results of this investigation is the existence 

of an extended region of the a.-phase at T?; 650° C with 1, 62::SO/Pu =:-
1, 69. The boundary a/(a. + y1 ) below 650° Chas been established. 

mainly by metallography. The corresponding boundary at the low oxy­

gen side as shown in fig. 7 is based on preliminary metallographic 

and x-ray results, but it has to be substantiated by further expe­

rimental work. The room temperature lattice parameters of the 

quenched a-phase are given in fig. 2. 

In order to see if this result can be rec~iled with the work of 

Gardner et al. [5], their corrected high temperature lattice par~­

meters~~ for 0/Pu = 1,618, 1,67 and 1,69 have been extrapolated 

to 20° C and these three points are shown as big squares in fig.2. 

They fit well into the parameter - composition relation of the 

a-phase as determined at 20° C in this work, Another interesting 
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observation can be made if the high te~~erature lattice parameters 

of [5] are plotted against 0/Pu-ratio at 700° C and 900° C [14]. 

Both curves show a small but clear irregularity in the region 1,69 ~ 

0/Pu ~ 1, 72. In fact, together with other evidence this can be 

taken as indication for a small two-phase region at T.>650° C sepa-

rating the cx.-phase from the Pu02 h G4'. ThPrefore this two--x p ase L :J 
phase region has been indicated by a dotted line in fig. 7. 

In a recent discussion Mulford has treated the relations between 

the three cubic structures Puo2 , Puo1 , 50 and Puo1,61 [12]. 

The cx.-phase has been assumed by Mulford still to exist only at a 

single composition Puo1 , 61 • Following him, it can be produced from 

the cubic Puo1 ,
50 

structure (C-type rare earth structure) by inser­

ting extra oxygen into the ordered oxygen vacancies. The unit cell 

of Pu0
1150 

contains 32 Plutonium atoms, 48 oxygen atoms and 16 

oxygen vacancies in an ordered arrangement which fits the body 

centered cubic symmetry. In order to maintain this symmetry, 

Mulford points out that any extra oxygen which is introduced into 

this structure, should have random distribution on the 16 vacant 

oxygen sites. For the cx.-phase, he assumes as the most probable 

composition 4 extra oxygen atomes giving 0/Pu = (48 + 4)/32 = 1,625 

This agrees very well with the lower limit of the cx.-region as 

found in this investigation. 

Since the four extra oxygen ions are distributed statistically in 

the unit cell and there are still many lattice positions available 

in the oxygen sublattice it should be possible to place some more 

oxygen ions as long as there are still enough lattice positions 

vacant to give random distribution. If we take 6 instead of 4 w~ 

get 

0 

Pu 
= 

48 + 6 

32 
= 1, 6875 

again this value is about the same as found experimentally as the 

upper limit of the 0/Pu-ratio for this phase. 

The difference in the diffraction patterns of the two bee structures 

Pu01150 and Puo1 , 625 as calculated by Mulford [12] consists only in 

different ratios for the intensities of the two lines with {hi= 

190 and 192. Unfortunately it was not possible to check this, 
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since the highest value found in this investigation is only/~: 

Y 144. On the other hand, the most intense line as calculated 

by Mulford should be (134) and this again agrees well with our 

results, see section 4.3.2. 

The lattice parameters of the a-phase in the region 1,625 := 0/Pu! 

1,685 of fig. 2 can be extrapolated to lower 0/Pu-ratios in order 

to find the room temperature equilibrium value of the a
1
-phase. 

From a least SIUare analysis of the corresponding points in fig. 2 

a straight line can be drawn which gives a= 11,076 A at 0/Pu = 

1,515, the oxygen content of the a
1

-phase assumed by Gardner et 

al. [5]. This lattice parameter is somewhat higher than the 
9 as 

highest values measured by these authors (a= 11,058 A) and found 

in this work (a• 11,06 + 
0 

0,02 A). 
This result is reasonable since the measured values should be 

expected to lie below the true equilibrium lattice parameter. The 

transformation at 350° C by which a is produced certainly will 
1 

always lead to a phase slightly rich in oxygen. 

The shift of the limit of the low temperature single phase region 

Puo2 from 0/Pu = 1,98 to about 0/Pu = 1,995 in fig. 7 is based -x 
both on metallographic evidence (see fig. M 19 and 20) and on 

lattice parameters, see fig. 3. The influence of a higher content 

of impurities in the earlier work [5] (6]seems the only possible 

explanation. The change in lattice parameter with substoichiometry 

da/dx for the region was about o,45 A = (5,405 A - 5,396 A)/0,02 

according to [5]. The corresponding result in this work is da/dx= 
0 0 q 

0,30 A= (5,3967 A - 5,3952 A)/ 0,005. 

The two values can be considered roughly as equal if one thinks of 

the errors involved in the values of the lattice parameters and 

especially in the values of x. 

In the phase diagram all phase boundaries which seem sufficiently 

well established at present have been drawn with full lines, tne 

rest is indicated by dotted lines. A small two-phase field r1+r2 
has been introduced in order to fit the existence of the two-phase 

region a+ y with the rest of the known phases to a reasonable 

pattern, which is in agreement with the phase rule D4]. Possibly 

this has to be modified when more detailed experimental data 
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become available.The results presented in this paper show that 

the Pu-0 system is not yet completely established even at low 

temperatures. 
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T A B L E I 

Designation of phases and room temperature lattice parameters of 

Plutonium oxides as found in this investigation: 

Phase 0/Pu lattice parameter~] structure 

! 2,00 
2 - JC 

5,3952 + 0,0005 fee 

I:, 1,995 . ) 5 ,3967 .:!: O ,0005 fee 

0(. 1,69 - 1,62 10,95 ~ a~ 11,01 + 0,02 bee c•-type 

~.t { 1, 51) 11,03 ~ a~ 11,07 bee C-type 

B 1,50 hexago:nal 

A-type 

•) ~ - phase in low temperature equilibrium with« or °1_· 
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TABLE II 

Properties of PuO - specimens used as starting material in 
2 

this investigation. 

0 I Pu 2,00 

size ~ 5 mm, height 2 mm 

density about 95 % of theoretical 

grain size about 10 f 

Impurities 

C 25 ~ 60 ppm 

Al < 15 ,._ 

Mg < 20 -
Ni < 10 -
Mo <" 10 -
Fe < 20 

""' 

Si .C::: 10 

u 40 
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TABLE III 

Metallographic structures classified according to the 

0/Pu - ratios of the samples. 

0/Pu 

1,62 

1,627 - 1,69 

1,70 - 1,995 

No. of photo micrographs 

1,2 

3 - 8 

9 - 20 

phases present 

single phase 0( in 
samples quenched 
directly to 50 c. 

According to the morphology of the quenched two-phase struc­

tures this region can be subdivided into 

1, 70 1,72 9, 10 

1, 76 1,78 11,12 
Division as indicated by - - - - - - - - - - - - x-ray results, see section 

1,80 13, 14 

1,89 1,93 15-17 

1,93 1,995 18-20 

1,995 - 2,00 

4.4 
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T A B L E IV 

Lattice parameters of Puo2 and Puo1 ,
98 

from different 

authors. 

Pu02,00 PuO 1 , 995 + OC. Impurities Reference 

5,3960 .:!:. 0,0003 not stated [10] (8] 

5,396 .:!:. 0,001 5,405 .:!:. 0,002·) 550 ppm •••) [5] 

5,395 .:!:. 0,001 70 ppm [9] 

5,3952 + 0,0005 **b 5,3967 .:!: ,0005 130 ppm this work 

In two phase specimen with an integral 0/Pu-ratio of 1,717 

average 
cx.-phase 

of many specimens containing r in equilibrium with the 

100 ppm Mg 90 ppm Fe 150 ppm U 
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Fig. 1 - The Pu-0 phase diagram [5]. 
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Fig. 2 - Lattice parameters of the DC-phase versus 0/Pu-ratio at 
room temperature. 

x: high temperature specimens 

o: specimens held at 400 - 6oo0 c 
El: values of [5] extrapolated to room temperature 

The common field of errors for all points, except those of [5], 
is indicated by a narrow line. The abscissa is integral 
0/Pu-ratio, except for some specimens from the low temperature 
(oc+K) field whose parameters are located at the limiting 0/Pu 
of the ot phase for the temperature concerned, taken from fig. 7. 
A least square straight line has been drawn for 1. 62 { 0/Pu ( 1.69, 
omitting point (11.02; 1.643). 
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Fig. 3 - Lattice parameters of the l-phase versus integral 
0/Pu-ratio as revealed by x-rays. 

x high temperature specimens 

o specimens held at 300 - 6oo 0 c 
• 2nd tphase present in two specimens 

The common field of errors is indicated as in fig. 2. 
The constancy of a in the range 1.8ofo/Pu<2.oo is 
indicated by a horizontal straight line at the average 
value a= 5.3967. 

Fig. 4 - Broadening of the (311)-line of the ¥-phase versus 
integral 0/Pu-ratio. 

x high-temperatu~e specimens 

o specimens held at 300 - 6oo 0 c 

Fig. 5 - Broadening of the (622)-line of the ~-phase versus 
integral 0/P~-ratio of specimens containing two or 
more phases as revealed by x-rays. 

x high-temperature specimens 

o specimens held at 300 - 6oo
0 c 

• 2nd bee phase (oC oro(1 ) r,resent in some specimens 
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Fig. h - Typical x-ray line profiles as evaluated in the figures 4, 
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Fig. 8 - Intensity ratios I (440)cx / I (220)( versus integral 
0/Pu-ratio of specimens containing two phases as 
revealed by x-rays. 

For 0/Pu (1.69, only diffractometer results are considered, 
as film techniques do not permit to see 3rd and 4th phases 
eventually present. 

x high-temperature specimens (diffractometer) 

o: specimens held at 300 - 6oo0 c (diffractometer) 

O film results 
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Fig. M 1 0/Pu = 1,62 100 X 

Spee. 2, rapidly cooled, surface etched ; 
traces of second phase are revealed as bright lines. 

Fig. M 2 0/Pu = 1,62 200 X 

Spee. 3, treatment as specimen 2, surface etched. 
Traces of second phase are revealed like grain boundaries. 
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Fig. M 3 0/Pu = 1,627 200 X 

Spee. 5, quenched, a-single phase. 

Fig. M 4 0/Pu = 1,643 500 X 

Spee. 8, quenched, a-single phase. 
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Fig. M Sa 0/Pu = 1,65 200 X 
Spee. 11, quenched from 400 °C, a-single phase. 

Fig. M Sb 0/Pu = 1,65 200 X 
Spee. 12, quenched from 300 °C, two phase a, + y, 

note difference to fig. M Sa. 
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Fig. M Sc 0/Pu = 1,65 500 X 

Same specimen and treatment as in fig. M Sb. 

Fig. M 6a 0/Pu = 1,66 500 X 

Spee. 13, quenched, a-single phase. 
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Fig. M 6b 0/Pu = 1,676 100 X 

Spee. 15a, quenched from 500 °C. 
At this temperature the specimen is slightly below the al(a + r) phase boundary, 

see fig. 7, therefore some r has been precipitated already. 

Fig. M 7 0/Pu = 1,68 500 X 

Spee. 16, quenched ; though the specimen is still a-single phase, 
a network of very fine precipitates can be seen within the grains. 

This has been produced during the last part of the quench. 
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Fig. M 8a 0/Pu = 1,694 500 X 

Spee. 18, quenched, same aspect as fig. M 7. 

Fig. M 8b 0/Pu = 1,69 200 X 

Spee. 19, quenched from 600 °C. 
The a-single phase aspect of the structure is still preserved, 

but precipitates within the grains have developed. 
Compare with fig. M 7 and M 8a. 

At 600 oc the sample obviously was slightly below the al(a + r) phase boundary. 
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Fig. M Be 0/Pu = 1,69 200 X 
Spee. 20, quenched from 500 °C. 

The structure now is clearly two phase. 

Fig. M 9a 0/Pu = 1,70 200 X 

Spee. 23, quenched. 
The as quenched structure is already two phase. 
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Fig. M 9b 0/Pu = 170 1000 X 

Same specimen as fig. M 9a. 

Fig. M 10a 0/Pu = 1,72 500 X 

Spee. 24, quenched, two phases. 
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Fig. M 10b 0/Pu = 1,72 200 X 

Spee. 26, cooled with about 300 °/h. 
Different repartition of the two phases with respect to fig. M 10a. 

Fig. M 11a 0/Pu = 1,76 200 X 

Spee. 27, quenched, two phases. 
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