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✎ MASS SPECTROMETRIC STUDIES OF PLUTONIUM COMPOUNDS

AT HIGH TEMPERATURES : I. THE HEATS OF VAPORIZATION

OF GOLD AND PLUTONIUM AND THE HEAT OF DECOMPOSITION

OF PLUTONIUM MONONITRIDE

by

R. A. Kent and J. A. Leary

ABSTRACT

This report describes the mass spectrometer - Knudsen cell apparatus which has

been constructed and employed to measure the enthalpy of vaporization of gold, the

vapor pressure and enthalpy of vaporization of plutonium, and the partial pressures

and enthalpies of formation of Pu(g) and N2(g) above solid PuN.

In the temperature range 1426-1658°K, liquid plutonium vaporizes predominately

to the monomer with the vapor pressure given by the least-squares equation

logiO P(atm) = (4. 924 * O.120) - 17420 * 184
TOK .

The standard enthalpy of vaporization is AI& = 83.0 *O. 5 kcal. mole-’.

In the temperature range 1658-1976°K, PuN(s) decomposes invariantly

to the reaction

PUN(S) = Pu(g) + + N2(g)

according

with an enthlpy of reaction of AH~98= 156.1 + 2.5 kcal. mole-’. The partial pres-

sure of Pu(g) above solid PuN is given by

21958 + 98
10g10Pm(atm) = (6.436* o. 055) - TOK “

The standard entbalpy of formation of solid PUNis calculated to be AH&98=

-73.1 *2.7 kcal. mole-’.
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1. Introduction and Description of the Apparatus

Among the parameters that are of interest in design

of reactor fuel systems employing refractory materials

are the thermodynamic properties of the individual con-

stituents. A convenient method of determining the

thermodynamic properties of materials at high temper-

atures is the measurement of vapor pressures and

enthslpies of sublimation snd/or vaporization by the well-

established Knudsen technique. Vaporization processes

at high temperatures, however, are often complex and a

detailed knowledge of the identity and relative concen-

trations of the vapor species in equilibrium with the

condensed phases is required if the vaporization process

is to be characterized.

In order to determine both the vapor species present

over condensed plutonium materials at high temperatures

and the partial pressures of these vapor species, the high

temperature mass spectrometer assembly shown in Fig. 1

has been constructed. The unit consists of two basic

components, an oven assembly incorporating an electron

bombardment-heated Knudsen cell, and an Ultek Corpo-

ration Mcdel 200 quadruple residual gas analyzer.

These component parts are contained in a differentially

pumped Type 304 statnless steel vacuum envelope. Vac-

uum of the order of 10-8 torr is achieved with the Knudsen

cell at 1600°C by means of two ion pumps, one rated at

400 .C/see, connected to the quadruple region, the other,

rated at 100 1/see, connected to the oven region.

The oven assembly closely resembles that de-

scribed by Cbupka andInghram(l) and consists basically

of a Knudsen cell heated by electron bombardment from

a tungsten filament and surrounded by a series of SIX

concentric tantalum radiation shields. The high voltage

power supply is capable of heating the Knudsen cell to

21000C, and in tests the Knudsen cell has been held at

1600 + 4°C for as long as 12 hours.

The temperature of the Knudsen cell is measured

by sighting with a microopt.ical pyrometer through

calibrated windows in the glove box and the vacuum

system into a blackbody hole in the base of the cell.

The molecular beam which effuses from the Knudsen

cell passes through a collimating slit in a movable shut-

ter plate and into the quadruple region. The movable

shutter plate allows one ta close the slit to the molecular

beam so as to distinguish sample vapors from background

species.

The mass spectrometer consists of three parts, an

ionizer region, a quadruple analyzer region, and a

detector consisting of an electron multiplier with a gain

of about 10s. The electron multiplier is so designed that

one can measure its gatn, allowing one to normalize

data taken on different samples and/or on different days.

The iontzer assembly has been redesigned and rebuilt

so as to provide better collimation of both the molecular

beam and the ionizing electron beam. When molecules

enter the ionizer region they pass through a beam of

electrons or approxtmately known energy and positive

ions are formed accorcilng to the reaction

M+e-=M’+2e- . (1)

The positive ion beam is focused and accelerated into

the quadruple analyzer region. The signal irom the

multiplier can be fed either to an oscilloscope or through

an electrometer to a strip chart recorder.

2. Enthalpy of Vaporization of Gold

The vapor pressure of gold has been determined by

a number of workers employing a variety of techniques.

Most of the published data have been critically reviewed

by Hultgren@ .Q.,
(2)

who list recommended values for

the vapor pressure as a function of temperature.

k order to test the apparatus for experiments

involving high molecular weight species and to provide

a standard for absolute pressure measurement, the en-

thalpy of vaporization of gold was determined In the

usual manner by monitoring the ion current (I) of the

gold peak (ifiAu+) as a function of temperature in the

range 1370-1788°K. The sample consisted of melted

gold wire of 99.98 percent purity contained in a graphite

Knudsen cell held inside a tantalum shell.

4
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A graph of the data in the form log (IT) vs reciprocal

temperature (Fig. 2) yields the Ieast-equares equation

17986 + 129
logiO(IT =(19.644* 0.081) - TOK (2)

where I is the ion current, T the specimen temperature,

and the uncertainties quoted are the standard deviations

generated by the least-aquarea program. This equation

leads to an enthalpy of vaporization of A H1602= 82.3* 0.6

kcal. mole- i which is virtually the same as that listed

by Hultgren at 1600°K, 82.06 kcal. mole-’. When cor-

rected to 298°K using the thermodynamic functione

tabulated by Hultgren, the second law enthalpy of vapo-

rization is calculated to be A“H~g8= 87.6 + 1.0 kcal.

- i. b addition to the standard deviation, the un-mole

certainty quoted takes into account possible errors in

temperature measurement and in the thermodynamic

functions employed.

3. Vaporization of Plutonium

3.1 Introduction

Although the vapor pressure of plutonium metal has

(3$4, the vapor species inbeen measured previously,

equilibrium with the liquid metal have never been posi-

tively identified. Phipps Q Q.
(3)

employed Ta Knudsen

cells over the range 1392-1793°K and obtained an en-

thalpy of vaporization of A HV16U = 80.47 kcal. mole-l.

Mulford, ‘4) in his target collection-type experiments

over the range 1133-1792°K, also employed Ta Knudsen

cells and obtained A HV1479= 79.71 kcal. mole- 1. In ad-

dttion, Mulford used internal cups of TaC, Th02, and MgO

without finding any significant differences in vapor pres-

sures.

h this work a series of experiments were perform-

ed in which liquid plutonium was effused from W

Knudsen cells and from Th02 and Zr02 internal cups

contained in W cells. The purposes of these ex-

periments were to test the quadruple unit for use with

radioactive species and to test the unitts resolution in

the range 200-300 amu, theoretically the range of poor-

est resolution for the Ultek machine. Also of interest

was whether or not a significant amount of Pu2(g) dimer

was present in the vapor in equilibrium with liquid

.

I 5.5 6.0 6.5 7.0 5

104 /T° K
Fig. 2. Vaporization data for gold.
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plutonium.

3.2 Sample Purity

The plutonium metal was in the form of O.25-inch

diameter rods of electrorefined metal.
(5)

A section

was cut from the rod and filed under an argon atmos-

phere to give a bright shiny surface, and was stored

and loaded in an argon atmosphere into a Knudsen cell

which had been degassed in vacuum at 1800°C for 3 to

6 houre. Previous mass spectrometric analyses per-

formed at Los Alamos had shown the isotopic composition

to be 97.70 atom percent 23gPu, 2.22 percent %u, 0.07
241~, ~d 0.01 percent ~zpu. The results of thepercent

spectrochemical analysis are presented in Table L

3.3 Experimental Results

Four experiments (A, B, C, and D) were performed

in which liquid Pu was effised from W Knudsen cells

over the range 1426-1658°K. When the mass spectrum
was Sc-ed, no 240pu+ad 241m+ ions were observed,

and the resolution of the quadruple unit was such that

it was impossible to separate to the base Une the mass

peaks zsg~+ ad %Opu+, the ‘“pu+ signal occuring as a

1‘shoulder! t on the 23%+ peak. No Puz(g) dimer was

obsemed and, thus in the temperature range covered,

would have constituted less than 2 percent of the vapor.

Table I

Spectroscopic and Chemical Analysis of Plutonium

Element

.

.

Al
Am
B
Bi

c
Ca
Cd
co

Cr
Cu
F
Fe

Ga
H
K
La
Li

Concentration,
PPm

3
<10
< 0.001
<1

15*5
<2
<5
<1

1
< 0.05
<2

3

< 0.2
10+5

< 7.5
<1
< 0.005

Element

Mg
Mn
Mo
N

Na
Ni
o
Pb -

Pu
Si
Sn
Ta

Th
u
w
Zn
Zr

Concentration,
PPm

2
< 0.5
<1

3+1

<2
< 0.5

20 * 10
c1

100.00+0.06
7

<1
19

< 15
10

<5
<10
<10

In each of the four experiments the enthalpy of vapor-

ization was determined in the usual manner by moni-

toring the ion current of the 23Bpu+si~al as a function

of temperature.

In another experiment, E, the liquid Pu was effused

over the range 1482-1579°K from a Th02 cup inside the

W cell. fn tbie temperature range the only sample vapor

species observed was Pu(g). NOP@(g) was observed,

although metallographic analyses ehowed the presence of

an oxide layer, mostly hex Pu@3, where the walls of the

Th02 cup were in contact with the liquid Pu and a very thin

skin of Pu203 was observed on the surface of the Pu met-

al residue. As before, the enthalpy of vaporization was

determined by monitoring the 239~+ seal as a function

of temperature.

The sensitivity of the quadruple unit is such that it

was impossible to determine the gain of the multiplier

for Pu in the pressure range of tie experiments. Ifow-

ever, one can measure the gain of the N2 background

yak and calculate the multiplier gain for ~ from

(3)

where G is the multiplier gain for a given species and

M is its molecular weight. This was done and the data

for experiments A through E were normalized for muMi-

plier gain changes and combined to yield the least-squares

equation

logio (IT) = (20.03 + 0.12) - 1742~:84 (4)

where I is the current of the ‘soPu+ signal, T the temper-

ature in degrees Kelvin, and the quoted uncertainties are

the etandard deviations generated by the least-squares

program.

3.4 Absolute Pressure Calibration

One may calculate the absolute I% vapor pressure

from the ion current data through the relationship

P = K (IT) (5)

where K is the machine constant. From section 2 above,

loglo (IT) = 7.950 for Au at 1538°K, and from Hultgren,

7



logiO P atm = -5.’778 for Au at the same temperature.

Hence, from Eq. (5), KAU= 1.87 X 10-14 atm amp-i

deg K-i at 1538°K. The machine cOns@nt for Pu is

given by

mic functions for PU vapor as an ideal gas, based on

293 spectroscopic levels from the data of Bauche

~L ,@)
+X2)’11) ad Richards and Ridgele .Gerstenkorn,

Unfortunately, accurate heat capacily data for condensed

‘Pu=KAU (G)

where G is the multiplier gain for a given species, u

is its ionization cross section, and A E is the difference

between the energy of the ionizing electron beam and the

appearance potential for a given species. The multiplier

gains were determined as described above, the cross

sections of Au and Pu, 6.46 and 10.0, respectively, are

from Mann, ‘6) and the ionization potential of Au was

taken to be 9.2 eV.
(7)

The ionization potential of PK.

however, is unknown and, in practice, one cannot mea-

sure appearance potentials below about 8 eV with the

Ultek quadruple unit. For this work, the ionization

potential of Pu was estimated to be 5.5 + 0.5 eV, an

average of two literature values; Dawton andWilkenson
(8)

obtatned 5.1 eV in a surface ionization experiment, and

Bauche et al.
(9)

estimated the value to be 5.8 eV, based

on a single level they identify as ‘Fi of a 5P ‘7s 8s

configuration.

From Eq. (6), Kw is calculated to be 6.92 X 10-’6

atm amp-1 deg If i at 1538°K. Combination of this value

with the ion current data yielded the least-squares

equation

logiO P atm = (4. 924 * O.120) - 17420+184
ToK (7)

where again the quoted uncertainties are the standard

deviations generated by the least%quares program.

TMS equation, which is the integrated form of the

Clausius-Clapeyren equation, leads to an enthal~ of

vaporization for Pu of

A Hi~8 = 79.71 + 0.84 kcal. mole-’,

and an entropy of A S~538= 22.53 * 0.55 eu.

fn order to correct these values t,o 298°K one needs

accurate heat capacity data for liquid and gaseous PK.

Feber and Herrick
(lo)

have calculated the therm@na-

Pu at high temperatures do not exist. Rand(13) has

reviewed the data appearing in the literature and lists

recommended values for the heat capacity as a function

of temperature. The thermodynamic functions employed

for Pu(s, 1) from Rand, and for Pu(g) from Feber and

Herrick are listed in Table IL

Men he &&alpy of vaporization is corrected to

298°K, using the functions from Table If, the second

law results become AH238= 83.24 kcal. mole-1 and

A sz~a= 29.42 eu.

The Pu vapor pressure data are shown in Fig. 3.

3.5 Third Law Enthalpy of Vaporization

When the absolute values of the vapor pressure of

Pu are combined with the free energy functions for li-

quid and gaseous Pu taken from Table II, the third law

enthalpy of vaporization is calculated from the equation

to be A H~98= 82.94 + 0.13 kcal. mole-1. The third law

data are preaentsd in Table III.

Temp.,

~
298

1040
1200
1400
1600
1800

TablaU
nwrmc+z.amlo mlmmuuforFlululhm

0 0 13.20 41.ss
8177 4330 1s.14
9877

45.10
5s94 20.64 41.9s

11677 7.341 31.91 46.76
13n7 0860 m 0s 47.66
14977 12020 34.00 41.30

.
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.

●
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Vaporization Data for Plutonium

Pt. a

.

Al
A2
A3
A4
A5
A6
A7
B1
B2
B3
B4
B5
B6
B7
B8
cl
C2
C3
C4
C5
C6
C7
C8
C9
Clo
Cll
C12
C13
D1
D2
D3
D4
D5
D6
D7
Da
D9
D1O
El
E2
E3
E4
E5
E6
E7
E8
E9
E1O

Temp.,

‘K

1566
1597
1589
1600
1608
1629
1654
1658
1648
1647
1623
1628
1611
1594
1548
1521
1513
1508
1486
1489
1488
1505
1507
1518
1557
1564
1530
1507
1426
1426
1460
1461
1461
1475
1475
1492
1489
1496
1595
1579
1578
1554
1546
1533
1511
1482
1511
1488

P Pu,

atmx 107

6.62
9.96
9.14

10.2
12.7
16.8
24.9
27.3
24.0
23.6
14.9
16.9
13.1
10.4
4.78
2.89
2.64
2.42
1.71
1.66
1.63
2.32
2.32
2.90
5.88
6.49
3.68
2.37
0.501
0.501
0.982
1.02
1.02
1.38
1.36
1.73
1.66
1.60
9.47
7.42
6.95
4.80
4.24
3.38
2.36
1.41
2.44
1.63

eu

24.59
24.54
24.55
24.53
24.52
24.50
24.47
24.47
24.47
24.48
24.51
24.50
24.52
24.54
24.61
24.66
24.67
24.68
24.71
24.71
24.71
24.68
24.68
24.67
24.60
24.59
24.72
24.68
24.81
24.81
24.67
24.75
24.75
24.73
24.73
24.70
24.71
24.73
24.54
24.57
24.56
24.61
24.62
24.64
24.67
24.71
24.67
24.71

A H:98

kcal. mole-i

82.98
83.06
82.91
83.10
82.81
82.95
82.88
82.78
82.71
82.73
83.07
82.90
82.89
82.76
82.86
83.02
82.88
82.88
82.84
83.00
82.99
82.84
82.95
82.87
82.69
82.75
82.86
82.88
83.01
83.01
82.97
82.91
82.91
82.79
82.82
83.01
83.00
82.83
83.12
83.09
83.22
83.19
83.14
83.17
83.10
83.08
83.00
82.99

Av = 82.94 * 0.13

aRuns A, B, C, and D in W crucibles, Run E in ThO, CUP. All runs-.
normalized for changes in multiplier gain.
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Fig. 3. Vapor pressure data for plutonium.

3.6 Discussion and Smnmary of Pu Vaporization
Experiments

It may be noted in Fig. 3 and in Table III that when

PUwas heated in the Th02 cup the vapor pressure was

approximately 7 percent lower than that measured when

W cells were employed. This slight difference in vapor

pressure is in accord with the results reported by Mul-

ford, who found no significant change in vapor pressure

when Pu(.t) was contained in Ta cells and when it was

contafned in TaC, Th02, and MgO cups inside the Ta

cells. TWOpossible causes of the lowering of the vapor

pressure of Pu when contained in the Th02 cup may be

stated. It was pointed out above that a thin oxide skin

extated on the surface of the Pu metal residue. Also,

the metallographlc analysis indicated the residue to be

6-phaae Pu, indicating the possible presence of a few

percent Th metal dissolved in the Pu. This would likely

result in a lowered Pu activity.

@ summary, Knudsen effusion experiments Per-

formed with the mass spectrometer show that between

1400 and 170O°K, l%(l) vaporizes predominately to the

monomer. The vapor pressure and enthalpy values

obtained in this work are in good agreement with those

published previously, as indicated fn Table fv, where

the enthalpy values listed were obtained from a com-

bination of the published vapor pressure data and the

thermodynamic functions from Table 11.

T8blc N
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225?3$ kc~ih %
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The uncertainties quoted above in Eq. (7) and in the

enthalpy and entropy values are the standard deviations

generated by the least squares program. The actual er-

ror in these values may be expected to be larger owing

to such factors aa errors in temperature measurement

and uncertainties in the heat capacity values estimated

by Rand. However, the agreement between the results

of this study and those obtained by Phippa and Mulford,

and the fact that the third law results of this study show

no temperature dependence when graphed vs tempera-

ture as shown in Fig. 4, indicate that the errora in

theee values are likely to be small. Accordingly, the

enthalpy of vaporization of Pu is taken to be 83.0 * O.5

kcal. mole-1.

3.7 Plutonium in Zr02

In an additional experiment, Pu metal was contained

in a Zr02 cup inside the W Knudsen cell. In the temper-

ature range covered above, no eample vapor species

were observed. At higher temperatures, ca. 1900°K,

the only vapor species observed was PuO(g). Equili-

brium was not attained, however, and no quantitative

measurements could be performed. X-ray diffraction

and metallographic analyses showed the Zr02 cup to

have been reduced and the sample residue to consiet

mostly of hex. PU203with trace amounts of PU02. These

results are in accord with those of Ackermann et al. ,
(14)

——

r I .1 1 1 1

who report that the vapor above PU203consists of

PuO(g), with the condensed phase slowly being oxidized

to PU02.

4. Vaporization of PuN

4.1 Introduction

Relatively little is known about the vaporization of

solid PuN under the conditions pertaining to Knudsen-

type experiments. Olson and Mul.ford
(15)

have mea-

sured the decomposition pressure under a nitrogen

atmosphere over the range 2290-2770°K. Rand(13)
esti-

mated the standard enthalpy of formation of PuN(s) to

be -7o kcal. mole-1 and combined this value with an ex-

trapolation of the data of Olson and Mulford to obtain the

equation

-R Tln P
Pu

= 99,100 -29.1 T (9)

for the partial pressure of PU above solid PUNin vacuum.

Recent work performed in this Laboratory, however,

indicates that the free energy of formation of PuN(s) is
-i at 7000K.(16)-60 kcal. mole l%is would indicate that

the standard enthalpy of formation is more negative than

-70 kcal. mole-1. Anselin and Pascard
(17)

have report-

ed that solid PuN vaporizea below 2650°K in nitrogen,

presumably to PuN(g) which subsequently decomposes.

(18) have suggested that below 1800°C inPardue et al——.

vacuum PuN(s) vaporizes congruently with partial de-

compoeit.ion of the gaeeous PuN. This ie unlikely, as

,. 1 I r I , 1 I

Y
a)

1 ‘p’”
83.5 AH;98 = 82.94 t 0.13 kcol mole-’_-

Ez 2 .,2 AA AA: A*.*
= J 83.0

./
A-

2’ 8 ““.
●

.00. ● ● ● ● ●

&a ●
●

●

co~ 82.5
● %“
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o%~
z- A THORIA CUP
a 82.0

I I I I I I
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TEMPERATURE, ‘K
Fig. 4. Third law enthalpy of vaporization of plutonium vs temperature.



available literature data pertaining to the vaporization

of refractory nitrides such as Be~N2,
(19, ~o) *IN, (~o)

‘riN, ’20) GaN, ’21) and UN(22’ 23) indicate hat tie

vaporization mechanism is

Mx NY(s) = xM(g) + y~~ N2(g) . (lo)

Gingerich,
(24)

however, has reported that at high tem-

peratures UN(g) is a minor vapor species above solid
(25)

UN. hfore recently, Pardue ~ ~. have reported

some effusion data obtained in the range 1985-2300°1<

in which they assumed the vaporization process to yield

gaseous I% and N2. Analysis of the residue, however,

indicated a relatively large oxygen content in their

sample.

In this work the vapor species above solid PuN in

the range 1658-1976°K have been identified as gaseous

Pu and N2and the enthalpy of the vaporization process

has been determined. This value has been combined

with the standard enthalpy of vaporization of PU to yield

the standard enthalpy of formation of solid PuN.

4.2 Sample Purity

The PuN(s) samples used in the vaporization experi-

ments were prepared by pressing pellets at 30, 000 psi

from PuNO.95powder prepared by reacting N2 gas with

hydrided Pu.
(26)

The spectroscopic analysis of the PuN

powder is listed in Table V. The pellets, each weighing

approximately 2-2.5 g, were then heated at 1600°C for

15 hours in a W crucible under 0.5 atm nitrogen. The

pellets were then stored under an argon atmosphere

containing less than 10 ppm oxygen until loaded into W

Knudsen cells which had been degassed at 2000°C in

vacuum. Metallographic, chemical, and x-ray diffrac-

tion analyses of the pellets after they had been heated

to high temp~ratures in nitrogen showed the pellet

samples to be single phase with stoichiometries ranging

from PuNO.~~to PuNO.sowith an average lattice para-

meter of 4.9055 +. O.0003 ~ The metallographic results

are typified by those shown in Fig. 5.

4.3 E~rimental Results—. ...- .. -—.

When solid PuN was effused from W Knudsen cells

over the range 1658-197601{, in eight experiments, the

Table V

S@ctrochemical and Chemical Analysis
of PuN Starting Material

Element Concentration, ppm

Al 7
B 0.5
Ba 0.5
Bi < 1
Ca < 2.

Cd <1
co < 1
Cr < 1
Cu 2
Fe 20

Hf < 1
La < 1
Mg 10
Mn < 0.5
Mo < 1

Na 2
Ni 0.5
0 410
PI.) < 1
Si 20

Sn < 1
Ti 0.5
u 1
v 0.5
Zn < 10
Zr < 1

.

.

Fig. 5. PuN starting material.
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only sample ions observed were PU+and N2+. Thus any

PUN+present would have constituted less than 2 percent

of the sample signal.

In the usual manner, the ion current of the 23aPu’

signal was monitored as a function of temperature to

yield the least-squares equation

log10 (IT) = (20. 229 + O.054) -
21958 + 98

T°K
(11)

where the quoted uncertainties are the standard devia-

tions generated by the least-squares program.

When the ion current data for Au and Pu and the

vapor pressure data for Au at 1813°K were combined as

described in section 3.4 above, the machine constant

‘Pu
was calculated to be 1.61 X 10-14 atm amp-l deg K-i.

From a combination of Eqs. (5) and (11) one obtains for

the partial pressure of Pu above solid PuN

k%lo Ppu
21958 + 98

atm = (6.436* 0.055) -
T°K

. (12)

This equation leads to an enthalpy of formation of Pu(g)

above PuN(s) of.4 H1813= 100.48 + 0.45 kcal. mole-’.

ff PuN decomposes to the elements, then one would

expect that approximately the same enthalpy of formation

should be obtained for N2(g) above solid PuN as was

obtained for gaseous Pu. Because the N2background

peak was large, it was difficult to obtain quantitative

data for the N2 partial pressure. However, 7 points were

obtained by monitoring the ion current of the 28N~signal

as a function of temperature. The enthalpy obtained was

AH~u8 = 99.5 *3.9 kcal. mole-i .

Metallographic, chemical, and x-ray diffraction

analyses of the PuN residues indicated the residues to

be single phase, with the stoichiometry PuNO.96to

PuNO.*8and an average lattice parameter of 4.9055

* 0.0003 ~. Typical metallographic results as shown in

Fig. 6 indicated that no free Pu or Pu oxide exfsted in

tAe residue. As expected, the grain size of the PuN

material increased during the vaporization process. The

Pu partial pressure values obtained as a function of

temperature were reproducible when points were re-

peatedly taken at successively increasing and decreasing

Fig. 6. PuN residue.

temperatures. These observations, together with the

measured enthalpies of formation of gaseous Pu and N2

above solid PuN, lead one to conclude that in the tem-

perature range of this investigation PuN decomposes

invariantly according to the reaction

PuN(s) = Pu(g) + $ N2(g) (13)

with an enthalpy of reaction of 4813 = 150.7 + O.6 Iccal.

mole- 1.

h order to correct this value to 298°K one needs

reliable heat capacity values for Pu(g), N2(g), and

PUN(S). Unfortunately no such data exist for solid PUN.

The heat capacity of PuN(s) was estimated to be 12. 4-t eu

at 298°K from a combination of values of C~298listed for

UN(s), ’27) U(s), ‘2) and Pu(s). ’13) The val~e of C~298

obtained for PuN(s) was greater than that listed for

UN(s)
(27)

by 8.8 percent. This ratio of Cp(PuN)/Cp(UN)

was assumed to hold over tbe temperature range of this

study. The value of S~98for PuN(s) was estimated to be

16.3 + O.5 eu from a comparison of the values listed

for UN(S), ’28) U(S)(2) and-Pu(s). ’13) The thermodynamic

functions employed in this work are listed in Table VI.

When the value of (H; - H~9~for PuN from Table VI

is combined with those for Pu(g)
(lo)

and N2(g),
(29) the

enthalpy of the decomposition reaction is calculated to



Table VI

Thermodynamic Functions for PuN

Temp.,

‘K

298
300
400
500
600
700
800
900

1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000

0
CP
eu

12.44
12.44
12.72
13.05
13.39
13.77
14.19
14.62
15.09
15.56
16.08
16.61
17.17
17.73
18.33
18.94
19.56
20.22
20.88

Estimated Error at
298 3%

2000 30%

T - ‘:98Ho

cal. mole- i

o
22

1257
2501
3778
5102
6474
7901
9382

10918
12512
14164
15908
17641
19465
21349
23289
25290
27249

—

s;
eu

16.30
16.48
19.93
22.71
25.03
27.07
28.91
30.58
32.14
33.61
35.00
36.32
37.58
38.80
39.98
41.12
42.23
43.21
44.23

5%
15%

be A H~g8= 156.19+ 0.81 kcal. mole-’.

The vapor pressure data are presented in Fig. 7.

4.4 Third Law Enthalpy of Decomposition

H the decomposition reaction is that indicated by

Eq. (13), then the nitrogen partial pressure is given by

1

()

+
PN2

=~Pm~2 /Mm

= 0.171 P
Pu

(14)

where M is the molecular weight of a given gaseous

species. The equilibrium constant for the decomposi-

tion reaction is then given by

K =P 1/2
eq Pu ‘N2 (15)

3/2
= 0.4135 Pm .

1

-@H’’8)’T
eu

16.30
16.41
16.79
17.71
18.73
19.78
20.82
21.80
22.76
23.68
24.57
25.42
26.22
27.04
27.81
28.56
29.29
30.00
30.66

5%
15%

,

v

When t.be values of K are combined with the free
eq

energy functions for PuN from Table VI and those for

’10) the third law enthalpy for theN2(g)’29) and Pu(g),

decomposition reaction is calculated to be A H~98=

156.13 ● 0.25 kcal. mole-’. The third law data are

presented in Table VII.

4.5 Weight Loss Measurement

In order to check the absolute pressure measure-

ment involving calculated ionization cross section values

and an estimated ionization potential for Pu, the vapor

pressure was measured in the following manner. A PuN

pellet was loaded into a degassed W Knudsen cell and

degsssed for 2 hours at 17000C in vacuum. The cell and

pellet were then weighed and inserted into the mass

spectrometer. The cell was heated to a constant temper-

ature and the ion current of the ‘%2* signal was mOni-

tored as a function of time. At the termination of the run,

.

.
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Fig. 7. Vapor pressure data for Pu(g) above solid PuN.

the cell and pellet were weighed and the value of the ef-

fective vapor pressure, PE, was calculated from the

Knudsen equation

()
&

PE(atm) = s0“ 022557 w T/M .
Otwo

(16)

In Eq. (16), w is the amount of material in grams of

molecular weight M, which effuses through an orifice

of area So and Clausing factor W. in a time t at a tem-

perature T. For this run, 1.59 x 10-2 g effused through

an orifice of area 8.1 x 10-3 cm2, with a Claus@ factor

of 0.9956, in 12.9 x 103 sec at a temperature of 1911°K.

Assuming the vapor to be PuN, M is 253 and from

Eq. (16) one calculates PE to be 9.76 x 10-8 atm. The

Pu partial pressure may be calculated from the value of

PE through the relationship

PE=PJ%WMJ.
= 1.029 Pw

(17)

The partial pressure of Pu was found to be 9.49 X

10-6 atm at 1911°K, in good agreement with the value

8.83 x 10-E atm calculated from Eq. (12) for the same

temperature. The Pu partial obtained in this run leads

to a third law value of A H~g8= 155.9 kcal. mole-i for

the decomposition reaction, in excellent agreement

with the value listed in Table VII. The intensity of the

~9~+ si~al remtied constant throughout the duration

of the run, indicating the vaporization process to be an

15



rzime vu

Vaporization Data for PuN

Pt.

16

I - Ala
I-A2
I-M
I-Ar
I-A5
I-A6
I-A7
1-A8
I-A9
I - AlO
I - All
I - A12
I - A13
I - A14
I - A15
I - A16
I - A17
I - A18
I - A19
I - A20
I-B1
I-B2
I-B3
I-B4
I-B5
I-B6
I-B7
I-B8
I-B9
I - B1O
I - Bll
I - B12
I - B13
I - B14
I - B15
I - B16
I-Cl
I-C2
I-C3
I-C4
I-C5
I-C6
I-C7
I-C8
I-C9
I - C1O
I - Cll

Temp. ,

‘K

1742
1’731
1723
1718
1725
1’705
1819
1814
1812
1794
1796
1776
1745
1730
1843
1851
1805
1801
1771
1732
1789
1780
1854
1885
1863
1891
1911
1915
1952
1869
1918
1920
1956
1900
1854
1815
1885
1923
1954
1963
1954
1921
1976
1840
1841
1858
1884

‘l%’
atm X 106

0.676
0.608
0.516
0.490
0.481
0.354
2.31
2.20
2.07
1.57
1.56
1.17
0.703
0.540
3.32
3.78
2.00
1.77
1.07
0.584
1.37
1.22
3,92
6.07
4.35
6.38
8.41
9.57

15.0
5.00

10.2
10.6
15.2

8.23
3.97
2.24
6.69

10.7
15.7
18.3
15.7
10.2
21.4
3.30
3.48
4.29
5.90

P,
N2

atm X 101

1.16
1.04
0.882
0.838
0.823
0.605
3.95
3.76
3.54
2.68
2.67
2.00
1.20
0.923
5.68
6.46
3.42
3.03
1,83
0.999
2.34
2.09
6.70

10.4
7.44

10.9
14.4
16.4
25.6

8.55
17.4
18.1
26.0
14.1

6.79
3.83

11.4
18.3
26.8
31.3
26.8
17.4
36.6

5.64
5.95
7.34

10. I

AFT

kcal. mole-i

76.84
’76.89
77.38
77.43
77.83
78.50
73.56
73.61
73.86
74.61
74.75
75.44
76.76
77.45
72.54
72.13
73.77
74.26
75.69
77.16
75.14
75.37

,72.06
69.52
71.82
70.74
69.92
69.34
66.07
71.28
69.09
68.93
68.13
69.65
71.99
73.56
70.27
68.98
67.86
67.27
67.86
69.21
66.81
72.46
72.20
71.72
70.93

eu

45.52
45.53
45.55
45.56
45.55
45.58
45.39
45.40
45.39
45.43
45.43
45.46
45.52
45.54
45.35
45.34
45.41
45.41
45.46
45.54
45.44
45.46
45.34
45.28
45.31
45.34
45.25
45.24
45.20
45.31
45.23
45.23
45.19
45.26
45.34
45.40
45.28
45.23
45.18
45.18
45.18
45.24
45.16
45.36
45.35
45.32
45.28

AH~98

kcal. mole-i

156.1
155.7
155.9
155.7
156.4
156.2
156.1
156.0
156.1
156.1
156.3
156.2
156.2
156.2
156.1
156.1
155.7
156.0
156.2
156.0
156.4
156.3
156.1
156.2
156.2
156.5
156.6
156.2
156.3
156.0
155.8
155.8
156.5
155.6
156.0
156.0
155.6
156.0
156.1
156.0
156.1
156.1
156.0
155.9
155.7
155.9
156.2



‘rame VLIcontlnuea

Pt.

II-AI
II - A2
H - A3
11-A4
11-A5
H - A6
11-A7
n-A8
11-A9
II - AlO
11-B1
11-B2
11-B3
11-B4
11-B5
11-B6
LI-B7
rl-B8
11-B9
II - B1O
II - Bll
II - B12
II - B13
II - B14
LI- B15
II - B16
II - B17
n - B18
II - B19
It - B20
II - B21
II - B22
II - B23
II-cl
rI-c2
11-C3
11-C4
11-C5
11-C6
11-D1
H - D2
11-D3
1.I-D4
11-D5
11-D6
11-D7
11-D8
11-D9
II-El
11-E2
11-E3

Temp. ,

‘K

1723
1708
1686
1671
1673
1703
1722
1746
1746
1720
1791
1773
1743
1730
1768
1825
1830
1845
1828
1805
1744
1841
1860
1861
1844
1798
1771
1735
1714
1681
1679
1664
1658
1760
1805
1808
1843
1903
1898
1861
1924
1923
1908
1864
1809
1773
1727
1693
1817
1872
1921

Pm,

atm x 10s

0.479
0.378
0.262
0.197
0.216
0.343
0.489
0.764
0.764
0.469
1.33
1.01
0.750
0.530
0.975
2.32
2.83
3.27
2.74
1.80
0.687
3.10
4.32
4.38
3.21
1.63
1.01
0.572
0.398
0.232
0.221
0.172
0.145
1.00
1.98
2.03
3.52
7.35
7.35
3.99

10.3
9.66
7.57
4.44
1.98
1.01
0.540
0.289
2.28
5.37

10.0

P
N2’

atm X 10T

0.819
0.646
0.448
0.337
0.369
0.587
0.836
1.31
1.31
0.802
2.27
1.73
1.28
0.906
1.67
3.97
4.84
5.59
4.69
3.08
1.17
5.30
7.39
7.49
5.49
2.79
1.73
0.978
0.681
0.397
0.378.
0.294
0.248
1.71
3.39
3.47
6.02

12.6
12.6
6.82

17.6
16.5
12.9
7.59
3.39
1.73
0.923
0.494
3.90
9.18

17.1

AFT

kcal. mole-i

77.78
78.29
79.12
79.84
79.47
78.56
77.61
76.37
76.37
77.74
75.38
75.71
76.32
77.56
76.04
73.77
72.91
72.69
73.01
74.35
76.84
72.85
71.74
71.70
72.76
74.58
75.69
77.38
78.30
79.51
79.63
80.19
80.74
75.45
73.82
73.82
72.21
70.39
70.21
72.23
69.26
69.57
70.41
71.88
73.99
75.67
77.34
78.98
73.57
70.99
69.21

-A(F;-H:,8),T
eu

45.55
45.58
45.63
45.67
45.66
45.59
45.55
45.51
45.51
45.55
45.44
45.47
45.52
45.54
45.47
45.38
45.37
45.35
45.37
45.41
45.51
45.35
45.32
45.3a
45.35
45.42
45.46
45.53
45.55
45.64
45.65
45.68
45.70
45.48
45.41
45.40
45.35
45.26
45.26
45.33
45.23
45.23
45.25
45.33
45.41
45.47
45.54
45.61
45.39
45.31
45.24

AH~98

kcal. mole-i

156.3
156.2
156.1
156.2
155.9
156.2
156.0
155.8
155.8
156.1
156.8
156.3
155.’7
156.3
156.4
156.6
155.9
156.4
156.0
156.3
156.2
156.3
156.0
156.1
156.4
156.2
156.2
156.4
156.4
156.2
156.3
156.2
156.5
155.5
155.8
155.9
155.8
156.5
156.1
156.6
156.3
156.6
156.7
156.4
156.1
156.3
156.0
156.2
156.0
155.8
156.1
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Table VII continued

Pt. Temp. , ‘Pu’
P,

N2

11-E4
11-E5
11-E6
11-E7
11-E8
If-E9
II - E1O
II - Ell

1949
1957
1947
1912
1881
1638
1818
1776

atm X 108

14,7
16.3
14.1

8.91
5.93
3.28
2.31
1.02

atm X 10T

25.1
27.9
2A. 1
15.2
10.1
5.”61
3.95
1.74

l?wT ()-A F; - I& /T

kcal. mole-i

68.06
67.73
68.26
69.62
70.78
72.42
73.52
75.25

Av =

%of.nts for all runs normalized for changes tn multiplier gain.

eu

45.20
45.19
45.20
45.24
45.29
45.36
45.39
45.46

invariant one.

4.6 Sohbility of Pu in PuN

III two experiments a mixture of PU metal and PUN

(10 weight percent Pu metal) was heated in a W Knudsen

cell, and the ion current of the ~gpu+ specieswas moni-

tored as a function of temperature in the usual manner.

la the temperature range 1544- 1635°K, tAe second

and third law enthalpies of formation of Pu(g) obtained

were AH~~8= 82.6 + 1.4 kcal. mole-i and AH~98= 83.2

kcal. mole-’, respectively, in excellent agreement with

the value AH~88= 63.0 * 0.5 kcal. mole-i llsted in

section 3.6 for the vaporization of Pu metal. From this

one concludes that, in the temperature range covered, the

volubility of N or PuN in Pu(JI)is negligible.

4.7 Discussion of Results—-

From the evidence presented above we conclude

that PUNdecomposes tnvarisntly to the gaseous elements

in the temperature range 1600-2000°K. Within the limits

imposed by the accuracy of the chemical analyses we

conclude that the decomposition process is congruent

within this temperature range. Evidence from other

studies, however, indicates that, at higher tempera-

tures, there is a tendency to form PU(.t) rather than

gaseous Pu. Olson and Mulford
(15)

report that in a

nitrogen atmosphere, the change over tn mechantsm

occurs at 2650°K. Leary et al
(30)

report that when——*

PuN is heated to above 2400°K, they find free Pu at the

spectmen surface, at gratn boundaries, and uniformly

A H:98

kcal. mole-i

156.2
156.2
156.3
156.1
156.0
155.8
156.0
156.0

156. 13*O. 25

throughout the grain interiors, tndlcative of precipi-

tation during cooling. Thus, it is likely that, at

temperatures above 2200°K, there is a considerable

volubility of Pu in PUN and that this solubilfty tncreases

with increasing temperature.

The second and third law enthalpies obtained above

for the decomposition reactton are in excellent sgree-

ment and the uncertainties generated by the least-

equares program are small. The true error tn the en-

thalpy, however, may be much larger owing to uncer-

tainties in the temperature measurement, the estlmstcd

ionization potential of Pu, the ionization cross sections

employed, and most of all in the estimated thermody-

namic functione for PUN. The lack of a significant tem-

perature dependent trend when the third law enthalpy

is graphed vs temperature as in Fig. 8 indicated, how-

ever, that the estimated thermodynamic functions for

PuN are less inaccurate than might be expected.

The standard enthalpy for the decomposition of

PuN is taken to be AH~88= 156.1 + 2.5 kcal. mole-’.

4.8 The Standard Enthalpy of Formation of PuN

When the enthalpy of the decomposition reaction,

A H~88= 156.1 * 2.5 kcal. mole-1, is combined with the

standard enthslpy of vaporization of Pu, A H~98= 83.0

* 0.5 kcal. mole-’, one obtains the standard enthalpy of

formation of solid PUN, A H~298= -73.1+ 3.0 kcal.

mole-’.

.
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Fig. 8. The third law enthalpy vs temperature for the
reaction PuN(s) = Pu(g) + 0.5 N2(g).

4.9 An Approximation of the Partial Pressure of
Gaeeous PuN

Although no gaseous PuN was observed in the tem-

perature range of this study, one may calculate an ap-

proximate value for its partial pressure. Gingerich
(24)

has determined that for UN(g) the dissociation energy

is D: = 126.0 * 5.0 kcal. mole-i and from this has esti-

mated, based on the method of Colin and Goldfinger,
(31)

D: = 112 + 15 kcal. mole-i for gaseous PuN. From this

we calculate D~9B(PuN) = D: + (3R/2)(298) = 113 kcal.

mole- i. When this value is combined with the enthalpy

of vaporization of Pu and the diasmiation energy of

N,(g), ’29) we obtain 82 * 20 kcal. mole-i for the enthalpy

of formation of PUN(g) at 298°K. This value when

combined with the enthalpy of formation of PuN(s) yields

an enthalpy of sublimation at 298°K of 155 + 25 kcal.

mole-’.

An approximate value for the free energy function

for PuN(g) at 2000°K may be obtained by combining the

functions at 2000°K for gaseous ZrN,
(29) zr(29) ad

~ (lo)
. The value so obtained, -64.9 eu when combined

with the free energy function of PuN(s) from Table VI,

yields a A fef at 2000°K of -34 eu for the reaction

PUN(s) = PUN(g) (18)

From a combination of the free energy functions

for W(S) and PUN(g) and the enthalpy of sublimation

of PuN, one calculates that the partial pressure of

PUN(g) above PuN(s) at 2000°K is 2 x 10-10 atm (+ 100%).

From Eq. (12), the partial pressure of Pu above PuN is

2.86 X 10-5 atm at the same temperature. Thus, at

2000°K, the ratio of the partial pressure of PuN(g) to

that of Pu(g) is of the order of 7 x 10-6. From this,

we conclude that at any temperature below 2000°K the

partial pressure of PuN(g) will contribute a negligible

amount of the total pressure of the system.

ACKNOWLEDGMENTS I

We are indebted to Miss N. L. Koski and W. W.

Wilson for chemical analyses, to J. F. Buchen for

electronic design and construction, and to M. W. Shupe

for fabricating PuN pellets.

REFERENCES

1. W. Chupka and M. G. I.nghram, J. Phys. Chem.
@ 100(1955).

2. R. Hultgren, R. L. Orr, P. D. Anderson and
K. K. KeHey, Selected Values of Thermodynamic——
Properties of Metals and Alloys, J. Wiley and
Sons, Inc., New York, N. Y., (1963).

3. T. E. Phipps, G. W. Sears, R. L. Seifert and
O. C. Simpson, U. N. Int. Cone. PUAE ~ (1956)
382.

4. R. N. R. Mulford, Los Alamos Scientific Labora-
tory Report LA-DC-6926 (1956).

5. J. A. Leary and L. J. Mullins, Los Alsmos Scien-
tific Laboratory Report LA-3356-MS (1965).

6. J. B. Man, J. Chem. Phys. ~, 1646 (1967).

7. C. E. Moore, National Bureau of Standards Cir-
cular 467, U. S. Govermnent Printing Office,
Washington, D. C., 1949.

19

I



8.

9.

10.

11.

12!.

13.

14.

15.

16.

17.

18.

19.

20.

21.

R. H. V. M. Dawton end K. L. Wilkenson, United
Kingdom Atomic Energy Authority Report AERE-
BP/R-1906 (1956).

J. Bauche, J. Blake ~d M. Fred, ComPt. rend.
257, 2260 ( 1963).

R. C. Feber end C. C. Herrick, Los Alsmos
Scientific Laboratory Report LA-3184 ( 1965) .

S. Gerstenkorn, Am. Phys. ( Paris) ( 13) ~, 367
( 1962) .

E. W. T. Richards ad A. Ridgeley, United Kingdom
Atcmic Energy Authority Report AERE-R-4426
( 1963) .

M. H. Rand, Thermochemical Properties, in Atomic
Energy Review, Vol. 4, Special Issue Nc. 1, MEA,

Vienna, 1966.

R. J. Ackermann, R. L. Faircloth, and M. H. Rand,
J. Phys. Chem. ‘@ 3698 ( 1966).

W. M. Olson end R. N. R. Mulford, J. Phys. Chem.
@ 1048 (1964).

G. M. Campbell and J. A. Leary, Los Alamos
Scientific Laboratory Report LA-3399 ( 1965) .

F. Anselin and R. Pascard, Ccmpt. rend. ~,
698 (1962).

W. M. Pardue, V. W. Storhck, and R. A. Smith,
Plutonium 1965 Chapman and Hall, Ltd., 1967.

C. L. Hoenig and A. W. Searcy, Univ. of Calif.
Radiation Laboratory Report UCRL-7802 (1964).

R. F. Walker, Chapter 2, in National Bureau cf
Standards Report 9389 (1966).

R. C. Schocnmaker, A. Buhl, and J. Lemley, J.
Phys. Chem. 6&, 3455 (1956).

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

R. W. Bonham, P. R. Morris, J. G. Nuckels, and
A. D. Cavett, National Lead Co. Repcrt NLCO-
880 (1963).

P. A. Vozella and M. A. DeCresente, Pratt and
Whitney Aircraft Div., United Aircraft Corp.
Report PwAc-479 (1965).

K. A. Ging&rich, J. Chem. Phys. H, 2192 (1967).

W. M. Pardue, F. A. Rcugh, and R. A. Smith,
presented at AIME Nuclear Metallurgy Symposium,
Phcenix, Ariz., Oct., 1967.

J. A. Leary, R. L. Nence, W. C. Pritchard, J. C.
Reavis, M. W. Shupe, and A. E. Ogard, The Prep-
aration and Properties of Plutonium Moncnitride
and Uranium Mononitride-Plutotium Mononitride
Solid Solutions, presented at the American Ceramics
Sot. symposium, Portland, Oregon, Oct., 1966.

T. G. Godfrey, J. A. Wocley, and J. M. Leitnaker,
Oak Ridge National Laboratory Report ORNL-TIvl-
1596 (1966).

E. F. Westrum, Jr., Cryothermal Properties of
Uranium Mononitride, Carbides and Chalccgenides,
p. 255 in Nuclear Metallurgy, Vol. X, IMD SPSC.
Report Ser. No. 13, The Metallurgical Society J.
AIME, 1964.

JANAF Thermochemical Tables, the Dow Chemical
co. , Midland, Mich., 1964.

J. A. Leary, W. C. Pritchard, R. L. Nance, and
M. W. Sbupe, P. 649, in Plutonium 1965, Chapman
and Hall, Ltd. , 1967.

R. Colin and P. Gold finger, Ccndenaation and
Evaporation of Solids, E. Rutner, P. Goldflnger,
and J. P. Hirth, Eds. , Gordon and Breach,
Science Publishers, Inc., New York 1964, pp 165-
179.

6

20


