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EFFECT OF WATER VAPOR, REDUCED OXYGEN CONCENTRATIONS, 

AND SOLVENT VAPORS ON PLUTONIUM IGNITION 

Larry E. Musgrave 

Abstract. The effects of water vapor, reduced oxygen 
concentration, and chlorinated solvent vapor on the 
ignition of various sizes of samples of unalloyed and 
alloyed plutonium have been studied. Storing unalloyed 
plutonium lathe turnings in moist atmospheres reduces 
the ignition temperature, but storing plutonium 1- wt % 
gallium alloy lathe turnings in moist atmospheres 
raises the ignition temperature regardless of the 
moisture level. Adding nitrogen to reduce the oxygen 
concentration does not, generally, change the ignition 
temperature. However, the intensity of the reaction is 
reduced, and at low concentrations ignition is pre
vented. The presence of carbon tetrachloride vapor 
lowers the ignition temperature of plutonium, but the 
presence of perchloroethylene vapor has no affect. 

INTRODUCTION 

Experience with plutonium in the nuclear industry 
shows that, because it has an unpredictable pyro
phoricity, plutonium is a severe safety and economit: 
hazard. The violence of some plutonium fires is in 
contrast to controlled experiments with massive plu
tonium. Felt1 found that massive plutonium was 
extremely difficult to ignite and burns slowly without 
flame or volaLili:taLiun. However, other factors must 
be considered. First, plutonium is difficult to extin
guish, requiring argon flooding (which is difficult to 
accomplish in normal gloveboxes) or heat removal.1 

Second, when combustibles are near plutonium they 
can easily be ignited by the burning plutonium and 
cause the fire to spread rapidly. Hence, to control 
pluto11iu111 fires, combustible materials should be 
removed from plutoniu111 areas. In addition, factors 
which influence plutonium ignition should be well 
understood so that conditions which can cause ignition 
are n1i11i111ized. This report attempts to extend the 
nnrlerstanding of some of these factors. 

Plutonium ignition occurs when the heat generated by 
oJ<idation (or Gome other clie111ical reaction) is greater 
than the heat which is lost by the metal. Chatfield2 

measured the net increase in heat of plutonium during 
oxidation and developed a semi-empirical theory of 
plutonium ignition. He predicted that oxidation will 
not be self-sustaining when the oxygen pre_ssure is 
reduced below a critical limit. With a delta-stabilized 
alloy the limit is 0.04 atmospheres, but with unalloyed 
plutonium the results were dependent on history of 
the sample. 

Others have also studied the ignition of plutonium. 
Schnizlein and Fischer3 studied the effects of 
alloying and thickness on ignition behavior of 
plutonium foils. They found that nominal 2 at. % 
additives of various elements can raise, lower, or 
leave the ignition temperature unchanged. The 
ignition temperature was found to be in two distinct 
temperature regions - about 300°C and 500°C -
depending on the sample thickness, alloy, and 

oxidizing gas. 

Pitts4 found that the ignition temperature of screened 
filings was dependent on the relative surface ·area 
and the sample mass. The ignition temperatw·e 
decreased as the relative surface area increased or 
as the sample mass increased. He also found that 
lowered ignition temperatures of plutonium could be 
induced by stressing, preheating in argon, or lowering 
the healing rate. 

Pitts 5 
'
6 investigated the reaction of hot plutonium 

dropped into various chlorinated s.olvents. He 
measured light intensity of the reaction.anrl also de
termined the critical temperature at which a self
sustaining reaction with plutonium ca.n occur. 

However, not all factors which can influence plu
Lu11ium ignition have been studied. In this study the 
effects of the following atmospheres on plutonium 
ignition are reported: 

• The presence of water vapor in the air for ex
tended periods of time, 

• the oxygen concentration in nitrogen, and 
• the presen'ce of solvent vapor in air and in air

nitrogen mixtures. 
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EXPERIMENTAL 

The ignition temperatures of the samples were de
termined by the burning curve method. 7 Figure l 
shows a schematic of the apparatus. The sample 
was placed on a spoon inside a Vycor tube. It was 
heated at a 30°C temperature rise per minute with a 
tube furnace. The sample temperature was monitored 
with a platinum/platinum-13% rhodium thermocouple 
placed inside the spoon. At ignition, the sample 
temperature rose rapidly. The heating rate curve, 
and the temperature curve following ignition, were 
graphically extrapolated as shown in Figure 2. The 
intersection of these curves is the ignition tcmpera
t\Jfft. Gl'ISP.S or vapors sUrrounJiug the sample wertJ 
controlled by rontinnous How ot the proper mixture 
through the Vycor tube. 

FURNACE-CONTROL 
THERMOCOUPLE 

SAMPLE 

PLATINUM BOAT 

VENT 

THERMOCOUPLE 
FOR SAMPLE 

GASINLEI 

Figure 1. Apparatus for determining the ignition 
temperature. 

An additional device used to measure the effect of 
oxygen c;oncentrations on plutonium ignition is shown 
in Figure 3. Plutonium coupons were ignited by 
placing them on a heater maintained at 500°C. A 
Vycor bottle through which a gas mixture flowed was 
placed over t.he sample until glowing ceased. The time 
between placing t.he bottle over the sample and the 
cessation of glowing is the "glow" time. 

Plutonium used in these studies was either unalloyed 
or delta-stabilized (Pu l-wt% Ga). All samples 
weighed about 0.5 grams. Coupons were wire brushed 

and cut to size (about l.O by 0.5 by O.l cm1
). Those 

used to study oxygen concentration effects had been 
stored for about 2 weeks in a moist atmosphere and 
appeared dark. Those used in the other studies had 
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Figure 2. 
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6 
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lgniti.nn t.Pm[lP.rature curve of a U.aO gram 
coupon uf plutonium 1-wt% gallium alloy. 

lAIR-NIT.ROGEN MIXTURE 

l'U L:Oui>ON 

VYCOR GLASS BOTTLE 

BRASS PEDESTAL 
(asbestos insulated, 

wound with 
resistance wire) 

TRANSITE PLATE 

THERMOCOUPLE 

12 

Figure 3. Apparatus for determining the glow time of 
burning plutonium in oxygen deficient 
atmospheres. 

been slun::d in dry air (200-700 ppm l:f1 0) and appeared 
shiny. The delta-stabilized lathe turnings were about 
2.0 by 0.1 ·by 0.02 cm3 

•. The unalloyed lathe turnings 
were about 0.2 by 0.2 by 0.02 r.m 3

• Oil was removed 
from the lathe turnings by washing them in carbon 
tetrachloride. The filings were obtained from a c}ean, 
delta-stabilized coupon. The filingwas done in a 

dry air glovcbox (200-700 ppm moisture). They were 
collected between 300 and 140 mesh screens. All 
filings were tested within 24 hours to reduce surface 
oxidation. 



Gases used were compressed air and bottled nitrogen. 
Flow was regulated and measured with a flowmeter. 
Mass spectrometery was used to analyze the oxygen 
concentration. Solvent vapors were obtained by 
bubbling the gas mixtiires through reagent grade car
bon tetrachloride or perchloroethy lene. Mass spectro
meter analysis showed the solvent vapor concentra
tion to be near saturation at room temperalure. 

RESULTS AND DISCUSSION 

Storage in Humid Atmospheres 

The effect of storage time, humidity level, alloying 
agent, and relative surface area upon. the ignition 
temperature of plutonium was studied. Samples, of 
unalloyed plutonium and plutonium l-wt%gallium. 
alloy coupons and lathe turnings, were stored in 
desiccators. Relative humidity of about l percent was 
maintained by using CaCl2 pellets, about 33 percent 
using staurated solutions of MgC~ · 6H2 0, or about 60 

percent using NH 4N03 • Coupons were ~emoved from 
desiccators after 2-, 5-, and 7- weeks and ignited .. 
Lathe turnings were removed from the desiccat~rs 
after 2-, 4-, and 6- weeks and ignited. 

The ignition temperatures of the coupons, shown in 
Figure 4, were virtually unchanged regardless of 
humidity. However, the lathe turnings show signifi
cant changes in ignition temperature with humidity 
level. The unalloy~d plutonium lathe turnings 
ignited at lower temperatures after storage in moist 
atmospheres, as shown in Figure 5. The iguilion 
temperatures of the plutonium l-wt% ga Ilium alloy 
lathe turnings are shown in Figure 6. The ignition 
temperature of the alloy gradually increased regard
lei;;s of the humidity level in the storage atmosphere. 
Figure 6 shows that the ignition temperature in
creased from 270°C to over 3l0°C ·in the 6-week . 
period. Later experiments with the same material 
(alloy lathe turnings) _showed that the ignition temper
ature had increa!';ed to nearly 350°C after storage for 
4 months in dry air (300-700 ppm moisture). 

The variations in the ignition temperature of the 
lathe turnings after ~xposure to moist atmospheres 
is due largely to variations in oxidation rates in such 
atmospheres. Unalloyed plutonium is known to 
oxidize much more rapidly in moist atmo)>pheres than 
iu dry air. In addition, fragmentation may occur.• 
Small additions of gallium to plutonium, however, 
tend to slow corrosion in moist atmospheres to a rate 
only slightly greater than that in dry air. The oxide 
established is protective? 

RFP-1566 

0 
e.. 
w 
II: 
::> 
I-
~ 400. 
w 
a. 
:E 
w 
1-

· z 
0 
I- 300 
z 

. CJ 

1-wt % Ga ALLOYED Pu COUPONS 

0 

• 
UNALLOYED Pu COUPONS 

Storage Humidity (%) 

• = 1 
0 =33 
A=60 

2 4 

STORAGE TIME (wk) 

6 8 

Figure 4. Ignition temperatures of plutonium cou
pons stored in different humid atmo-
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Figure 5. Ignition temperatures of unalloyed pluto
nium lathe turnings stored in different 
humid atmospheres. 

The unalloyed lathe turnings showed the effect of 
severe oxidation and fragmentation. Toward the end 
of the experiment the samples which had been stored 
in humid atmospheres appeared powdery. In fact, the 
sharp declines in ignition temperature occurred when 
the samples were mostly powder (very few intact 
chips). These powders would have a higher relative 

3 
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Figure 6. Ignition temperatures of plutonium 1-wt% 
gallium alloy lathe turnings stored in 
different humid atmospheres. 

surface area, and therefore, as shown by Pitts4, have a 
lower ignition temperature. In addition, extensive 
moisture corrosion leaves reacti_ve PuH2 on a piu
tonium surface. 10

'
11 Plutonium-hydride (PuH2 ) is 

pyrophoric and may also lower the ignition temperature. 

The plutonium l-wt% gallium alloy lathe turni.ngs 
demonstra~ed a lesser rate of corrosion, only Leiug 
darkened by 6- weeks storage in humid atmospheres. 
The ignition temperature gradually increased, probably 
as a result of the build-up of a protective oxide. 

The constant ignition temperature of the plutonium 
coupons appears in contrast to the previousiy men
tioned corrosion effects. The coupons, however, 
have a lower relative surface area for corrosion, and 
the protective oxide on the gallium alloyed plutonium 
is less effective at higher temperatures. Hence, the 
ob&ervatinn,:; wP.rP. not. unexpected, 

The unalloyed plutonium coupons which were stored 
in moist atmospheres failed to show evidence of 
fragmentation for as long as 7 weeks. However, they 
did appear severely oxidized anJ an increase in 
storage interval would probably result in fragmenta~ 
tion. Fragmentation would radically lower the igni
tion temperature. In addition, the low relative sur
face area decreases the influence that PuH2 has on 
the ignition temperature. Therefore, extended storage 
in moist.atmospheres is not desirable. 

4 

Reduced Oxygen Concentration 

Samples of plutonium l-wt% gallium alloy coupons, 
lathe turnings and filings were heated in flowing air
nitrogen mixtures. The temperature rise following 
ignition gradually decreased as the oxygen concen
tration was decreased. This made it difficult to de
termine when ignition occurred for sample's in atmo
spheres containing less than about 5-percent oxygen. 
(The concentrations depended on the relative surface 
area of the samples.) Hence, a temperature rise of 50°C 

or more is necessary for a reaction to be termed igni
tion. Reactions in which the temperature rise was 
less do not. appear to ·be self-sustaining as shown by 
the glow-time measurements with coupons. 

The ignition temperatures of tht: different samples in 
various oxygen conce!Hrations al'e gi·ve1i in Tabks 
I to III. For oxygen concentrations- be low 7-, 5-, and 
3- percent no ignition is observed for coupons, lathe 
turnings, and filings, respectively. The glow-time 
measurements,-for coupons in various oxygen cuuceu• 
trations, are given in Table IV which shows ~hat the 
reaction is rapidly extinguished with oxygen con
centrations ':1P to 9 percent. 

Table I. Ignition temperature of 140 mesh plutonium 
l-wt% gallium fillings in various concentrations of 
oxygen. 

Ignition Tempera1ure 
(±10° C) 

175 
183 
165 
110• 
160° 

No reaction 

0H)'Qi::>O (' Q!!')Antrgt;nn 

(vol%) 

20 ±1 
12 ±1 

8 ±1 
3 11 
,3 +1 

<1 

•Sam~les were not completely burned and could be re-ignited in air 

after cooling. 

Table Ii. Ignition temperature of plutonium l -wt% 
gallium laUte turnings in various concentrations of 
oxyg~n. 

Ignition Tompenturv 
(±10° (;) 

265 
270 
400 

Slight reaction at 270°C 
No reaction 
No reaction 

OxvRen Cont;P.ntration 
(vol%) 

20 ±1 
12 ±1 

8 ±1 
5 ±1 
3 '±1 

<1 



Table Ill. Ignition temperature of plutonium 1-wt% 
gallium' coupons in various concentrations of oxygen. 

Ignition Temperature 
(±10°"c) 

505 
510 

No ignition (slight re.action) 
No ignition (very slight reaction) 
No ignition 

Oxygen Concentration 
(vol%) 

20 ±1 
10 ±1 

6 ±1 
5 ±1 

<1 

Table IV. Glow time of plutonium 1-wt% gallium coupons 
in various concentrations of oxygen. 

Glow Time 
(±.01 min) 

0.03 
0.03 
0.04 
0.06 
0.10 
1.0 
1.5 

0.<y~en Concentration 
(vol%) 

<1 
4 ±1 
6 ±1 
7 ±1 
9 ±1 

10 ±1 
20 ±1 

The ignition temperature of coupons and filings 
showed no significant change when the oxygen con
centration was lowered to where ignition did not occur. 
However, the ignition temperature of th'e lathe turnings 
changed from 270°C to 400°C when the oxygen con
centration was changed from 12- to 8-perc:ent. The 
thickness of the turnings is about the same as that 
found by Sc:hnizlein and Fischer to be the dividing 
point between ignition in the low and high tempera
ture regions in air. 3 Evidently, the lower oxygen con
centration changes the ignition temperature from the 
lower to the higher region. 

For filings, the temperature rise· after ignition de
creased as the oxygen concentration was lowered. 
(Sec Figura 7 .) This is duP tn nnr. nf the following 
reasons: (l) dec~ease in the reaction rate with com
plete reaction, (2) a change in the oxide formed, or 

(3) incomplete reaction of the plutonium. 

The reaction was shown to be incomplete by perform
ing the following experiment. Alloyed plutonium 
filings were heated in 3- and 5-percent oxygen atmo
spheres to about 600°C, with .ignition occurring at 
l 70°C. However, after cooling, the samples were re
heated in air and ignited at about 200°C. 

The inco111plete reaction may be caused by the for
mation of PuO. Pitts• observed PuO to form when 
plutonium coupons were heated in argon containing 
ab om. l % ox y geu at 500°C. Some badly deteriorated 
samples demonstrated ignition temperatures in air of 
about 200°C. The deteriorated coupons probably 
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offer about the same surface area as. the filings, and 
the similar ignition temperature indicates similar 
surface conditions. It is possible that the PuO re
tards reaction in low oxygen atmospheres (below 
about 5-percent oxygen) but not in air. 

50o.--~~~~......-~~~~-r-~~~~--,-~~~~--. 

u 
2.. 400 
w 
a: 
:> .... 
<I: 
a: 
w 
11. 
~ 
w .... 

300 

IGNITION TEMPERATURE 

1001--~~~~ ....... ~~~~--'-~~~~-'-~~~~~ 
20 15 10 5 

OXYGEN CONCENTRATION IN NITROGEN\%) 

Figure 7. The effect of reduced oxygen concentra
tions on the ignition temperatures and 
maximum temperatures of 140 mesh pluto
nium I-wt% gallium alluy filings. 

The lathe turnings and coupons appeared nearly in
tact following ignition in low oxygen concentrations. 
It is likely that they also were incompletely reacted. 
However, the maximum temperature was not reproduc
ible because of the placement of the thermocouple, 
and there was no attempt to re-ignite samples. 

Solvent Vapors 

The effect of solvent vapor on the ignition of 
plutonium l-wt% gallium alloy lathe turnings was 
studied in air-nitrogen mixtures. The gas mixture 
was bubbled through carbon tetrachloride achieving 
a volume concentration of about 10%, or through per
chloroethy lene achieving a volume concentration of 
about l .53. The ignition temperatures and maximum 
temperatures in various oxygen concentrations 
were measured for each of the solvents.· The results 
are listed in Table V along with the results with no 
solvent vapor present. Figure 8 shows the gradual 
change in ignition temperatQre and maximum tempera
ture as oxygen concentration is varied in atmospheres 
containing carbon tetrachloride vapor. 

0 
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Table V. Ignition of plutonium 1-wt% gallium in solvent 
vapor. atmospheres. 

Oxygen Ignition Maximum Time of 
Concentration Solvent TemperatnrP. 'Temperature Reaction 

(vol%) (vol%) (±10°C) (±20°C) (min) 

20 ±1 none 270 550 0.1 
20 ±1 10% CCJ.i 200 440 3.0 
20 ±1 1.53 CzCJ.i 270 570 0.1 

5 ±1 none slight reaction 
5 ±1 10% CCJ.i 255 400 1.5 
5 ±1 1.53 C2 CJ.i slight reaction 
3 ±1 none no reaction 
3 ±1 103 CCJ.i 280 330 0.5 

<1 10% CCJ.i slight heating 
above 400°* 

<1 1.53 CzCJ.i no reaction 

*An additional exotherm was observed when the samples werP. heated 
to 650°C. The exothenn is probably caused by a reaction with CCJ,, 
vapQrs. 

0 
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a: 
:::> 
~ 
a: 
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~ 
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500 MAXIMUM TEMPERATURE .,... ______ _ 
4UU 

300 

luNI I IUN I l:Ml'EHATURE 

OXYGEN CONCENTRATION IN NITROGEN AND 10 VOL% 
CARBON TETRACHLORIDE (%) 

Figure 8. The effect of reduced oxygen concentra
tion and carbon tetrachloride vapors on 
the ir;nition and n\llxinmm temperAtw·e~ uf 

. plutonium t-ww.;, gallium aiioy lathe 
turnings. 

These results show that the presence of carbon 
tetrachloride vapor significantly affects the ignition 
of plutonium in air-nitrogen mixtures. The ignition 
temperature is lowered 'tu°C in air. Ignition occµrs 
in a 3-percent oxygen concentration when carbon tetra

chloride vapors are present, but it does not occur 
when carbon tetrachloride vapors are absent. Further
more, the time of reaction is lengthened when carhon 
tetrachloride vapors are present. 

The increased likelihood of ignition is in contrast 
to the lower maximum temperature recorded when 
carbon tetrachloride vapors are present. The 100°C 
temperature decrease in maximum temperature was 
accomplished by a longer time of reaction in air; 

6 

that is, from 0.1 minut~ to 3.0 minutes. Tt appears 
that the burning is slowed, but not stopped.-

Leibowitz, Schnizlein, and Mishler12 have observed a 
similar effect when uranium is ignited. with halogen
ated hydrocarbons in the air. They advanced several 
possible causes which should be applicable to plu
tonium. The organic vapors or their breakdown prod
ucts were: (l) poisoning the ·reaction surface, 
(2) rendering the surfac.e oxide more protective, or 
(3) competing for the limited supply of oxygen. The 
ignition and burning observed in 3-percent oxygen, only 
when carbon tetrachloride vapors are present, rules 
out the compeliti_on hypothesis. If the burningwas 
slowed by simple dilution or by reaction of the organic 
with oxyge11; 1.lien it would be exp~ct~d tha·t burning 
wou kl cease in higher oxygen concentrations when 
carbon tetrachloride vapors are present. This w<i;:; 
not observed. 

Evidence of a plutonium-carbon tetrachloride reaction 
was given by an exotherm at about 65ouc when bottle 
nitrogen and carbon tetrachloride were flowed through 

the ignition apparatus. 

The failure of perchloroethylene vapor to affect the 
ignition characteristics of the plutonium is not sur~ 
prising. There is nearly an order-of-magnitude less 
vapor present (1.5 vol% to 10 vol%). In ~ddition. 
Pitts5

' 
6 found that perchloroethylene is less reactive 

with plutonium Lhan 1.:arbun tetrachloride. There is 
.nearly 11 200°C Lemperature differe11ee in the critical 
temperature of reaction with coarse l-wt% gallium 

alloy filings. 

CONCLUSIONS 

This ;:;tuc.ly has shown that plutonium ignition and · 
burning io affected by: (1) exposun: t1.1 w1:1ter vapor 
over a period of time, (2) the oxygen concentration 
in the surr011ncling atmosphere, and (3) carbon tetra
chloride vapor. The ignition temperature, the rn~xi. 
mum tempernture during hurn ing, <incl the time the re
actio~ is sustained are all dependent on the atmo
sphere. 

Storage in waler vapor decreases the ignition 
temperature of unalloyed plutonium lathe turnings. 
This is due to fragmentation of the sample and 
formation of reactive corrosion ·products. However, 
plutonium l-wt% gallium alloy shows a slight in
crease in ignition temperature when stored, regard
less of the presence of water vapor. Th is is probably 
caused by the formation of a protective oxide. 



Coupons showed no change in ignition temperature 
when stored in moist air atmospheres. However, 
_unalloyed coupons could show a significant de
crease if they were stored long enough for fragmenta
tion to occur. 

Reducing the oxygen concentration by adding nitro
gen to air gradually lowers the intensity of the oxi
dation reaction. Oxygen concentrations below 7-, 
5-, and 3-percent prevent the ignition of plutonium l-wt% 
gallium alloy coupons, lathe turnings, and filings, 
respectively. 

The presence of carbon tetrachloride vapors, even .in 
low oxygen concentration atmospheres, causes a de~ 
crease in the ignition temperature of plutonium 
l-wt% gallium alloy lathe turnings and also causes 
ignition in oxygen concentrations as low as 3%. The 
presence of perchloroethylene in various atmospheres 
has no effect on the ignition of plutonium l-wt% 
gallium alloy lathe turnings. 
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