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TRANSFORMATION KINETICS OF PLUTONIUM 

PART III 

INTRODUCTION 

Six al lotropic forms of plutonium a r e known. Table I shows the 

different phases with the i r c rys ta l s t ruc tu re , densi t ies , and t rans forma­

tion t e m p e r a t u r e s . The stable phase at room t e m p e r a t u r e has been 
(1-5) designated alpha and is s table up to 112 C. 

TABLE I 

CRYSTAL STRUCTURE, DENSITIES, 

AND TRANSFORMATION TEMPERATURES FOR PLUTONIUM ALLOTROPES 

Phase 

Alpha 

Beta 

Gamma 

Delta 

Delta 
P r i m e 

Epsilon 

Crys ta l 
Lat t ice 

Monoclinic 

Monoclinic 

F a c e - C e n t e r e d 
Orthorhombic 

F a c e - C e n t e r e d 
Cubic 

Body-Centered 
Tet ragonal 

Body-Centered 
Cubic 

Number of Atoms 
P e r St ructure 

Cell 

16 

34 

8 

4 

2 

2 

Approximate 
Trans i t ion 

T e m p e r a t u r e 
to Next 

Higher Phase 

112 

185 

316 

451 

480 

640 

Calculated 
Density 

19,82 

- 1 7 . 8 

17 .14 

15.92 

16.00 

16.51 

A study of the phase t rans format ions of plutonium is ex t remely impor ­

tant for an understanding of the fabrication and stabil i ty of the alpha phase . 

The necess i ty for extensive exper imenta l work can be shown by analogy to 

the value received from the vast exper imenta l s tudies on the phase t r a n s ­

format ions of s teel and other meta l s and al loys. The information obtained 

from this work has proved to be n e c e s s a r y in providing sa t is factory heat 

t r e a t m e n t s . 
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The 9 pe r cent volume change associa ted with the beta—alpha t r a n s ­

formation, the low t ransformat ion t e m p e r a t u r e , and the low ductility of the 

alpha phase has necess i ta ted that the fabrication of plutonium be p r i m a r i l y 
(6) 

by cast ing and machining. Because of these fac tors , heat t r ea tment of 

plutonium is l imited in many r e spec t s , compared to other me ta l s and 

al loys. On the other hand, because of these same factors and the five 

higher t e m p e r a t u r e a l lo t ropes , a number of hea t - t r ea t ing var iab les affect 

this type of fabricat ion. Some of them a re retained phases (possibly m o r e 

than one; however, the beta phase is probably the most important) , 

inapurit ies, s t ra in , and void formation 

Considerable work has been accomplished on the beta—alpha t r a n s ­

formation. Some work has been per formed on the alpha—beta—gamma, 
(7-29) 

gamma—beta—alpha, and delta—gamma t r ans fo rmat ions . No detailed 

information is available concerning the epsilon—delta prime—delta t r a n s ­

format ions . This repor t will p r ima r i l y d iscuss the beta—alpha and g a m m a -

beta—alpha t r ans fo rma t ions . 
SUMMARY 

Iso the rmal reac t ion curves and T - T - T curves showing the effect of 

different va r iab les on the beta—alpha t rans format ions a r e p resen ted . T ime 

for the s t a r t of the t ransformat ion at the nose of the T - T - T curve of recent 

work is five t imes fas te r than any previously repor ted . 

Impuri ty content, s t r e s s e s , beta hea t - t r ea t ing t ime and t e m p e r a t u r e , 

hydrosta t ic p ress ing , specimen size, and t h e r m a l cycling influence the 

kinet ics of the beta—alpha t ransformat ion in the following ways: 

(1) Decreas ing the impuri ty content i nc reases the r a t e of t ransformat ion , 

(2) High tens i le s t r e s s r e t a r d s the beta—alpha t rans format ion . 

(3) Increas ing the beta heat—treating t ime and t e m p e r a t u r e markedly 

d e c r e a s e s the r a t e of t ransformat ion . 

(4) Hydros ta t ic p r e s s ing at 90, 000 ps i a cce l e r a t e s the beta—alpha 

t ransformat ion under p r e s s u r e but dec r ea se s any subsequent 

beta—alpha t rans format ions by as much as two o r d e r s of magnitude. 
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(5) Specimen s ize has no effect on the s t a r t of the t ransformat ion but 

increas ing the specimen size from 0.010 to 0.37 inch dec r ea se s 

the r a t e of completion of t ransformat ion seve ra l o r d e r s of magnitude. 

(6) T h e r m a l cycling l e s s than 15 cycles does not affect the ra te of 

t ransformat ion . 

The density of high puri ty plutonium during hydrostat ic p re s s ing at 180 C 

and cooling under p r e s s u r e i nc rea se s from 19. 60-19. 65 g / c m to 
, 3 

19. 70-19. 75 g / c m . This inc rease was shown to be at t r ibuted to decreas ing 

the volume of m i c r o c r a c k s r a t h e r than t ransformat ion of any metas tab le 

beta phase . 

A T - T - T curve of the alpha—beta t ransformat ion is given which 

shows the s t a r t of the t ransformat ion is 16 hours at 116.5 C with the r a t e 

decreas ing ex t remely rapidly with decreas ing t e m p e r a t u r e . The t imes for 

the s ta r t and conapletion of the t ransformat ion were significantly sho r t e r 

than the ear ly work repor ted at Hanford. The fas te r r a t e was at t r ibuted to 

l e s s impur i t i e s . 

The gamma—beta—alpha and alpha—beta—gamma t rans format ions a r e 

d iscussed a l so . I so thermal react ion curves and T - T - T curves for these 

t rans format ions a r e included. 

KINETICS OF THE BETA-ALPHA TRANSFORMATION 

Iso thermal Reaction Curves and T - T - T Curves 

(7 10) Martin and Selmanoff ' f irst indicated that the beta—alpha 

i so the rmal t rans format ions might proceed according to a " C " curve 

cha rac t e r i s t i c of the T - T - T ( t ime- t empera tu re - t r ans fo rma t ion ) curves 

of many eutectoid al loys. They repor ted that the maximum ra te of 

t ransformat ion was attained in l - l / 2 minutes at room t e m p e r a t u r e , 

whereas at -75 C the maximum speed was reached in 4 minutes . 

The f i rs t extensive quantitative work on the t ransformat ion r a t e s of the 

beta—alpha t ransformat ion was per formed at Hanford. ' ' ' It 

was shown that the T - T - T curve (F igure 1) of the beta—alpha t ransformat ion 

has the form of a s imple C curve with the maximum ra te of t ransformat ion 
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at -20 C. The most significant factors affecting the shape and the position 

of the curve relative to the time and temperature axes are impurities, 

s t resses , and alloying elennents. This will be discussed in greater detail--

generally, however, the purer the metal the more rapid the rate of 
, f .• (26) 
transformation. 

(15) Loasby and Lowe have also shown the T-T-T curve to be a 

typical C curve (Figure 2). The rates of transformation were comparable 

to Hanford results with the maximum rate also occurring at -20 to -30 C. 
However, the T-T-T curve given by Loasby and Lowe showed a slightly 
faster rate of transformation than originally reported at Hanford. The 
difference between the two sets of results was most likely due either to 
metal quality or to different beta heat-treating temperature, since the 
rate of transformation decreases with an increasing beta heat-treating 
temperature. Also, oxidation of the plutonium did not allow sufficient 
time for completion of the beta—alpha transformation. More refined fluid 
displacement techniques, which enable plutonium to be held at any given 
transformation temperature for 10 to 30 days with insignificant oxidation 
(less than 0.5 mg increase in a 100-gram sample), have been developed 
at Hanford. Isothermal transformation curves and the corresponding 

T-T-T curves obtained by this technique for plutonium of higher purity 
are given in Figures 3 and 4, 

The T-T-T curves of the start of the beta—alpha transformation 
(Figure 5) show that the transformation rates were approximately ten times 
faster than those in either the original work at Hanford or the work of 
Loasby and Lowe, The differences can be attributed to metal quality. The 
density of the metal is frequently taken as a criterion of naetal quality; 
that is, metal having a density of 19. 60 g/cm or better is considered 
very high quality. However, density alone is not satisfactory for deter­
mining the quality of high purity metal due to differences in casting. 
The densities and impurities of each metal used for obtaining the data 
(Figures 1, 4 and 8) are listed in Table II, Heats A, B, and C, respectively. 
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TABLE n 

DENSITY AND IMPURITIES OF PLUTONIUM METAL 

(ppm) 

Density, 25 C 

Aluminum 

Carbon 

Calcium 

Chromium 

Iron 

Magnesium 

Mangenese 

Nickel 

Columbium 

Silicon 

Hydrogen 

Nitrogen 

Oxygen 

Others 

,Heat A 

19,50 

80 

130 

13 

100 

726 

<10 

40 

40 

__ 

20 

"IT-

* 

<50 

Heat B 

19,:62 

20 

110 

5 

16 

130 

25 

25 

50 

50 

__ 

5 

<0.1 

180 

<25 

Heat C 

19,55 

32 

100 

20 

20 

260 

200 

20 

50 

<10 

- -

8 

<0.1 

180 

<25 

* Not de termined 

** F igures 1, 4, and 8 were plotted from these data. 

During the i so the rmal t ransformat ion, the beta phase is initially 

me tas tab le . The t ransformat ion proceeds slowly at f i rs t , increas ing and 

leveling off at a maximium ra te , then decreas ing to a l inear ra te at which 

the t ransformat ion proceeds very slowly. F o r exam,ple (F igure 3), the 

t ransformat ion was apparently 99 p e r cent t r ans formed after 2 days at 

86.5 C, assuming the t ransformat ion goes to completion by cold t rea t ing 

at -23 C for a minimum of 2 h o u r s . The density after t r ans forming at 

86. 5 C and before cold t rea t ing was 19. 04 g/cin (19. 22 g / c m at room 

t e m p e r a t u r e ) . After cold t rea t ing for 2 hours , the density at 86,5 C 

remained 19.04 g / c m . The low density, as compared to the 25 C 
3 

theore t ica l density of 19.8 g / c m , was due to voids and difference in 
t e m p e r a t u r e . 
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The i so the rmal react ion curves (F igure 3) have the shape of typical 

s igmoidal curves charac t i s t i c of nucleation and growth reac t ions to which 
(30) 

the Avrami Equation has been applied: 

(1 - f) = exp (-kt"^) (1) 

or 

i n i n (i •" „) = A -1- n in t , (na tura l logari thms) 

where f = fraction t rans formed, 

t = t ime, and 

n, k, A = cons tan ts . 

The verif icat ion of a t ransformat ion obeying the Avrami re la t ionship 

can be obtained by plotting i n i n (^ 5) as a function of i n t ime and de t e r ­

mining the l inear re la t ionship . F o r the beta—alpha transformatiort of p luto­

nium, such a plot shows that the curve is l inear for only a port ion of the 

t ransformat ion (F igure 6), The Avrami plot of the work of Loasby and 
(21) his col leagues depar ted from l inear i ty at only 40 p e r cent t r a n s f o r m a ­

tion. Thus, the Avrami type of equation is not pa r t i cu la r ly applicable 

to the beta—alpha t rans format ion . However, the l inear port ion of the 

curve has a slope of 4 to 5. This value of n is g r e a t e r than the value of 

2 to 3 repor ted by Loasby, et a l . F o r plutonium, the significance of the 

high value of n is not known at p resent but is probably due to the high 

nucleation r a t e . 

Since the t ransformat ion cons is t s of more than one step and the r a t e 

of t rans format ion va r i e s markedly with t e m p e r a t u r e , the de terminat ion of 

an activation energy for each step is ne i ther poss ible nor the total ac t iva­

tion energy too meaningful. This can be seen by application of an Ar rhen ius 

type of equation of the form: 

n /-Q-l 
Rate - YA. exp hFr??r . ^ 1 ^ 1 R T 1=1 ' 

(2) 

Plott ing i n r a t e as a function of l / T (absolute t empera tu re ) r e su l t s in a 

curve with a very rapid change in s lope. The activation energy for nucleation 

is a l so a function of t e m p e r a t u r e . Thus, the calculation of the activation 
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(1) energy of the beta—alpha t ransformat ion is meaningless at p resen t . Hill 

computed the activation energy to vary from 12.7 to 118 kcal . 

Retention of the Beta Phase 

(11 25 26 28) The initial work at Hanford ' ' ' and the work of Loasby and 

Lowe indicated that the beta—alpha t ransformat ion may not go to comple ­

tion i so thermal ly , that is , the t ransformat ion may be par t ia l ly a the rma l . 

Between 40 and 70 C, the beta—alpha t ransformat ion appeared to go to 

completion i so thermal ly with some re ta ined beta phase . Subsequent lower­

ing of the t empera tu re reduced the amount of re ta ined beta phase . Although 

the or iginal work at Hanford indicated that the beta—alpha t ransformat ion 

may be par t ia l ly a thermal , the amount of re ta ined beta phase at any given 

t e m p e r a t u r e was significantly l e s s than repor ted by Loasby and Lowe 

(Figure 7). Where they showed a l inear relat ionship between the fraction 

t r ans fo rmed and the i so the rmal t ransformat ion t e m p e r a t u r e , the Hanford 

data indicated that the t ransformat ion approached 100 p e r cent comple ­

tion asymptot ical ly . The detection and analysis of 99.5 p e r cent t r a n s -

forination compared to 100 p e r cent t ransformat ion was difficult. 

L a t e r work at Hanford demons t ra ted that the t ransformat ion of the 

beta phase to the alpha phase will go to completion if held at the t r a n s f o r m a ­

tion t e m p e r a t u r e for a sufficient per iod of t ime (Figure 3). The completion 

of the t ransformat ion at the higher t e m p e r a t u r e may requ i re a long t ime 

(Figure 8). The chemical composit ion of this naetal is given in Table II, 

Heat C. The analysis of Heat C was s i m i l a r to that of Heat B . The 

t rans format ion was a s sumed to go to completion by cold t rea t ing for 

2 hours at -23 C, 

(19 24) The d i sagreement between the r e su l t s of Nelson ' and of 
(15) Loasby and Lowe concerning the completion of the t ransformat ion is 

believed la rge ly due to specimen s i ze . The spec imens used by Loasby 

and Lowe were 0.16 inch compared with spec imens l e s s than 0.040 inch 

used by Nelson. This can be seen by compar ing the two i so the rma l 

react ion cu rves (F igure 8) of two samples which had been machined to 

0.060 and 0,375 inch in d iameter , respec t ive ly . The spec imens were 

adjacent in a l / 2 - i n c h rod. The weights of the spec imens were 1, 49 and 

57.67 g r a m s , respec t ive ly . 
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The two spec imens were beta heat t r ea ted for 45 minutes at 160 C 

and were allowed to t r ans fo rm iso thermal ly at 74.5 ± 0.2 C, The i so the rmal 

react ion cu rves were super imposed to about 25 pe r cent t rans format ion . 

Beyond th is , the t ransformat ion of the s m a l l e r specimen approached comple­

tion much m o r e rapidly than that of the l a r g e r one. 

The assumpt ion that the t ransformat ion goes to 100 p e r cent comple ­

tion by cold t r ea t ing for 2 hours at -23 C may not always be c o r r e c t ; that 

is , t he re may be up to 2 p e r cent re ta ined be ta . The subsequent t r a n s f o r m a ­

tion of this smal l amount of beta phase would be significant in the fabricat ion 

of plutonium, since t ransformat ion of 1 p e r cent re ta ined beta will cause 
-4 / 

an elongation of approximately 3 x 10 c m / c m . Whenever alpha plutonium 
is c o m p r e s s e d at 90, 000 psi or more , the density i n c r e a s e s as much 

(32) 
as 0, 4 g / c m . depending on the t e m p e r a t u r e of p ress ing , m i c r o c r a c k s , 
inclusions, and other imperfect ions in the meta l . Densi t ies up to 19.75 

g / c m at 25, 0 C have been obtained by hydros ta t ic p r e s s ing at 180 C 

(beta phase at one a tmosphere and alpha phase at 90, 000 ps i ) , A sma l l 

amount of this density i nc rease may be caused by t ransformat ion of the 

re ta ined beta phase but is believed to be due to decreas ing the volume of 

imperfec t ions , pa r t i cu la r ly m i c r o c r a c k s . If 1 p e r cent of the volume of 

meta l were m i c r o c r a c k s and were el iminated during compress ion , the 

density would inc rease 0, 2 g / c m . 

Metal lography (F igure 9) revea led that spec imens having dens i t ies 
q 

g r e a t e r than 19. 60 g / c m may s t i l l contain m i c r o c r a c k s . The volume 

occupied by these m i c r o c r a c k s decreased slightly after hydrosta t ic 

compress ion at 90, 000 ps i and at 90 C. Correspondingly the meta l density 

i n c r e a s e s 0 -0 .02 g / c m , Hydros ta t ic p r e s s i n g at the s ame p r e s s u r e 

but at 180 C and cooling to the alpha phase under p r e s s u r e resu l ted in 

density i n c r e a s e s of 0.10 to 0, 15 g / c m , The m i c r o c r a c k s were only 

slightly d iscern ib le at 250X after this t r ea tmen t . 

The density inc rease was at t r ibuted to decreas ing the volume of 

m i c r o c r a c k s and not t rans format ion of re ta ined be ta . This was explained 

on the bas i s of an exper iment per formed to compare densi t ies of the beta 
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an4 alpha phases before and after hydrosta t ic p res s ing at 90, 000 ps i and a 

t e m p e r a t u r e of 190 C. The alpha and beta densi t ies of four a s - c a s t pluto­

nium spec imens (more than two weeks after casting) were determined at 

84,0 C. The alpha and beta densi t ies were then determined at the same 

t e m p e r a t u r e after hydrosta t ic p re s s ing . The density i nc r ea se s of the pluto­

nium in the beta phase after p ress ing compared to the density before p r e s s -

ing were 0.14, 0.064, 0,062, and 0, 132 g / c m . The corresponding 

density i nc reases of the plutonium in the alpha phase were 0. 12, 0.076, 

0 ,065, and 0. 136 g / c m . The beta densi t ies were determined after beta 

heat t rea t ing 1.5 hours at 170 C and cooling to 84,0 C, The beta—alpha 

incubation t ime at this t empe ra tu r e for these spec imens was 3 to 5 hou r s . 

The reproducibi l i ty of density determinat ions at this t empe ra tu r e was 

approximately ±0,01 g / c m . This compar ison shows that the density 

i nc reases of the beta phase and the alpha phase before and after c o m p r e s s ­

ing were comparab le . This c lear ly indicates that the density inc rease 

during hydrosta t ic compress ion resul ted from decreas ing the volume of 

m i c r o c r a c k s r a t h e r than t ransformat ion of retained beta . It can be con­

cluded from this exper iment that this metal contained l i t t le or no re ta ined 

beta . 

A s e r i e s of samples of high puri ty plutonium, 19.52 to 19. 67 g / c m , 

were thermal ly cycled by direct immers ion between -75 and +100 C to 

de termine if the t ransformat ion of any re ta ined beta could be observed. 

The r e s u l t s . Table III, show that there was essent ia l ly no t ransformat ion 

of any re ta ined beta, which would be indicated by a density i n c r e a s e . Both 

volume inc rease and volume dec rease were observed. The reproducibi l i ty 
Q 

of these determinat ions was ±0.003 g / c m , This a lso indicates that very 

l i t t le, if any, re ta ined beta is p resent in high puri ty plutonium. 
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Specimen 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

TABLE III 

E F F E C T OF THERMAL CYCLING 

BY DIRECT IMMERSION TECHNIQUES 

BETWEEN -75 AND +100 C 

Density 
Before Cycling 

g / cm3 

19.666 

19.643 

19.575 

19.573 

19.662 

19.614 

19.639 

19.516 

19.515 

19.521 

19.532 

19.565 

19,580 

19.584 

Density 
After Cycling, 

g /cm3 

19.672 

19.647 

19,575 

19.572 

19.665 
19.663 
19.665 

19.613 
19.613 
19.619 

19.643 
19.633 
19.639 

19,515 
19.616 
19.515 
19.513 
19.515 

19.508 
19.512 
19,510 
19,508 
19,509 

19.514 
19,514 
19,513 
19.511 
19.516 

19.521 
19.527 
19.529 
19.523 
19.529 

19.567 

19.583 

19.588 

Density 
Change,, 

g / cm3 

+0.006 

+0.004 

+0.000 

-0 ,001 

+0.003 
+0.001 
+0.003 

-0 .001 
-0 .001 
+0.005 

+0.004 
-0 .006 
0.000 

-0 .001 
+0.000 
-0 .001 
-0 .003 
-0 .001 

-0 ,007 
-0 ,003 
-0 ,005 
-0 .007 
-0 .006 

-0 .007 
-0 .007 
-0 .008 
-0 .010 
-0 .005 

-0 .011 
-0 .005 
-0 .003 
-0 .009 
-0 .003 

+0.002 

+0,003 

+0.004 

Number 
of Cycles 

20 

20 

20 

20 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

3 

3 

3 
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The two factors which tend to inc rease the amount of re ta ined beta 

a r e impur i t i e s and tens i le s t r e s s e s . P rac t i ca l ly all the s tudies of t r a n s ­

formation at Hanford and that repor ted by Loasby and Lowe have been with 
q 

re la t ively high puri ty plutonium~-densi t ies of 19.50 g / c m or g r e a t e r . 

The l imited work that has been per formed on plutonium with densi t ies 

of 19.2 g / c m indicate that even at -23 C, which is the nose of the T - T - T 

curve, months may be requ i red for 99.9 pe r cent completion of the t r a n s ­

formation, or it may never completely t r ans fo rm. Heat t r ea tment by 

t emper ing analogous to the temper ing of re ta ined austenite in s teel may be 

requ i red for fur ther t rans format ion . In the case of plutonium, the upper 

l imit on t emper ing is the alpha—beta t ransformat ion t e m p e r a t u r e . 

Impur i t i es such as carbon and iron a r e not bel ieved to have apprec i ­

able effects on the t ransformat ion , s ince they form compounds of PuC and 
(31) Pu„Fe , respec t ive ly . E lements such as z irconium, uranium, and 

t i tanium, which form solid solutions with beta plutonium, tend to r e t a r d 
(32) 

the beta—alpha t r ans format ion . Tay lor has shown that completion of 

the beta—alpha t rans format ion of Pu-2 w/o Z r alloy is ex t remely sluggish 

above room t e m p e r a t u r e ; that is , the i so the rmal react ion cu rves appear 

to level off before completion of the t ransformat ion in a manner s i m i l a r 
(31) 

to that of the p lu tonium-uranium alloys and the or iginal s tudies of 
(25 26) unalloyed plutonium. ' Other e lements such as aluminum tend to 

r e t a rd the t ransformat ion of the delta phase . 
T h e r m a l Cycling 

The physical damage assoc ia ted with t h e r m a l cycling between any 

of the low t e m p e r a t u r e al lotropic t r ans format ions is very l a r g e . L a r g e 

samples rapidly quenched from ei ther the beta, gamma, or delta phases 

to -20 C will general ly f r ac tu re . However, plutonium that is slowly 

cooled (for instance, 2 C pe r minute) may form as many as 3 p e r cent 
3 

voids pe r cycle (0. 6 g / c m density dec rea se pe r cycle) . Moreover , the 
amount of voids formed p e r cycle depends p r i m a r i l y on the meta l quality 

^ ^ •. • • (28) 
and secondar i ly on spec imen s i ze . 
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G e n e r a l l y , p l u t o n i u m with d e n s i t i e s of 1 9 . 5 0 to 19, 60 g / c m wi l l 

d e c r e a s e 0, 1 to 0, 3 g / c m p e r c y c l e when t h e r m a l l y c y c l e d 2 to 50 C 

p e r m i n u t e t h r o u g h the beta—alpha, gamma—beta—alpha, anddel ta—gamma—beta 

a l p h a t r a n s f o r m a t i o n s . O r i g i n a l l y , it w a s b e l i e v e d tha t only m i c r o s c o p i c 

vo id s w e r e f o r m e d d u r i n g the beta—alpha t r a n s f o r m a t i o n . •" ' ' T h i s 

w a s d i s p r o v e d b e c a u s e m a c r o s c o p i c vo id s h a v e b e e n o b s e r v e d a f t e r c y c l ­

ing t h r o u g h any two of the p h a s e t r a n s f o r m a t i o n s r e g a r d l e s s of the cyc l i ng 
/ p Q\ 

r a t e . The density of plutonium at 25 C will dec rea se from 19.55 to 
3 

19. 35 g / c m in one cycle, even when the maximum t ransformat ion ra t e 
is only 2 pe r cent p e r minute . 

Mic roc racks (F igure 9) in a s - c a s t plutonium originate during the 

delta—gamma, gamma—beta, and beta—alpha t r ans fo rma t ions . The m i c r o ­

c r acks in a s - c a s t meta l become p rogres s ive ly l a r g e r during t he rma l 

cycling. After two to four cycles , the m i c r o c r a c k s become m a c r o c r a c k s 

leading to f r ac tu re . When the a s - c a s t meta l contains few detectable 

m i c r o c r a c k s at 100 to 200 magnification, the voids formed by cycling 

have a m o r e s y m m e t r i c a l shape (F igure 10) than those shown in F igure 9 

or in the ex t reme case of a specimen cycled under a t e m p e r a t u r e gradient 

(F igure 11), Cer ta in the rmal ly cycled spec imens have had densi t ies 

decreas ing from approximately. 19. 5 to 7 g / c m . 

Voids and m i c r o c r a c k s general ly form uniformly throughout 

spec imens , but l a rge m a c r o c r a c k s have been observed at or near the 

cen te r of spec imens . F o r example, a l ~ l / 2 - i n c h sphere the rmal ly 

cycled eight t imes at 2 C pe r minute between 175 and 25 C contained a 

void 3/8 to 1/2 inch in d iamete r at the cen te r . La rge m a c r o c r a c k s have 

also been observed at the cen te r of the rmal ly cycled rods . 

Increas ing the specimen size general ly i n c r e a s e s the amount of 
/ p Q \ 

void formation (F igure 12), However, l / 4 - i n c h rods have been shown 

to have as l a rge a density d e c r e a s e as 1-inch r o d s . This indicates spec i ­

men s ize is not as important as metal quality or beta—alpha t ransformat ion 

condit ions. 

The excellent work of Loasby and Lowe revealed that voids do not 
(15 22) occur until after 50 p e r cent t ransformat ion , ' They plotted the 
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FIGURE 11 

Photomicrograph of a Plutonium Rod Subjected to a Thermal Gradient 
of 30 to 50 C P e r Inch (16 Cycles) 
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Number of Cycles 

FIGURE 12 

Effect of Specimen Size on Density Decrease of Plutonium 
When Thermal ly Cycled Through Beta-Alpha Transformat ion 
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percentage of void against the percentage of t ransformat ion and obtained a 

l inear re la t ionship . Above 50 pe r cent, the amount of void is propor t ional 

to the amount of t ransformat ion . Data obtained at Hanford essent ia l ly 

confi rms this„ A plot of the percentage of void as a function of the pe rcen t ­

age of t ransformat ion (F igure 13) shows no voids formed until 50 pe r cent 

t ransformat ion . Con t ra ry to the findings of Loasby and Lowe, the re la t ion­

ship between the two is not l inear . Other exper iments have produced s i m i l a r 

curves , but displaced down and to the r ight . This displacement depends 

upon such factors as s ize , i so thermal t ransformat ion t e m p e r a t u r e , and 

metal quality. 

Loasby and Lowe showed also that the incubation per iod for a 

specimen cycled between 180 C and an i so the rmal t rans format ion t e m p e r a ­

tu re (60 C) in the alpha range dec reased from approximately 200 seconds 

to approximately 15 seconds after 100 cyc les . T h e i r data and data obtained 

at Hanford agreed that therraa l cycling 15 t imes or l e s s has no influence 
(op.) 

on the ra te of t r ans format ion . 

Investigation has shown that increas ing the beta hea t - t r ea t ing 

t e m p e r a t u r e d e c r e a s e s the r a t e of t ransformat ion, that i s , shifts the 

T - T - T curve to the r ight , A specimen was beta heat t r ea ted for 1 hour 

at different t e m p e r a t u r e s in the beta range, and the i so the rmal react ion 

curves were de te rmined . A rela t ionship showing the t ime for 50 p e r cent 

t rans format ion as a function of the beta hea t - t r ea t ing t e m p e r a t u r e is 

plotted in F igure 14. 
( O A 9 ^ 9 f]\ 

The ear ly work at Hanford ' ' showed that for 0 ,030- inch 

thick wafers the ra te of t ransformat ion was essent ia l ly not affected by 

varying the t ime of beta heat t rea t ing, provided the beta heat t r ea tment 

exceeds 30 minu tes . L a t e r work using spec imens of 0. 37-inch d i ame te r 

and 0 .75- inch long showed that beta hea t - t r ea t ing t ime at 180 C was 

significant (F igure 15). The incubation per iod increased from 1200 

seconds at 75.0 C after beta heat t rea t ing 30 minutes to 3500 seconds 

and 60, 000 seconds after beta heat t rea t ing 4. 75 hours and 27 hours , 

respec t ive ly . This effect of beta heating t ime becomes l e s s significant 

with lowering of the beta—alpha i so the rmal t ransformat ion t e m p e r a t u r e . 
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Effect of Hydros ta t ic P r e s s i n g 

The effect of hydrosta t ic p re s s ing at 180 C is to shift the T - T - T 

curve to the right upon subsequent beta—alpha t r ans fo rma t ions . The incu­

bation per iod of a specimen heat t rea ted 1,5 hours at 170 C was 1000 

seconds (Figure 16), The incubation period after hydrosta t ic p r e s s ing 

at 90, 000 psi and 180 C and subsequent beta heat t rea tment of 1. 5 hours at 

170 C was 50, 000 seconds . After repeat ing the identical p re s s ing and 

beta heat t r ea tment , the incubation per iod increased to 100, 000 seconds . 

Subsequent beta heat t r ea tment and no p r e s s i n g operat ion produced a 

s imi l a r i so the rmal react ion curve as after the second hydrosta t ic p re s s ing , 

KINETICS OF THE ALPHA-BETA TRANSFORMATION 

I so the rma l Reaction Curves and T - T - T Curves 

The i so the rma l react ion cu rves of the alpha—beta t ransformat ion 

(F igure 17) a lso have the shape of typical s igmoidal c u r v e s . Using the 
I 

Avrami re la t ionship and plotting in in (-̂  ^ v e r s u s in t , the value of n 

has been calculated to be 2 for the original Hanford work and 3. 5 to 4. 5 

for the m o r e recent work (F igure 18). 

The T - T - T curve from these isotherm^al react ion curves has been 

plotted (F igure 4) in conjunction with the beta—alpha t ransformat ion from 

the same metal , that i s . Heat B, The upper portion of the beta—alpha 

t ranformat ion and the lower port ion of the alpha—beta t ransformat ion can 
(1) 

be extrapolated to in te rsec t at 112 C in agreement withHilL 
The ear ly Hanford r a t e s of alpha—beta t ransformat ion . Heat A 

(11 25 26) 

, were significantly s lower than the l a t e r r a t e s . Heat B, The 

fo rmer alpha—beta T - T - T curve has been included for compar ison (F igure 

19). These T - T - T curves show that the alpha—beta t ransformat ion is 

quite sluggish below 123 C and that increas ing the puri ty of the meta l 

i nc r ea se s the r a t e of t rans format ion . Unfortunately, it is difficult to 

obtain good quantitative data concerning the effect of impur i t i e s . 

The alpha—beta T - T - T curves (F igures 4 and 19) show that the 

t ransformat ion above 140 C was 99 p e r cent complete in l e s s than 10 

minutes . This is t rue for all meta l with densi t ies g r e a t e r than 19. 45 g / c m ' 



19.250 

19.000 

18.750 

18.500 — 

18.250 

18.000 — 

17.750 — 

® Before Pressing 
A After F i rs t Pressing 
a After Second Pressing 

"® © ©After Cold Treating 

® 

2 x 1 0 
Time (seconds) 

FIGURE 16 
Effect of Hydrostat ic P r e s s i n g 

(90, 000 psi and a Tempera tu re of 190 C; Cooled Under P r e s s u r e ) 
on the Beta—Alpha Transformat ion (75. 0 ± 0. 2 C) 

I 
CO 
^̂  
I 

I 
- J 
o 
CO 
ai 
CD 



1.00 

0.80 
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( room tempera tu re ) , that is , as de termined by density changes. However, 

the solution of impur i t i es may take considerably longer at 130 to 145 C, 

Although the alpha—beta t ransformat ion may be complete at 140 C, longer 

holding t imes a r e requ i red for complete solution of impur i t i e s . Horton 
(14) and Ward found that after direct heating to 140 C and holding 20 

minutes , the elongation during tensi le tes t ing at this t e m p e r a t u r e was 

2 to 3 p e r cent, whereas the elongation was 154 pe r cent after heating to 

175 C and cooling to 140 C, They at t r ibuted this d iscrepancy to e i ther 

incomplete alpha—beta t ransformat ion or to solution of impur i t i es during 

the higher beta heat t r ea tmen t . 

(13) Gardne r and Mann showed that the elongation after direct heating 
(18) to 130 C and holding for 30 minutes was 294 p e r cent, Gardner , in a 

discussion of Horton and Ward ' s work, suggested the d iscrepancy could 

possibly have been due to impuri ty effects but was m o r e likely caused by 

incomplete alpha—beta t ransformat ion . The explanation for the incomplete 

t ransformat ion is not known, since all work with plutonium having densi t ies 

g r e a t e r than 19.50 g / c m shows 99 pe r cent or more t ransformat ion after 

20 minutes at 140 C, 

This divergence is most likely caused by a combination of the two 

effects, but it is ex t remely difficult to d i scern between them. F o r example, 

at Hanford a specimen was cycled 15 t imes between the beta and alpha 

phases (Table IV) after beta heat t rea t ing 30 minutes at 140 C, The b e t a -

alpha t ransformat ion was complete after casting, 80 p e r cent complete 

during the f i rs t five cycles , complete during the sixth cycle, 35 per cent 

complete during the seventh to the tenth cycles , complete during the 

eleventh and twelfth cycles , 63 p e r cent complete during the th i r teenth 

cycle, and finally complete . During the f irs t to the sixth cycles , the 

incubation period p rog res s ive ly increased , whereas after the sixth cycle 

(during which the beta—alpha t ransformat ion was c a r r i e d to completion) 

the incubation per iod again dec reased . The p rog re s s ive i nc rease of the 

incubation period can be at t r ibuted to e i ther re ta ined beta, high s t r e s s e s , 

or more impur i t ies going into beta solution after each beta heat t r ea tment 

since the impur i t i es do not have an opportunity to completely prec ip i ta te 
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TABLE IV 

INFLUENCE OF THERMAL CYCLING 

ON BETA-ALPHA TRANSFORMATION (78 C) 

AFTER BETA HEAT TREATING 30 MINUTES AT 140 C 

Cycle 
Number 

During Cast: 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12* 

13** 

14** 

15** 

Density of Beta 
at 77.5 C, 

g / cm3 

ing 

17.66 

17.62 

17.56 

17.52 

17.45 

17.27 

17.29 

17,32 

17.32 

17.33 

17,13 

16.93 

16.92 

16.66 

Incubation Pe r iod 
of Beta—Alpha 

Transformat ion , 
sec 

__ 

240 

320 

800 

1100 

- -

1500 

650 

1200 

1300 

1900 

2300 

2000 

1000 

2400* 

1350 

Extent of 
Transformat ion , 
P e r Cent Alpha 

Complete 

80 

80 

80 

80 

80 

Complete 

35 

35 

35 

35 

Complete 

Complete 

63 

Complete 

Complete 

* Trans fo rmat ion T e m p e r a t u r e : 78,5 C 

** Beta Heat T rea t ed at 150 C 
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out of solution during the 80 per cent beta—alpha transformation. When the 
beta—alpha transformation was allowed to go to completion after the sixth 
cycle, the incubation periods of the beta—alpha transformation were 
decreased from 1500 to 650 seconds. The incubation periods of the beta-
alpha transformation again progressively increased from 650 to 2300 
seconds during the seventh to the tenth cycles, during which the transfor­
mation was taken to 35 per cent completion. 

These data also show that an increase in beta density (densification) 
occurs during the alpha—beta transformation, Plutonium thermally cycled 
between the beta and alpha phases with the alpha—beta transformation taken 
to completion and the beta—alpha transformation interrupted prior to the 
formation of voids, that is, 35 per cent completion, the density of the beta 
phase progressively increases. The beta density of a specimen cycled 

five times between the beta phase and 80 per cent alpha decreased from 
3 

17. 66 to 1,7, 27 g/cm , Upon subsequent thermal cycling four times 
between the beta phase and 35 per cent alpha the beta density increased 

q 

0,05 g/cm , The density increase occurred because of the high hardness 
of the alpha phase and the low hardness of the beta phase. Thus, the 
volume of m.icrocracks was reduced. 
Effect of Hydrostatic Pressing 

Hydrostatic pressing had less effect on the alpha—beta transforma­
tion than it had on the beta—alpha transformation. The alpha—beta isotherm 
reaction curve at 124,0 C after hydrostatic pressing is displaced to the 
right by a factor of approximately 5 compared to the isothermal reaction 
curve before pressing (Figure 20), The reason the curves are closer 
together at the completion of the transformation is because of densifica­
tion during the first alpha—beta transformation. After hydrostatic pressing 
the volume of microcracks was nearly eliminated, hence, there was no 
densification of the beta phase. 
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Elevated T e m p e r a t u r e Microscopy 

The i so the rmal react ion curves indicated that the alpha—beta t r a n s ­

formation is a nucleation and growth p r o c e s s . This was also shown by 

elevated t e m p e r a t u r e metal lography (Figure 21). Photomicrographs showed 

the beta phase forming as is lands within the alpha ma t r ix . The total elapsed 

t ime between the s t a r t and completion of the alpha—beta t ransformat ion was 

15 minutes . 

F igure 21 shows that there was considerable upheaval on the surface 

of the specimen during the t ransformat ion . The la rge surface dis tor t ion 

made it difficult to observe the subsequent t r ans fo rma t ions . 

KINETICS OF THE GAMMA-BETA-ALPHA TRANSFORMATION 

The gamma—beta—alpha t ransformat ion was studied in a s i m i l a r 
(24 27) 

manner as the beta—alpha and alpha—beta t r ans fo rmat ions , ' A 

complete T - T - T curve was obtained using the same metal , Heat A, as 

was used to obtain the beta—alpha and alpha—beta T - T - T curves (F igures 

1 and 19), 

I so the rmal react ion curves (Figure 22) were obtained of the 

t ransformat ion of the gamma phase when held at t e m p e r a t u r e s below the 

gamma—beta t ransformat ion t empe ra tu r e of 185 C and after gamma heat 

t rea t ing for 30 minutes at 260 C. The curves had a shape s i m i l a r to the 

i so the rmal react ion curves of the beta—alpha t ransformat ion, except in 

the t e m p e r a t u r e range of 82 to 112 C. The curves in this range showed 

a plateau which inc reased in magnitude with increas ing t e m p e r a t u r e s . 

The plateau r ep resen ted a t rans i t ion per iod of no react ion following the 

end of the gamma—beta t ransformat ion and preceding the beginning of the 

beta—alpha t rans format ion at the same t e m p e r a t u r e . At 82 C, the plateau 

appeared only as a change of slope of the i so the rmal react ion cu rve . 

The shape of the i so thermal curves in the range of -80 to 160 C 

is reflected in the shape of the T - T - T curves for the gamma—beta—alpha 

t rans format ions (F igure 23). The T - T - T curve of the gamma—beta-

alpha t rans format ions was a double C curve . The upper C curve 
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r e p r e s e n t s the gamma—beta t ransformat ion and the lower C curve r e p r e ­

sents the beginning and completion of the formation of alpha. 

The ra t e of formation of alpha, when the plutonium meta l had t r a n s ­

formed direct ly to the alpha phase from the gamma phase, was g r e a t e r 

than when the meta l was quenched from the beta range (F igure 24), The 

t ime for 50 per cent t ransformat ion as a function of t e m p e r a t u r e is plotted 

for both t r ans fo rmat ions . The ra te of formation of alpha was considerably 

higher from the gamma phase than from the beta phase . The difference 

becomes increas ingly g r e a t e r below the nose of the beta—alpha T - T - T curve, 

s ince it appears from the gamma—beta—alpha T - T - T curve that the r a t e of 

formation of the alpha phase from the gamma phase does not pass through 

a maximum. The shapes of the T - T - T curves a r e s imi l a r , except that the 

curve showing the t ransformat ion of alpha after quenching from the gamma 

range was shifted to the left. The ra t e of t rans format ion of alpha was 

g r e a t e r even at t e m p e r a t u r e s in the alpha range (82 to 112 C) where the 

gamma t rans fo rmed completely to the beta phase before the appearance of 

alpha. 

The ra t e of gamma—alpha t ransformat ion at -78 C was too rapid to 

be de termined by this technique. It appeared that the gamma phase had 

comipletely t r ans fo rmed in l e s s than 10 seconds . These data show that any 

re ta ined beta phase can be avoided by rapidly cooling from the gamma phase, 

thus skipping the gamma—beta t ransformat ion and forming the alpha phase 

di rect ly from the gamma phase . Retention of the gamma phase does not 

seem to occur , although careful exper imenta l work is needed to de te rmine 

if a smal l percentage of the gamma phase can be re ta ined. 

A study of the effect of gamma hea t - t r ea t ing t e m p e r a t u r e s has 

shown that the ra te of t ransformat ion d e c r e a s e s with increas ing t e m p e r a ­

t u r e s . The t ime for 50 p e r cent t ransformat ion at 127.8 C, which was 

slightly above the nose of the gamma—beta T - T - T curve, was plotted 

(F igure 25) as a function of the gamma hea t - t r ea t ing t e m p e r a t u r e . 

Varia t ion of the gamma hea t - t r ea t ing t empe ra tu r e caused essent ia l ly 

no change of the r a t e of the gamma—alpha t ransformat ion . Varying the gamma 

hea t - t r ea t ing t ime had essent ia l ly no effect on e i ther the gamma—beta or the 

gamma—alpha t ransformat ion r a t e s . 
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ALPHA-BETA-GAMMA TRANSFORMATION 

The beta—gamma t ransformat ion behaved in a manner s imi l a r to 

the alpha—beta t ransformat ion . The i so the rmal react ion curves (F igure 26) 

a lso had the s igmoidal shape cha rac t e r i s t i c of nucleation and growth 

reac t ions . 

The shape of the beta—gamma T - T - T curve (F igure 27) is s i m i l a r 

to that of the alpha—beta t ransformat ion . The react ion s t a r t ed after only 5 

or 6 seconds and was completed in 1-1/2 minutes at 250 C, The t r ans fo r ­

mation was quite sluggish at 202 C- - the react ion did not s ta r t until after 

30 minutes and was not completed until approximately 4 hou r s . The 
(1) beta—gamma equil ibr ium t empe ra tu r e was repor ted by Hill to be 185 C. 

I so the rmal react ion curves (Figure 28) and a T - T - T curve (F igure 

29) of the alpha—beta—gamma t ransformat ion, t rans forming to the gamma 

phase after holding at 100 C, have also been de termined. The ra t e of 

alpha—beta t ransformat ion at t e m p e r a t u r e s between 200 and 250 C was 

too rapid to be accura te ly m e a s u r e d - - t h e alpha—beta t ransformat ion 

s t a r t ed in l e s s than 3 or 4 seconds and was completed in l e s s than 30 

seconds . 

The t ime requ i red for the appearance of the gamma phase after 

the sample had undergone the 100 C heat t rea tment was slightly longer 

than after the previous heat t r ea tment of holding at 180 C. This may 

have been due to (1) l a r g e r grain s ize resul t ing from the higher t e m p e r a ­

tu re at which the beta phase had t ransformed, or (2) the longer t ime 

requi red to r a i s e the t e m p e r a t u r e of the sample from 100 C than from 

180 C, The two effects could very easi ly have supplemented one another . 

The higher the t ransformat ion t e m p e r a t u r e , the g r e a t e r was the difference 

in the T - T - T c u r v e s . The difference at 205 C was negligible. The differ­

ence at 240 C was slight but it was apparent . E i ther of the two r e a s o n s 

could apply, but is is thought that the t empe ra tu r e difference is the most 

l ikely. 
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COMBINED T-T-T CURVES OF THE ALPHA-BETA-GAMMA AND GAMMA-

BETA-ALPHA TRANSFORMATIONS 

The T-T-T curves of the alpha—beta—gamma and gamma—beta—alpha 
transformations (Figures 1, 19, 23, and 27) were combined into one T-T-T 
curve (Figure 30). These T-T-T curves were all determined frora metal 
of the same casting. Heat A of Table 11. The effect of individual impurities 
is an area which requires extensive investigation. 

This composite T-T-T curve represents the earl ier work performed 
at Hanford, The higher purity metals used in more recent studies of the 
beta—alpha and alpha—beta transformations have not been used to study the 
gamma—beta and gamma—alpha transformations in great detail. However, 
preliminary data showed that the T-T-T curves (Figure 4) were shifted to 
the left with increased purity, but the magnitude of the shift on the gamma-
beta, gamma—alpha, alpha—gamma, and beta—gamma transformations 
was not as large as the shift of the beta—alpha transformations. 
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Knolls Atomic Power Labora tory 
Lockheed Aircraft Corpora t ion 
Los Alamos Scientific Labora to ry 
M & C Nuclear, Inc. 
Mallinckrodt Chemical Works 
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Mari t ime Administrat ion 
Martin Company 
Mater ia ls Resea rch Corporat ion 
Mound Labora tory 
NASA Lewis Resea rch Center 
National Bureau of Standards 
National Bureau of Standards (Library) 
National Carbon Company 
National Dis t i l l e r s and Chemical Corporat ion 
National Dis t i l l e r s and Chemical Corporat ion, 

Ashtabula 
National Lead Company of Ohio 
Naval Pos tgradua te School 
Naval Resea rch Labora tory 
New Brunswick Area Office 
Nuclear Mater ia ls and Equipment Corporat ion 
Nuclear Metals, Inc. 
Oak Ridge Institute of Nuclear Studies 
Office of Naval Resea rch 
Office of Naval Resea rch (Code 422) 
Ordnance Mater ia ls Resea rch Office 
Ordnance Tank-Automotive Command 
Patent Branch, Washington 
Phi l l ips Pe t ro leum Company (NRTS) 
Picatinny Arsena l 
Power Reactor Development Company 
P r a t t and Whitney Aircraf t Division 
Purdue Universi ty 
RAND Corporat ion 
Rensse l ae r Polytechnic Institute 
Resea rch Analysis Corporat ion 
Sandia Corporat ion, Albuquerque 
Sandia Corporat ion, L ive rmore 
Stevens Insti tute of Technology (Comstock) 
Sylvania Elec t r ic Produc ts , Inc. 
Technical Resea rch Group 
Tennessee Valley Authority 
Union Carbide Nuclear Company (ORGDP) 
Union Carbide Nuclear Company (ORNL) 
Union Carbide Nuclear Company (Paducah Plant) 
United Nuclear Corporat ion (NDA) 
United Nuclear Corporat ion (OMC) 
U, S, Geological Survey, Denver 
U. S. Geological Survey, Menlo P a r k 
U. S, Geological Survey, Washington 
U. S. Patent Office 
Universi ty of California, Berkeley 
Universi ty of California, L ive rmore 
Universi ty of Pue r to Rico 
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