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ABSTRACT 

The effect  of temperature, tes t ing  speed and puri ty  on the 

mechanical behavlor of alpha plutonium i n  compression was fnvesti-  

gated. The resu l t s  of the t e s t s  were generally similar t o  those 

previously reported2' " 4, except; t ha t  specimen"purfty was observed 

t o  a f fec t  the r e su l t s  and a strain-aging reaction was also ob- 

served. 



The m e t a l  plutonium is  an intr iguing material. It has s i x  

a l lo t rop ic  modifications, two of which, alpha and beta, have a mono- 

c l i n l c  structure1) which is r a r e l y  found i n  pure metals. The f i r s t  

of these, alpha, i s  in te res t ing  because it i s  b r i t t l e  when tes ted  i n  

tension but i s  r e l a t i ve ly  duc t i le  when t e s t ed  under compressive 

Because of t h i s  behavior it was decided t h a t  i n i t i a l  

precise s tudies  of t he  mechanical proper t ies  of alpha plutonium could 

best  be carr ied out by using the  compression test. I n  t h i s  way the  

e f f ec t s  of surface condition, in te rna l  defects  and specimen align- 

ment would be minimized. 

The compression properties of alpha plutonium have been t rea ted  

b r i e f l y  by Miner, e t  a12) and Pronisz and Gorum4), and more extensively 

by Ulrdner and Mann3). The samples used by Oardner and Mann were 

machined from several  d i f fe ren t  melts haring t o t a l  Impurity contents 

ranging from 324 t o  3468 ppm. Although t h e i r  remil ts  did  not show any 

s ignif icant  e f fec t  of metal pur i ty  on the  alpha phase properties,  it 

was f e l t  t h a t  it would be usef'ul t o  conduct a complete s e r i e s  of 

experiments with specimens from the  same melt and, presumably, having 

the  same impurity content. A s m a l l  amount of high pur i ty  plutonium 

was a l so  available f o r  t e s t fng  and was compared with t he  l e s s  pure 

material. 

I n  t h i s  report  the  e f f ec t s  of temperature, s t r a i n  ra te ,  and metal 

pur i ty  on t h e  mechanical proper t ies  of alpha plutonium i n  compression 

a r e  considered. 



Material 

The specimens used f o r  t h e  compression s tudies  came from four 

melts of plutonium. The initlal experiments were carr ied out with 

specimens machined from rods cas t  f r o m  a r e l a t i ve ly  pure button of 

5 1 plutonium obtained by the  standard calcium reduction technique . 
b t e r  experiments were carr ied out with specimens t h a t  were machined 

e i the r  d i r e c t l y  from a plutonium button obtained by electroref ining 6 )  

or from rods obtained by remelting the  e l e c t r o r e f i n ~  button e i the r  

once or  th ree  times. 

Samples of each of the  four s e r i e s  of specimens were analyzed 

chemically. The results of these analyses a r e  given i n  Table I. 

Ekemination of t he  chemical analysis results shows t h a t  t he  e lectro-  

refined metal wae purer than t h e  calcium reduced m e t e  and t h a t  

remelting t h e  e lectroref ined plutonium u s i  ng a standard technique, 

i n  NO. crucibles under dynamic vacua, decreases the  s i l i con  content 

but increases t he  i ron  content. 

Metallographic examination of the  material  used f o r  t h e  compression 

tests confirmed the  chemical analyses. Sectiona of t he  control  samples, 

, both i n  t he  as-polished and etched conditions, a re  shown i n  Figure 1. 

Photamfcrograph l a  i s  of t h e  calcium reduced material, while l b  and l c ,  

I d  and le, and I f  and l g  a r e  photomicrographs of as-deposited, once 

remelted and t h r i c e  remelted electroreffned plutonium, respectively. 

The differences between t h e  calcium reduced plutonfum and t h e  e lectro-  

refined plutonium are apparent i n  t h e  la rger  grain  s i z e  and the  smaller 

mount of second phase i n  t h e  l a t t e r .  The three  batches of e lectroref ined 



Table I. Chemical Analyses of Plutonium used for Compression Testing. 

Electrorefined Electrorefined Electrorefined 
Calcium Reduced Plut onfum, Plut onium, Plut onfum 

EZ&nt Plutonium as deposited once remelted thrice remelted 

* 
expressed as ppm 

YY 
not det ermined 

+ not including <* s 



Figure 1. The microstructures of the  plutonium specimens used i n  

the  compression t e s t s .  (a). calcium reduced plutonium, 

etched, 25OX. (b). as-deposited electrorefined plutonium, 

as  polished, 50X. (c) .  same, etched, 100X. (d). once 

remelted electrorefined plutonium, as polished, 50X. 

(e). same, etched, 100X. ( f ) .  t h r i ce  remelted 

electrorefined plutonium, as polished, 50 X. ( g ) .  same, 

etched, 100X. 





mater ia l  d i f fe red  among themselves i n the  amount of mfcrocracki ng 

and the  quantity of a second phase present. Ekarmination of t h e  

ana ly t ica l  data and the  photomicrographs leads  t o  the  conclusion t h a t  . 

t h e  second phase present i n  t h e  e lectroref ined plutonium t h a t  was 

remelted th ree  times i s  Pu6Fe. It has been pointed out by Gardner 7) 

t h a t  t h e  addit ion of several  hundred ppm of i ron  w i l l  i nh ib i t  micro- 

cracking i n  alpha plutonium, and c e r t a i  nly t h e  amount of cracking, as 

shown i r i  Figure If,  was decreased. 

Experimental 

The compression specimens were i n  t h e  form of r i gh t  cylinders 
. . . . . .  

0.9 cm. long and 0.6 cI$. i n  diameter. Thex.,,yere machined from the  . .  ':...'.'" ' .  , .'' " 

- . .  " . : 
. .. . .  ~. 

' . '  various as-cast rna t e r l a s  de~lcrfBe8 above an8 were give11 rw siilssequent 

heat treatment. The specimens were placed within a small sub-press ' 

t h a t  was held i n  an a i r - t i gh t  brass can, which acted both a s  a 

contamf nation barrier and as a constant temperature bath. The.. heat 

t r ans fe r  medium used was degassed s i l i cone  vacuum pump o i l .  

The loading force was transmitted from the  compression crosshead 

of an Instron t e s t i n g  machine through a bronze bellows i n  the  top  of 

t h e  brass can t o  t h e  upper pla ten of t h e  sub-press. The loadfng 

speeds used were 0.005, 0.05, 0.5' and 5.0 cm/mfn.' The tests w e r e  run 

a t  temperatures of 25 f: 1'; 50 + O.SO, 75 + 0.5' and 100 i 1°c. The 

heat was supplied by a heater external t o  t he  can. 

For most of t h e  t e s t s ,  t h e  loading was.monotonic, but a few 

t e s t s  were run i n  which t h e  load was cycled a f t e r  every 1 or  1.5 per 



cent s t r a i n  so t h a t  t he  ends of t h e  specimen might conform t o  t h e  

sub-press pla tens  and thus  allow the  region of uniform s t r a i n  t o  be 

extended. 
I 

The r e s u l t s  of t h e  compression tests were obtained a s  load- 

crosshead-movemerrt curves on t h e  Instron recorder. By using su i tab le  

corrections f o r  machine softness, t h e  curves were converted t o  stress- 

s t r a i n  curves. Because of t he  cracking present i n  t h e  e lectroref ined 

plutonium and t h e  uncertafnty of t he  s t r a i n  a t  which barrel ing began, 

only t h e  yield  strength, defined here a s  t h e  proportional 16it as  

measured on the  load-extension curves, will be used f o r  t h e  comparisons 

drawn below. 

Because only a mall mount of the  e lectroref ined plutonium was 

available,  t h e  range of t e s t i n g  speeds used a t  t h e  various tempera- 

t u re s  f o r  t h i s  mater ia l  was not covered a s  completely a s  it was f o r  

t h e  calcium reduced plutonium. 

Results 

It was found tha t ,  f o r  t he  given t e s t  conditions, t he  varfat ton of 

yie ld  strengths among t h e  th ree  series of specimens made from t h e  

e lectroref ined plutonium iras generally less t b n  2 per cent and never 

more than 3.5 per cent, so  t h e  data  f o r  t he  three s e r i e s  were combined 

and t rea ted  a s  i f  they were from one se r i e s  of specimens. 

The load-crosshead-movement curves were similar f o r  both types 

of plutonium. Monotonic loading a t  all speeds and a t  temperatures of 

24O, 50°, and n°C, produced smoothly varylng curves, but monotonic 



loading a t  l00'C produced a curve wfth a broad i n i t i a l  y ie ld  point. 

The yield  point maximum occurred a t  approxfmately 3 per cent and 

t h e  minimum occurred a t  about 8 per cent nominal s t ra in .  

Results of t h e  cycl ic  loading were a l so  similar f o r  t he  two 

materials. The cycling did r e s u l t  i n  an increase i n  t he  amount of 
,. 

uniform s t ra in ,  but t he  s t ress -s t ra in  curve was appreciably modified 

by t h i s  technique. Cycling a t  room temperature caused an increase 

i n  t h e  work hardening' ra te ,  a s  indicated f n Figure 2. For nominal 

s t r a i n s  of 5, lo ,  and 1 4  per cent, respectively, t h e  differences i n  

observed flow stress are 10, 13 and 12 per cent f o r  t h e  calcium reduced 

plutonium and 3, 5, and 6 per cent f o r  t h e  e l ec t ro re f i  ned material. 

On reloading after cycling a t  temperatures above 24OC, the i.ncreaae 

i n  flow stress was even more marked than a t  room temperature. Not  only 

was t h e  flow s t r e s s  increased but a broad yield  point was a lso  observed. 

This yield point was similar t o  t h e  i n i t i a l  y ie ld  point observed a t  t h e  
I 

t e s t  temperature of 100'C, i n  t h a t  the yield max3mn-i was a t  3 per cent 

s t r a i n  and t h e  m i n i m u m  was a t  about 8 per cent s t r a i n  with respect t o  

t h e  proportional l i m i t  observed on reloading. 

The var ia t ion  of yie ld  strength w l t h  t e s t i n g  temperature i s  

indicated i n  Figure 3. It may be seen t h a t  t h e  yield  strength of 

t h e  higher purity,  e lectroref ined plutonium is  more dependent on 

t e s t i n g  temperature than is  t h a t  of t h e  lower purity,  calcium reduced 

plutonium. The e f f ec t  becomes more pronounced a s  t h e  s t r a i n  r a t e  increases. 



Figure 2. The effect of strain aging on the ncanfml stress-strain 

curves of alpha plutonium tested in compression at  25'C 

at a head speed of 0.02*/mfn. 
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Figure 3. The effect of testing temperature on the compression 

yield strength of alpha plutonium at vari ous testf ng 

speeds. 
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Figure 4 shows some of t h e  data replot ted t o  reveal  t he  e f f ec t  

of t e s t i n g  speed on t h e  yield  strengths.. Although the  data f o r  t he  

e lectroref ined p l u t o r c t ~  is not a s  extensive a s  t h a t  f o r  t h e  calcium 

reduced materid., it i s  evident t h a t  t h e  purer metal is t h e  more 

sens i t ive  t o  changes i n  t e s t i n g  speed. For both materials t he  

s ens i t i v i t y  t o  t e s t i n g  speed decreases a s  t h e  temperature increases 

(with t h e  exception of t h e  calcium reduced plutonfum a t  100 '~ ) .  

When t he  two s e r i e s  of compression specimens were examined 

metallographi c U y ,  t he  main dffference observed was i n  t h e  s t ra in-  

induced microstructural  features.  Itrlacroscopicd.ly, there  was no 

difference i n  t h e  appearance of t he  s t ra ined specfmens. Both t h e  

e lectroref ined and t h e  calcium reduced specimens had regions of 

r e l a t i ve ly  l i g h t l y  deformed gains near t h e i r  ends, because the  ends 

of t h e  specimens d id  not accommodate t o  t h e  platens  a s  t he  t e s t i n g  

proceeded, and regfons of great  deformation i n  t h e i r  centers where 

t h e  flow was m e a t e s t  Microscopically, it was found t h a t  t h e  e lectro-  

reffned plutonium specimens contained many more gredns with twin-like 

markings than did t h e  calcium reduced plutonium specimens. Ekamples 

of these twins are shown i n Figure 5. 

As was previously reported4), t he  frequency of twinning seemed t o  

increhse a s  t h e  temperature of deformation of calcium reduced plutonium 

increased. Unfortunately, t he  mall number of t d n s  observed ( 1  per cent 

o r  less of t he  grains) made our attempts t o  count them re l a t i ve ly  in- 

accurate, but t he  l a rge r  number of twins observed i n  t h e  e lectroref ined 

plutonium indicated t h a t  be t t6 r  results could be expected with t h e  purer 



Figure 4. The ef fect  of test ing speed on the f i e ld  strength of 

alpha plutonium at various temperatures. 
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Figure.5. Stress induced features in deformed alpha plutonium. 

These features are probably deformation twins but they 

have not yet been positively identified. 





materi al. Accordingly, t h e  e f fec t  of t e s t i ng  temperature on 

f'requency of twPnning was determined f o r  a s e r i e s  of e lectro-  

refined specimens t h a t  had been deformed a t  t h e  various t e s t i n g  

temperatures a t  a head speed of 0.02 i n. /mfn. By using a point  

countihg technique the  r e s u l t s  shown i n  Table I1 were obtained. 

F'rom t h e  table ,  it may be seen that t h e  t e s t i n g  temperature has 

l i t t l e  e f f ec t  on the  Frequency of twinning i n  t h e  e lectroref ined 

plutonium, over t h e  temperature range investigated. 

DPscussion 

The above observations concerning t h e  mechanical behavior of 

alpha plutonium are generally those t h a t  were expected. The f a c t  t h a t  

t h e  amount of strain-Bgfng i s greater  f o r  t he  m a t e f f f d  with the  greater  , 
8 

I 

amount of impurity would be expected a s  would be the general t rends i n  

t he  behavior of t h e  field strength with temperature and s t r a i n  r a t e .  

The f a c t  t h a t  an increase I n  temperature caused t h e  s t r a in - r a t e  

s ens i t i v i t y  of t h e  yield  stress t o  decrease, contrary t o  t he  usual 

observations fo r  single-phase m e t a l s ,  was unexpected, but it may be 

re la ted  t o  strain-aging. 

The increase i n  twin frequency with pur i ty  was expected, i f  t he  

'evidence f o r  t he  increase i n  tw3nning ease with pur i ty  observed f o r  

bcc metals can be extrapolated t o  inciude t h e  monoclinic s t ruc ture  of 

plutonium. It i s  not l i k e l y  t h a t  t h e  ease of twinnfng i n  alpha 

plutonium is unaffected by temperature; t he  temperature range of uur 

s tudies  may not have beien wide enough t o  demonstrate such an effect .  

The y ie ld  strength W u e s  determined during t h i s  s e r i e s  of 



Table 11. Effect o f  Temperature on the Fraction of Grains 

Twinned During Deformation ( ~ e a d  Speed: 0.2"in./min.) 

T e s t  Temperature, O C .  F'ractf on Twinned 



experiments were generally lower and exhibited a somewhat d i f fe ren t  

temperature and s t r a i n  r a t e  dependence than dfd those reported by 

3 Gardner and Mann . A t  t h e  present stage of knowledge concerning t h e  

mechanical proper t ies  of alpha plutonium, it i a r  not possible  t o  determine 

t h e  exact causes of these dfscrepancles, but they a re  probably due t o  

dffferences i n  t h e  p u r i t i e s  of t h e  plutonium specimens, i n  t he  t e s t i n g  

machines o r  i n  t h e  t e s t i n g  techniques used, o r  t o  some combination of 

these factors.  

Conclusions 

1. Alpha plutonium exhibi ts  a strain-aglng react ion t h a t  is less 

prominent f o r  metal of high pur i ty  than f o r  metal of s l i g h t l y  lower 

pwity.  

2.. The'yleld  strength of alpha plutonium decreases a s  t h e  t e s t i n g  
! 

temperature increases. This e f f ec t  1s more pronounced f o r  t h e  purer 

materi a1 . 
3. The e f f ec t  of t e s t i n g  speed on t h e  yield  strength of alpha 

plutonium is  normal; i.e., as t h e  speed increases t h e  yield  strength 

increases. 

4. An increase i n  t e s t i n g  temperature causes a decrease i n  t h e  

testing-speed sens i t i v i ty  of t he  yield  strength, corrtrary t o  t h e  usual 

observetion for other materials. 

5 .  Plutonium of high pu r i ty  tans more e a s i l y  than does plutonium 

of standard purity.  

6 .  -At s testing speed of 0.2 in./mfn., t he re  was no apparent 

' change i n  the f'requency of deformation twins i n  t h e  temperature range 

between 24O and lW°C. 



7. The reasons f o r  t h e  differences between same of our present 

results and those obtained previously are probably due t o  dffferences 

i n t h e  purities of t he  various plutonium specimens, o r  i n  t h e  t e s t f  ng 

machines and technfques used i n  t h e  two aer ies  of experiments. 

I wish t o  thank J. E. Mattys f o r  assistance in performfng t h e  

experfmerrtal work involved f n these studies. 
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