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ABSTRACT

The effect of témperature, testing speed and purity on the

- mechanical behavior of alpha plutonium in compression was investi-

gated. The results of the tests were generaslly similar to those
previously reportedQ’B’h) except that sPecimen"purity was observed
to affect the results and a strain-aging reaction was also ob-

served.
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INTRODUCTION

The metal plutonium is an intriguing material. It has six
allotropic modifications, two of which, alpha and beta, have a mono-
clinic strﬁcturel) which is rarely‘found in pure metals., The first
of these, slpha, 1s interesting because it is brittle when tested in
tension but is relatively ductile when tested under comprgssive
1oad1ng2’3i). Because of this behavior it was decided that initial
precise studies of the mechanical properties of sglpha plutoniumlcould
best Be carried out by using the compréssion test. In this way the
effects of surface condition, internal defects and specimen align-
ment would be minimized.

The compression properties of alpha plutonium have been treated
2) |

briefly by Miner, et al™’ and Pronisz and Gorixm‘h) , and more extensively
by Gardner and Mannj), The samples used by Gardner and Mann were

machined from seversal different melts having total impurity contents

ranging from 324 to 3468 ppm. Although their results did not show any

significant effect of metal purity on the alpha phase properties, it
was felt that it would be useful to conduct a complete series of
experiments with specimens from the seme melt and, presumably, having
the same impurity content. A small amount of high purity plutonium
was also available for testing and was compared with the less pure
materisal. |

In this report the effects of temperatufe, strain rate, and metal
purity on the mechanical properties of alpha plutonium in compression

are considered.



&

Material

The specimens used for the compression studies came from four
melts of plutonium. The initial experiments were carried out with
specimens machined from rods cast from a relatively pure button of
plutonium obtained by the standard célcium reduction techniqueS).
Later experiments were carried out with specimens that were machined
either directly frém a plutonium button obtained by electrorefining6)
or from ro&s obtained by remelting the electrorefined button either
once or three times.

Samples of each of the four series of specimens were analyzed
chemically. The results of these analyses are given in Table I.
Examination of the chemical analysis results shows that the electro-
refined metal was purer than the calcium reduced metal and that |
remelting the electrorefined plutonium using a standard technidue,

.in MgO. crucibles under dynamic vacua, decreases the siiicon content
but increases the iron content.

Metallographic examination of the material used for the compression
tests confirmed the chemical analyses., Sections of the control samples,
both in the as-polished and etched conditions, are shown in Figure 1.
Photomicrograph la is of the calcium reduced materisl, while lb and lc,
14 and le, and 1f and 1lg are photomicrographs of as-depoéited, once
remelted and thrice remelted electrorefined plutonium, respectively.

The differences between the calcium reduced plutonium and the electro-

refined plutonium are épparent in the larger grain size and the smaller

amount of second phase in the latter. The three batches of electrorefined
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Table I. Chemical Analyses of Plutonium used for Compression Testing.

Electrorefined Electrorefined Electrorefined

' Calcium Reduced Plutonium, Plutonium, Plutonium
Element Plutonium as deposited once remelted thrice remelted
1i < o0.2" < 0.2 < 0.2 < 0.2
Be < 0.2 < 0.1 < 0.1 < 0.1
Ta < 10 <10 < 10 < 10
Mg 10 . < 5 < 5 < 5
Ca 15 < 10 < 10 < 10
Al 15 15 : 15 15
La < 10 < 10 _ < 10 < 10
51 70 25 10 < 10
Po . . < 1 < 2 < 2 <
Cu 10 2 2
Ni 85 <10 < 10 < 10
Cr <20 < 10 < 10 < 10
B < 0.5 < 0.5 < 0.5 < 0.5
Mn * 3 3 5
Sn > < 1 < 1 < 1
1 - < < 1 A < 1
Fe 140 <10 ‘ 100 170
Co * < 10 < 10 : < 10
' Zn * 10 - <10 10
F < 2 < 2 < 2 < 2
-C 135 60 ' 52 25
Total Impurities* 480 115 185 227

expressed as ppm

not determined

t not including <'s



The microstructures of.the plutonium sﬁecimens used in

the compression tests. (a). calcium reduced élutonium,
etched, 250X. (b). as-deposited electrorefined plutonium,
as polished, 50X. (c). same, etched, 100X. (d). once
remelted electrorefined pluﬁonium, as polished, 50X,

(e). same, etched, 1box. (£). thrice remelted
electrorefined plutonium, as pt_alished, 50 X. (g). same,

etched, 100X.
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material differed among themselves in the amount of microcracking

and the quantity of a second phase present. Examination of the
analytical data and the photomicrograéhs léads to the conclusion that
the second phase present in the electrorefined plutonium that was
remelted three times is PucFe. It has been pointed out by Gardner!)
that the additién of several hundred ppm of iron will inhibit micro-
cracking in alpha plutonium, and certainly the amount.of cracking, as

shown in Figure 1f, was decreased.

Experimental

The compréssion speciﬁens were in the form of right cylinders-
0.9 cm.bldng and Oﬁﬁ qﬁ. in diemeter. They. .were machined from the‘“%“”“
;a;ioﬁs és-cast maﬁefialé described above and were giyéu o subseguent
heat treatment. The specimens were placed within a small sub-press °
that was held in an air-tight brass éan, vhich acted bofh as a
contamination barrier and as a constant temperature bath. The heat
transfer medium used was degassed silicone vacuum pump oil.

The loading force was transmitted from the compression crosshead
of anVInstron testing machine ﬁhrough & bronze bellows in the top of
the brass can to the upper platén of the sub-press. The loading
speeds used were 0.005, 0.05, 0.5 and 5.0 cm/min. The tests vére run
at temperstures of 25 ¢ 1°, 50 ¢ O;S°, 75 ¢ 0.5° and 100 ¢ 1°C. The
heat was supplied by a heater external to the cén.

For most of the testé, the loading was monotonie, but a few

tests were run in which the load was cycled after every 1 or 1.5 per



cent strain so that the ends of the specimen might conform to the
sub-press platens and thus allow the region of uniform strain to be
extended. )

The results of the compression tests were obtained as load-
’crosshead-ﬁovement curves on the Instron recorder. By using suitable
corfections for machine softness, the curves were converted to stress-
strain curves. Because of the cracking present in the electrorefined
plutonium and the uncertainty of tﬁe strain at vhich barreling began,
~ only the yield strength, defined here as the proportional limit as
measured on the load-extension curves, will be used for the comparisons
drawn below.

Because only a small amount of the electrorefined plﬁtonium was
availeble, the range of testing speeds used at the various tempera-

tures for this material was not covered as completely as it was for

the calcium reduced plutonium,

Results

It was found that, for the given test conditions, the variation of
yield strengths among the thfee series of specimens made from the
electrorefined plutonium was generally less than 2 per cent and never
niore than 3.5 per cenﬁ, so the data for the three series-uere combined
and treated as if they were from one series of specimens,

The load-cfosshead-movement curves vere similar for both types
of plutonium. Monotonic loa@iné at all speeds and at temperatures of

24°, 50°, and T5°C, produced smoothly varying curves, but monotonic



loading at 100°C produced a curve with a broad initial yield point.
The yield point maxdmam occurred at approximately 3 per cent and
the minimum occurred at about 8 per cent nominal strain.

Results of the cyeclic loading were also similar for the two
materials., The cycling did result in an increase in the amount of
uniform strain: but the stress-strain curve was appreciably modified
by this téchnique. Cyecling at room temperature caused an increase
in the work hardening rate, as indicated in Figure 2. For nominal
strains of 5, 10, and 1k per cent, respectively, the différences in
obéerved flow stress are 10, 13 and 12 per cent for the calcium reduced
blutonium and 3, 5, and 6 per cent for the electrorefined material.

On reloading after'cycling at temperatures above 24°C, the increase
in flow stress was even more merked than at room temperature. Not only
was the flow stress increased but a broad yield point was gléo observgd.
This‘yield roint was similar to the initial yleld point observed at the
test temperature of 100°C, in that the yield maximum was at 3 per cent
strain and the minimum was at about 8 per cent strain with respect to
the proportional limit observed on reloading.

The variation of yield sirength with testing temperature is
indicated in Figufe 3. It may be seen that the yield strength of
the higher purity, electrorefined plutonium is more dependent on
testing ﬁemperature than is that of the lower purity, calcium reduced

plutonium. The effect becomes ﬁore pronounced as the strain rate increases.
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Figure 2. The effect of strain aging on the nominal stress-strain
curves of alpha plutonium tested in compression at 25°C

at a head speed of 0.02"/min.
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- FPigure 3. The effect of testing temperature on the compression
yield strength of alpha plutonium at various testing

speeds,
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Figure L4 shows some of the data replotted to reveal the effect
of testing speed on the yiéld strengths.. Although the data for the
electrorefined plutonium is.not as extensive_as that for the calcium
reduced material, it is evident that the purer metal is the more
sensitive to changes in testing speed. For both materials the
sensitiQity to testing speed decreases as the temperature increases
(with the exception of the calcium reduced plutonium at 100°C).

When the two series of comﬁression specimens were examined
' metallographically,'the main difference observed was in the strain-
induced microstructurel features. Macroscopically, there was no
difference in the appearance of the strained specimens. Both the
electrorefined anﬁ the calcium reduced specimens had regions of
relatively lightly deformed grains near thelr ends, because the ends
of the speéimens did not accommodate to the platens as the testing
proceeded, and regions of gresat deformation in their centers where
the flow was greatest Microscopically, it was found that the electro-
refined plutonium specimens contained many more grains with twin-like
markihga than did the calecium reduced plutonium specimens. Examples
of these twins are shown in Figure 5.

As was pfeviously reportedb), the frequency of twinning seemed to
increase as the temperature of deformation of calecium reduced plutonium
increased. Unfortunately, the small number of twins observed (1 per cent
or less of the grains) made our attempts to count them relatively in-
accurate, but the larger mumber of twins observed in the electrorefined

plutonium indicated that bettér results could be expected with the purer
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Figure 4. The effect of testing speed on the yield strength of

alpha plutonium at various temperatures,
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Figure 5. Stress induced features in deformed alpha plutonium.
These featurés are probably deformation twins but they

have not yet been positively identified.
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material. Accordingly, the effect of testing temperature on
frequency of twinning was determined for a series of electro-
refined speciméns that had been deformed at the various testing
temperatures at a head speed of 0.02 in./min. By using a point
counting technique the results shown in Table II were obtained.
From the table, it may be seen that the testing temperature has
little effect on the fréqpency of twinning in the electrorefined

plutonium, over the temperature range investigated.

biscussion
The above observations concerning the mechanical behavior of
alpha plutonium are generally those that were expected. The fact that

the amount of strain-aging is greater for the material with the greater

amount of impurity would be expected as would be the general trends in

the behavior of the yield strength with temperature and strain rate.

‘The fact that Qn increase in temperature caused the strain-rate
sensitivity of the yield stress to decrease, contrary to the usual
observations for single-phase metals, was unexpected, but it may be
related to strain-asging.

The increase in twin frequency with purity was expected, if the

‘evidence for the increase in twinning ease with purity observed for

bec metals can be extrapolated to include the monoelinice strﬁcture of
plutonium. It is not likely that the ease of tw}nning in alpha
plutonium is gnaffected by temperature; the temperature range of our
studies ma& not have been wide enough to demonstrate such an effegt.

The yleld strength values determined during this series of



Table II. Effect of Temperature on the Fraction of Grains

Twinned During Deformation (Head Speed: 0.2"in./min.)

" Test Temperature, °C. Fraction Twinned-
23 A . 0.21
50 0.18
(& 0,18
100 . 0.19
100 ‘ 0.18
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experiments were generally lover and exhibited a somewhat different
temperature and strain rate dependence.than did those reported by

Gardner and Mannj. At the presént stage of knowledge concerning the
mechanical properties of alpha plutonium, it is not possible to determine
the exact causes of these discrepancies, but thej are probably due to
differences in the purities of the plutonium specimens, in the testing
machines or in the testing techniques used, or to some combingtion of

these facfors.

ConclusionsA

1. Alphs p;utpnium exhibits a sérain-aging reaction that is less
prominent for metal of high purity than for metal of slightly lower
purity.

2. The4jield strength of alpha plutonium decreases as the testing
temperature increases; This effect is more pronounced for the purer
material.

3. fhe effect 6f testing speed on the yield strength of alpha
plutonium is normal; i.e., as the speed increases the yield strength
increases.

4., An increase in testing temperature causes a decrease in the
testing-speed sensitivity of the yield strength, contrary to’the usual
observation for other materials. |

5., Plutonium of high purity twins more easily than does plutonium
of standard purity.

6. At a testing speed of 0.2 in./min., there was no apparent

" change in the frequency of deformation twins in the temperature rangé

between 24° and 100°C.



7. The reasons for the differences between some of our present
results and those obtained previously are probably due to di fPerences
in the purities of the various plutonium specimens, or in the testing

machines and techniques used in the two series of experiments.
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