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ABSTRACT

The principal characteristics of the plutoniumvsilicon system include

five intermediate phases and three eutecti6s. The intermediate phases  are

nominally
Pu Si3 (C), pu3Si2 (11), pusi (0), Pu3Si5 (L) and PUSi2 (K), WhiCh

melt, respectively, at 1377', 1441', 1576', 1646' and 1638'C, All + 10'C.

Crystal structure data for the intermediate phases are given.  The eutectics

were found at 3.6 a/0 silicon and 590 + 2'C, between €-plutonium and C; at
t

54,5 a/0 silicon and 1521 i 10'C, between 0 and  L;  and at 83.6 a/0 silicon,

and 1232 k 5'C, between K and silicon.  The solubility of silicon in 8  and

€-plutonium is discussed in detail.
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1.  INTRaDUCTION

Very little infarmation about the plutonium-silicon system has been

reported in the literature.  Schonfeld et al. and Schonfeld merrtioned(1)               (2)

briefly the existence of five compounds and two of the three eutectics in

the system, as a result of early work at Los Alamos.  The crystal structure

of   PuSi (8)    has been reported by Ellinger ,    that    of   -  Pu_ Si (L)    by(3)

D  D

Ellinger and by Runnalls and Baucher and that of.- PuSi2(K) by
(3)                               (4)

Ellinger(3) and by Zachariasen(5).

The detailed phase diagram, as delineated by means of thermal,

dilatametric, m thllographic and X-ray data, is described and discussed
, .Al  „.
.....:,r'.

belaw. .....

.:

2. EXPERIMENTAL

Plutonium, average purity of 99.96 i 0.04 w/0, and semiconductor grade

silicon were used in the preparation of the alloys.  Average values for the

chief impurities in the various plutonium stocks used were (in Ppm):

carbon 215, iron 60, nickel 45, oxygen 50, silicon 65 and thorium 60.

All the specimens were alloyed in an inert atmosphere in an arc

melting furnace. Since the weight losses during alloy preparation were

so small as to be negligible, the arc cast buttons were not chemically

analyzed, and their nominal or weighed out compositions were assumed to

be correct. Samples for thermal analysis were prepared by melting  the  arc

* cast buttons in either MgO or tantalum crucibles in vacua in an induction

furnace.
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For heat treatment, each alloy was sealed within an evacuated clear-

silica capsule, which in turn was enclosed in a silica tube stoppered

with a refractory-wool plug. The outer tube would serve to confine the

spread of plutonium contamination should the inner capsule break during

heat treatment.  The alloys were then placed beside the thermocouples in

tube furnaces, which were temperature controlled within *2'C. The alloys

were   quenched by plunging the silica   tube   and its conterrts into water.

The differential thermal analydis technique was used in obtaining

thermal data.  Time-versus-temperature and time-versus-differential

temperature data were both plotted autographically and simultaneously by

means of a two-pen recorder.  Chramel-Alumel thermocouples, which had been

calibrated against the melting points of high purity NBS alumininwi, silver

and copper, were used to measure the temperature.  The thermal analysis

4
samples were heated and cooled at about 1.5'C/min. in vacua of 10-  torr

or better.

The dilatametric experiments were perfarmed with autographic strain

(6)gauge equipment that has been described by Elliott and Iliner

X-ray diffraction specimens for powder photographs consisted of

filings contained within clear-silica capillary tubes evacuated to 10
-5

torr.  The filings were prepared and loaded into the capillary tubes in

a glovebox containing a. helium atmosphere. The filings were stress-relieved

and water quenched in their evacuated and sealed capillary tubes.  These

tubes were protected during heat treatmerrt by being enclosed within thin-

walled silica sleeves.

Philips pawder cameras of 11.46 cm diameter were used in obtaining

(7)X-ray data at roam temperature, while a high-temperature diffractometer



was used in obtaining data above roam temperature. Nickel-filtered copper

radiation was used in most of the X-ray work, but a few photographs were

obtained with vanadium-filtered chramium radiation.  The lattice parameters

of the face-centered cubic 6 phase were determined by graphical extrapolation

of the a  values far the high-angle lines plotted against the Nelson and0                                                             -

Riley function.

The metallographic samples were prepared marrually in glove boxes using

standard· methods. Carbon tetrachloride was used as a lubricant in the

polishing operations.     A 10- second   swab  etch  of  1  part  HE',   1  part  HNO3

and 3 parts methanol, by volume, effectively revealed all the microstructures

in the plutonium-silicon system.  Diamond pyramid hardness measurements at

a,load of 25 g were obtained fram all intermediate phases in the system.

Hilliard and Cahn. have described the systematic point counting method(8)

for estimatingvolume fractions that was used in conjunction with standard

metallographic techniques to determine the camposition of two of the three

eutectics in the system. Since volume percent is not directly proportional

to weight percent, a density correction was applied by the method described

by C. S. Smith(9).

A filtration method was used to determine several liquidus values.

Silica filtration tubes with silica frits fused in the center were used

to contain the molten alloys.  The samples were equilibrated at their

filtering temperature (within f 5'C) in vacuum (10-5 torr) befare the

liquid was forced through the silica frit by admitting purified helium.

The helium was purified by being passed first through a charcoal trap

immersed in liquid nitrogen and then through a titanium chip furnace held

-5-



at  approximately  850 'C. The silicon content   of the filtrate was determined

by   a quarrtitative chemical method.

The melting points of same of the high melting plutonium-silicon

alloys were determined by visual observations.  The alloys were heated

in vacuum on a tungsten wedge, and the temperature at which the alloy

became molten was measured optically.  The temperature measuring system

was calibrated by observing the melting points of high purity. gold, silicon

and platinum on the tungsten wedge.  The melting points all agreed (within

7'C) with the accepted values for these materials.  Metallographic examina-

tion of same of the plutonium-silicon specimens that had been melted on

the tungsten wedge shawed no evidence of reaction between the sample and

the tungsten.  The tungsten wedge method has been described in d6tail by

Olson and I,#11 ford(10) .

3.      RESULTS AND DISCUSSION-

The plutonium-silicon phase diagram, as based on the present work, is
,

shawn in Fig. 1.  The system is characterized by five intermediate phases,

nominally Pu5si3 (t)' pulsi2 (11), Pusi (e), pu3s15 (L) and PuSi2 (K); by
three eutectics  and  by the slight solubility of silicon  in  6,   5'   and  €-

plutonium.

3.1 Zeta Phase (Pu5si3)

Cramer has determined the crystal structure.of C phase by single-(n)

crystal methods.  It has a body-centered tetragonal unit cell containing

4 for,mil a units of Pu5Si3.  The structure type is that of
W Si3'

space

group I4/mcm. Lattice parameter measurements made by the powder method
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Fig. 1.  The plutonium-silicon phase diagram.
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with CrKa radiation indicate that the compound has a narrow hamogeneity

range.  The lattice parameters of the zeta phase in a slawly cooled

33 a/0 silicon alloy were a = 11.385 * 0.005 and c = 5.443 f 0.003 A,

whereas an arc-cast 37 a/0 silicon alloy, which had essentially a single-

phase microstructure (see Fig. 2), had lattice parameters of a = 11.407 2

0.005 and c = 5.444 a 0.003 A.  The latter dimensions lead to a calculated
density of 12.00 a 0.02 g cm-3.

Zeta melts peritectically at 13770 f 10'C, as determined by observing

the melting of a 37 a/0 silicon alloy, and has a hardness in the range

between 350 and 490 DPH.

3.2  Eta Phase (Pu3Si2)

Eta was found by powder diffraction data to belong to space group

P4/mbm and to have the primitive<tetragonal U3Si2 type of structure and

2 formula units in the unit cell.  The lattice parameters of Pu3Si2

coexisting with small proportions of Pu5Si3 and PuSi in an arc-cast 40 a/0
silicon alloy (Fig. 3) were determined with CrKa radiation to be

a = 7.483 k 0.002 and c = 4.048 & 0.002 A.  These parameters lead to a

calculated density of 11.33 g cm-3.  The photnmicrograph of an equilibrated

40 8/0 silicon alloy (Fig. 4) shows essentially single phase eta.

Eta has a hardness value of about 660 DPH.  The peritectic tempera-

ture, 1441° + 10'C, was determined by the tungsten wedge method with a

40   a/0 silicon alloy  that   had  been heat treated   at   840°C.

3.3  Theta Phase (PuSi)

On the basis of X-ray powder data obtained with a 50 a/0 silicon alloy

and CuKa radiation, theta was found to be arthorhambic and isostructural
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with USi and ThSi .  The structural type is that of FeB, and the space
(12)

group is Fbrmt.  There are 4 formula units in the unit cell, which has

the dimensions a = 5.727 a 0.005, b = 7.933 f 0.003 and c = 3.847 k 0.001 A.

The calculated density is 10.15 g cm-3.  The WidmanstEtten structure

observed in an arc-cast 50 a/0 silicon alloy (see Fig. 5) suggests that

the compound may have a high temperature hamogeneity range.

An arc-cast 50 a/0 silicon alloy melted congruently at 15760 k 10'C

on the tungsten wedge.  Theta has a hardness in the range between 600 to 1000

DPH.

3.4      Iota    (-  Pu   Si    )35

The crystal structure of the L phase, as determined by X-ray powder data,

has been reparted by Ellinger and by Runnalls and Baucher to be of the(3)                               (4)

hexagonal A182 type, but silicon deficient.  In both referehces a camposition

of approximately 60 a/0 silicon is reported but the lattice parameters given

far the hexagonal unit cell differed as follows :

a = 3.876 + 0.002,. c = 4.090 + 0.002 A; (3)

a = 3.884 + 0.003, c = 4.082 + 0.003 A. (4)

The present work, however, indicates that the hamogeneity range of L does not

extend to 60 a/0 silicon.  As shown in Fig. 6, the microstructure of an arc-

melted 60 a/0 silicon alloy has an appreciable amount of interdendritic e

phase and after hamogenization at 840'C for 1000 hr the microstructure was

essentially unchanged.  There was a small amount of 0 present in a 63 a/O

silicon alloy but a 63.5 a/0 silicon alloy consisted entirely of L phase.

The unit cell dimensions of L were feund to be a = 3.875 k 0.004 and

-9-



c = 4.102 + 0.007 A, which lead to a calculated density of 8.96 + 0.04

g cm-3 as campared to the measured density of 9.03 g cm-3.

3.5 K  (- Pusi2)

Zachariasen was the first to identify the K phase, and did so by(5)

means of the powder pattern of a plutonium-silicon sample of unknown

camposition.  He found that K had the tetragonal ThSi2 type of structure

with lattice parameters of a = 3.98 + 0.01 and c = 13.58 + 0.05 A.  Later,

Ellinger reported the lattice parameters of the K phase in an alloy(3)

containing excess silicon to be a = 3.967 + 0.001 and c = 13.72 + 0.03 A.

Kappa was found to have a hamogeneity range and, as the silicon conterrt

of kappa decreased, the tetragonal structure was found to deform to an

orthorhambic structure.  The X-ray powder pattern (CuKa radiation) of a 64.5 a/0

silicon arc-melted alloy resembled that of the tetragonal K phase, except for

a general broadening and splitting of the lines that was suggestive of a

slightly distorted unit cell of the ThSi2'type.  Similar patterns were ob-

tained far specimens containing 65 and 66 a/0 silicon, but split lines were

not observed in the pattern of a 66.7 a/0 silicon alloy.  The broadened and

split lines were resolved in the pawder patterns when chramium radiation

was used.  These lines were indexed on the basis of body-centered ortharhambic

unit cells having dimensions as shawn in Table 1.  It is expected that the

Table 1
*

Alloy Camposition Lattice Parameters of K   (A)
a/0 Si                   a        b         c         b/a ratio

64.5 3.988 3.957 13·54 0.992

65.0 3.978 13·60 0.996

66.0 3.'973 3.966 13·64 O.998

66.7 3.968 3.968 13·71 1.0

*
The campositions of K are unknawn.
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orthorhambic structure will prove to be isostructural with the orthorhambic

rare-earth "disilicides" reported by Perri et al· (12)

As shown in Table 1, the b/a ratio goes from 0.992 at 64.5 a/0 silicon

to unity at 66.7 a/0 silicon.  However, the microstructures of these alloys

showed that only the 64.5 a/0 silicon alloy was single phase K.  The rest
.

of the alloys (65.0, 66.0 and 66.7 a/0 Si) contained increasing amounts of

the K/Si eutectic  (see Fig. 7). Homogenization of these alloys at  980°c

for 1100 hr resulted in no perceptible dissolution of the eutectic silicon.

The campositions of the K phase in those alloys are, thereforel unknown,

but it is evident that stoichiametric PuSi2 is not attained when the K phase

becames tetragonal.  To date there is no evidence that the arthorhambic and

tetragonal structures correspond to different phases.

3.6   Crystallization of the L and K phases.

The reactions of the L and K phases with the liquid phase were not'

conclusively established in the present investigation. The phases that

were observed in the arc-melted alloys in the composition range of 63 to 66 a/0

silicon are listed in Table 2.  The 64 a/0 silicon alloy was the only one

Table 2

Arc-melted Alloys

Camposition, a/0 Si Phases

63·0 L + trace e

63·5 L + trace (R ?)

64.0 K+L

64.5                                             K

65·0 K + trace (eutectic ?)
66.0 K + K/Si eutectiC
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composed of i and K, the L phase being present in a layer across the bottam

of the button (see Fig. 8).  The melting temperatures of the L and K phases,

as determined by the tungsten wedge method, in arc-cast alloys corrtaining

63·5 and 65.5 a/0 silicon, were found to be 1646' and 1638°C, respectively.

1 The hardness values far .i and I: were in the ranges 680-860 and 420-505 DPH.

3.7  Eutectics and Liquidus

The composition of the plutonium-rich eutectic (L e €-Pu + C) was found

- by metallography to be 3.6 k 0.3 a/0 silicon.  The eutectic temperature was

*
found  to  be   5900   k  2'C   ,   on the basis of differential thermal analysis   (DTA)

of seven specimens having compositions between 2.5 and 20 a/6 silicon.  The

eutectic camposition was difficult to locate, since the specimens that were

examined apparently undercooled sufficierrtly to precipitate both primary

E-plutonium and C (see Fig. 9), but the DTA and the filtration data both

lend same suppart to the choice of camposition.

The camposition of the eutectic that occurs between 0 and L was found

to be 54.5 i 0.5 a/0 silicon. This composition was determined first by

volume fraction analysis and was then confirmed by the usual metallographic

techniques (see Fig. 10).  The eutectic temperature, 1521' i 10'C, was

determined by visual melting point observations using the tungsten wedge

method on a 55 a/0 silicon alloy that had been heat treated at 850°C.

*
Limits placed on the temperature of an isotherm determined by DTA are
mean deviations.
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The  camposition of the silicon-rich eutectic  (L d K  + Si),
83 ·6 i 0.2 a/0 silicon, was determined by volume fraction analysis and

was  confirmed by the us1ial metallographic techniques  (see Fig.  11).    The

eutectic temperature, 12320 k 5'C, was determined both by DTA and by visual

melting point observations.  The values obtained by the two methods agreed

within 4°C.

Very few liquidus points were determined in the present investigation,

and, as a result, most of the liquidus is shawn as a broken line in Fig. 1.

However, the liquidus lying between 0 and 3.6 a/0 silicon in the diagram

was determined by DTA, and that portion indicated as a solid line above

3.6 a/0 silicon was determined by filtration.

3.8   Plutonium Allatropes

There appears to be very little solubility of silicon in a, B or 7-

plutonium since the addition of silicon to plutonium has very little effect

on the transformation temperatures of these allotropes.  The average trans-

formation temperatures for the allotropes, as determined by high-temperature

X-ray diffractametry and.dilatametry are a 0 0= 135'C and 0 9 7= 2120C.

The 6-phase solvus was determined by the lattice-spacing method.

Although the solution of silicon in the 5 phase does not stabilize it to

roam temperature, it can be retained in a metastable state at ream

temperature if the alloys are cooled at a sufficiently rapid rate fran

the 5 phase.  In the case of the X-ray samples, the alloy filings, contained

in evacuated silica capillary tubes, were plunged into water.

-13-



The alloy filings containing 0.5 a/0 silicon transformed partially

to  a  phase when quenched   from  450 °C while those filings corrtaining

0.75 a/0 silicon or more retained the metastable 6 phase.  Therefore,

under the quenching conditions used, slightly more than 0.5 a/0 silicon

was necessary to retain the 5 phase to roam temperature. Since it is

known that cold wark, such as is produced by filing action, causes the

metastable 8 phase to transform to a phase, then it could be expected

that the stresses set up during the quench would pramote the transformation

of the 6 phase at the borderline composition of 0.5 a/0 silicon.

The alloys that were hamogenized at 350'C and quenched also transformed

partially  to a phase, thus indicating   that the solubility limit of silicon

in 5 phase at 350'C is about 0.5 a/0 silicon which agrees with the

extrapolated 5-phase solvus shawn in Fig. 1.

Listed in Table 3 are hamogenizing treatments given the arc-cast buttons

and the lattice parameters of the 8 phase obtained with filings that were

stress relieved far either 5 ar 10 minutes at the hamogenizing temperatures,

and then quenched.

The lattice parameter/composition relationships of the 6 solid solution,

shawn in Fig. 12, are based on two experimerrtal points, one at 0.5 and the              -

other  at  0.75 a/0 silicon,   and  on the value  for  pure 6 plutonium, as obtained

by the extrapolations to 0% solute of the linear lattice parameter/cormosition
(13, 14)curves of the aluminum and cerium 5 solid solutions.

The 6-phase lattice parameter ahould have a constant value in all two-

phase 5+C alloys hamogenized at the same temperature. Hegever, as shawn

-14-



Table 3

Alloy Heat Treatmerts and 5-Phase Lattice Parameters

(a)                               -Heat Treatment
5-Phase LatticeNaminal Time at Temperature No.

C anp. . Temp. (hr) Parameter(b)         of
(a/0 Si) (OC) MillinnIm Maxilmim Phases (A)

· Sagples

0.5 450 1260 2750 5+a 4.6326 + 0.0003       3

0.75 465 600 600         6         4.6295 + 0.0004       2

0.75 450 1030 2870         8         4.6299 + 0.0001       4

0.75 400 1560 275o 8+C 4.6320 + 0.0001       6

0.75 350 1280 1280 6   +   C (+a)

1.0 465 600 600 5+C 4.6276 + 0.0002       2
1.0 450 1030 2870 5+C 4.6288 + 0.0002       4

1.0 400 1560 2750 5+C 4.6315 + 0.0001       6

1.0 350 1280 1280 5 + C(+a)

2.0 450 1030 2870 5+C 4.6282 + 0.0003       4
2.0 400 1560 2750 8+C 4.6306 + 0.0002       6

2.0 350 1280 1280 5   +   C (+a)

5.0 485 1050 2150 5+C 4.6252 + 0.0001       4

5.0 450 1030 1030 5+C 4.6275 i 0.0001       2

(a)  All the alloy buttons were held at 450'C far at least 1030 hr before the

final heat treatment at the temperature and for the time listed in the
table.

(b)
The uncertainty is the standard deviation.
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Fig. 12.  Lattice parameter/camposition relationships.
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in Fig. 12, there is a systematic decrease in the lattice parameter

values as the silicon content increases, i.e., as the proportion of C

phase increases.  The smallest values that were obtained at each tempera-

ture, corresponding to the largest proportion of silicon in solution, have

been taken to represent the solubility limits (see Table 1). The spread in

the lattice parameter values at each temperature corresponds to about 0.1 a/0

silicon, which is within the estimated uncertainty (0.1 to 0.2 a/0 Si) of the

solubility determinations.  Microstructural confirmation of the X-ray results

is shawn in Fig. 13 wherein a very small propartion of C phase still exists

in the 5 matrix ef a 1 a/0 silicon alloy kfter the hamogenizing treatments

at 450° and 4650(.

Delta phase is formed peritectoidally, €-Pu + C 9 8,a t 4970 k 3'c.

It decamposes eutectoidally, 5-Pu 9 7-Pu + C, at 3120 k 3 C (see Fig. 14).

The peritectoid temperature was determined only by DTA, whereas the eutectoid

temperature was determined by DTA, dilatometry and high-temperature X-ray

diffraction work.

The 8/ (5 + €) boundary was determined by dilatcmetry and by DTA.

R. 0. Elliott has shawn by high-temperature diffractametry that as
(7)

little  as  0.25 a/0 silicon eliminates  the 8' phase in plutonium-silicon alloys.

A 5 a/0 silicon alloy was hamogenized in the € +C field at 550'C for

500 hr.  When filings fram this alloy were quenched fram 550'C, the E-phase

transformed to 6-phase which had a lattice parameter of a = 4.6319 A.

According to the lattice parameter/composition curve shown in Fig. 12, this

value corresponds to 0.6 a/0 silicon in solution in the 5-phase, which

should also represent the solubility limit of silicon in E-phase at 550'C.
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5)   w.  H.  Zachariasen,  Acta Cryst.,  9,  94  (1949).

The maximum solubility of silicon in € phase can be determined roughly by

extrapolating the €/(L.+ €) boundary, as determined by DTA, to its intersection

with the eutectic isotherm.  This extrapolation gives the maximum solubility

as 1 a/0 at 590'C.  An extrapolation of the (5 + c)/6 boundary indicates that

the solubility of silicon in € phase at 497°C is 0.5 a/O.
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