
UNIVERSITY OF 

CALIFORNIA 

adiation 
oratcm 

TWO-WEEK LOAN COpy 

This is a library Circulat in9 Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 

Tech. Info. Dioision, Ext. 5545 

BERKELEY. CALIFORNIA 

UCRL 434 
cy, 2' 



· I , , 

DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. . 



. . .' 

." 

copy 2. 

UCRL-434 

Unclassified Distribution 

UUIVERSITY OF CALIFOPJJIA 

Radiation Laboratory 

Contract lIo. W...;7405-eng-4e 

HIGH l~LTING SILICIDES 

Leo Brewer, Alan v1. Searoy, David H. Templeton and Carol H. Dauben 

Lugust 28, 1949 

Berkeley, California 

\ 



.~ .... 

UCRL-434 

Unclassified Distribution 

standard Distribution 

}~gonne National Laboratory 
Armed Forces Special 'Wee.pons Project 
Atomic I:nergy Commission, i7ashington 
Batte lIe Memori a.l Institute 
Brool:haven National Laboratory 
Bureau of l!edicine and Surgery 
Bureau of Ships 
Carbide & Carbon Chemicals Corpl (K .. 25) 
Carbide e: Carbon Chemict'l.ls Corp. (Y-12) 
Chicago Operations Office 
Cleveland lxea Office 
Columbia University (Dunning) 
Columbia University (Fai 1113.) 
DoW' Chemical Company 
General Electric Company, Richland 
Hanford Operations Offioe 
Idaho Operations Office 
I01l'ra State College 
Kansas City 
Kellex Corporation 
Knolls Atomic Power Laborat ory 
Los Alamos 
Mallinckrodt Chemioal ~';or1:s 

Hass achusetts Institute of Teclmology (G13.udin) 
Massachusetts Institute of Teohnology (Kaufmann) 
Hound La.boratory 
Hational Advisory Committee for Aeronautics 
National Bureau of Standards 
HavalRadiol~gical Defense Laboratory 
lr.!:Pl':.. PI' 0 je ot 
He,,', Brunswiok Laboratory 
New York Opere.tions Office 
Horth .American Avaition, Inc. 
Oak Ridge Ne.ti onal Le.boratory 
Patent Advis or, VIaahington 
Rand Corporation 
Sandia Base . 
Sylvenia Electric Products, inc. 
Teohnical Information Dranch, ORE" 
U. s. Pub lio lIeal th Service 
UCL!~ MedicD.l Resee.rch Laboratory (We.rren) 
Universi ty of California l1o.diation Laboratory 
University of Rochester 
University of Washington 
Western Reserve University (Friedell) 
Westinghouse 

Total 

-lA-

No. Copies 

8 
1 
2 
1 
8 
1 
1 
4 
4 
1 
1 
1 
1 
1 
6 
1 
1 
2 
1 
2 
4 
3 
1 

.1 
1 
3 
2 
2 
2 
2 
1 
5 
1 
8 
1 
1 
1 
1 

15 
1 
1 
5 
2 
1 
2 
4 

119 



Introduction 

UCRL-/)l. 
-2-

In this paper a preliminary survey is made of the refractory properties 

of silicides of groups III through VII, and evidence is presented to establish 

the existence and composition of one tungsten, two molybdenum, and three tanta-

• lum silicides besides tpe N£i2 compoundsalreadi proved to exist. 

The compounds of metals with silicon have received in3ufficient attention 

in the chemical and metallurgical literatures. In Table I are listed all the 

silicides of groups III - VII whose structures were reported up to January, 

1949, including M03Si whose existence and structure are first reported in this 
\ 

work. A number of additional silicides of these metals have been reported, 

but must often be considered unproved as to composition because of the impurity 

of materials employed and the difficulty usually present of separating several 

substances of very imperfectly known properties before analysis could be made 
I 

for composition. 

In the direct investigations of metallic silicides that have been so 

far reported there is little to indicate that any metallic silicides are· 

stable, high melting compounds. Only two compounds in the silicon-metal 

phase diagrams given in Hansen(7) show melting points higher than that of 

silicon itself. VSi2 has a melting point of 1927°K~8)Moissan and Holt(9) 

report that V2Si has a still higher melting point. 

(10) . 
I From extrapolating his experimental pOints, Vogel pred1cted a 

CeSi with a melting point of about l8000K. However, CeSi2 has ~ince been 

proved to exist by the identification of its crystal structure(4)'. Since 

all Vogelts data were taken at higher silicon concentrations than that of 

CeSi2, they should be reinterpreted as indicating a melting point for CeSi2 

of about l7l00K. No conclusions as to the exi3tence or stability of CeSi 

can be made from his work. 
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Qn::sta1 Struc't!1!Ies for Si~icides.9f GroU'Es !.!L:-1Y: 

Com12ound "S.Ime~ Reference 

.. MnSi Cubic (T4) (1) 
<' 

Cr3Si Cubic (~) (1) 
'. , 

V3Si (2) 

Mo3Si This work 

Mn3Si Cubic (06) (1) 

ThSi2 Tetragonal (D19) 
4h 

(3) 

CeSi2 (~.) 

a-USi2 (;.) 
.. 

PuSi2 (4) 

NpSi2 (4) 

'MoSi2 
17 Tetragonal (D4h) (1) 

WSi2 (1) 

ReSi2 ( 5) 

ZrSi2 
17 Tetragonal (D2h) (1) 

,Ii U3Si2 Tetragonal (DS ) (4) 
4h 

,-, 
'. MnSi2 Tetragonal 

CrSi2 Hexagonal (~) (1) 

VSi2 ( 5) 

CbSi2 ( 5) 

TaSi2 (5 ) 
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Table I (Continued) 

Compound ~metrI Referen~ 

~ (j-USi2 Hexagonal (~h) (4) 
,0 

Mn~i3 Hexagonal 3 (D6h) (1) 

TiSi2 Orthorhombic (D~4) (6) 
( 
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Despite the absence of direct evidence that stable, high melting·silicides 

can be prepared, we f~lt, from a comparative study of halides, oxides, sulfides, 

nitrides and carbides, that markedly stable silicides might be found in the 

region .between Zr and Ta.(ll)Accordingly, we restricted our study to silicides 

of Ti, Zr, Cb, Ta, Mo,and W, placing major emphasis on the last three of 

these silicon-metal systems because of the ready availability of these metals 

in pure powder form. 

All preparations were by direct synthesis from the elements. The silicon 

used analyzed 99.87% pure. The principal impurities were carbon and aluminum. 

The purity of the metals used was verified by examination of their X-ray dif-

fraction and spectroscopic lines. The X-ray analysis indicated pure metals 

and the spectr.oscopic examinations revealed no major impurities. 

The samples were mixed together as 100 to 400 mesh powders and heated 

to the desired temperature in the induction furnace described by Brewer, 

Bromley, Gilles, and Lofgren(14). Approximately 3/4 atmospheres of argon 

was used to inhibit silicon volatilization during reaction. The crucibles 

and samples were weigrred before and after heating. The weight changes ob-

served were usually less than one percent of the weight of the samples. 

Metal to silicon ratios in the reaction products then were calculated on the 

assumption that all the weight losses were due to silicon volatilization, ex-

cept for a few molybdenum-silicon heatingsin non-degassed A1203 crucibles. In 

the latter heatings the silicon loss was assumed to be slightly less than 

the total weight loss. 

The heatings were made in molybdenum, in A1203 and in TaSiX containers. 

It does not apnear, from comparison of the re3ults of similar heatings in 

different containers, that composition of the samples mixed can have been 

changed more than two or three percent by reaction with either molybdenum or 

alumina containers a3 long as the silicon to metal ratio was less than 2 •. 
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In each metal-silicon system, spectroscopic examinations were made for 

contamination by Al and by Mo of the containers. All examinations showed less 

than .01% container contamination except for a W".'87Si".13 sample which showed 

between .01-.1% molybdenum after being heated 32 minutes near 2290 oK. One 
I 

would have expected little reaction of the metals or silicon with A1203; 

,however, use of molybdenum containers is possible onJy because the sili?on 

reacts rapidly with the metal powder with which it is mixed, and equilibrium 

is never established with the container because of the slowness of solid 

diffusion. Serious attack on the molybdenum containers 3hould be expected 

whenever there is silicon present in excess of that in the highest silicide of 

the system being studied or whenever the sample reaches its melting temperature. 

The only attempt to prepare compounds of higher Jilicon to metal ratio 

than 2/1 was made in the tantalum silicon system. The silicon there ate through 

the bottoms of the molybdenum crucibles used, giving a mixture of TaSi2 with a 

weaker MoSi2 pha3e. Probably silicon to metal ratios higher than 2 could be 

heated.in alumna crucibles without 'crucible atta.ck, but' no attempt was made 

to do" 'so, since any phases of higher silicon content than m3i2 would·, doubtless 

be rela~ively low melting and'have high silicon partial pressures • 

.. . 
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Results 

The data for the preparations carried out are summarized in Tables II, III, 

IV and V. The first columns of these tables list the. notebook designations of 

samples heated. The second columns give the molal compositions of metal and 

silicon mixed and,. when the samples are rehel:ltings, give the designations of 

the samples being reheated. The. third columns list the containers used. The 

fourth columns contain the highest temperatures read in degrees Kelvin during 

the runs and the fifth columns give the approximate time that the temperature 

of the samples were within 1000 of the maximum temperatures. The sixth 

columns give the percentage weight 103s of the samples assuming the weight 

losses of crucibles and samples are all due to volatilization of sample. 

The seventh columns contain the compositions which would be present after 

heating if all the weight 10s.3es were due to silicon volatilization alone, 

and if the containers did not react. The final columns contain the phase 

assignments made after X-ray and spectrographic study of the samples prepared. 

The samples in each table ar-e given in order of decreasing silicon content. 

The·phase giving the stronger X-ray pattern is underlined. It should be re-

membered that a phase with a simple structure will give a strong X-ray pat-

tern even when a relatively small amount is present. 

Table II reports the tantalum silicide prepa~ations. Three phases besides 

the previously reported TaSi2(12, 5) were found. The crystal structures have 
., ' , 

not yet been identified, but on the basis of the preparations completed the 

phase assignments TaSi. 60±.05' TaSi. 4±.1 and TaSi.2±.05 seem reasonable. 

The only 

anomaly is the appearance of a phase in Sample2S63b which could not be 

identified as one expected in the Ta-Si system from results of any of the 

other heatings. 

Of the three molybdenum silicides reported in Table III, only MoSi2 was 
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Table II 

Ta-Si PreE~ations 

Sample No. Compositions Mixed Container Maximum TO K. Tima, in Minutes, % Weight Probable Phases 
wEhin 100° of Lost Composition Found 
M8.ximum T em-pera- of Products 

ture. 

lS69g Ta.115Si.885 Mo 1920 9( ,rac. =10-5atm) Attacked CrUcible I.a.5i2, MoSi2 

lS69h Ta. 221Si .779 ~no 1920 9('''~'' -10-5atl11) ' Vc.l. I 
... 0- ..... Attacked Crucible TaSi~MoSi2 

1356a Ta.33SSi .665 Mo 1950 17 l.~. Ta.35Si .65 TaSi.60,TaSi2 

2859a Ta .3fi .65 Mo 2380 /,,3 Attacked Crucible --------
.. 

lS91d Ta.408Si.592 Mo 1920 3 .75 T~L.2.Si. 58 TaSi • 60' TaSi2 

lS93c Ta.L.zSi.58 (lS91d) Mo 20L,0 11 .14 Ta .42Si .58 T3.Si. 60' TaSi2 
.. 

Ta. 50Si . 50 IS54c Ta .l..96Si• 504 Mo 1930 12 .2.6 TaSi .6().?'raSi2 

lS93a Ta.5~qi.50 (1~54C) TaSiX . 20l0° 11 Ta. 50Si. 50 TaSi .60,TaSi2. 
.. " 

IS91c Ta. 57 4Si .426 Mo 1920° 3 .16 Ta. 57Si .!'3 TaSi.60,TaSi2 
.. 

IS93b Ta. 57Si .4.3 (IS91c) Mo 2040° 11 .68 Ta. 59Si • L,1 . ~. 60, TaSi2. 

3S75a Ta. 59gSi .L~02 A1203' 1880° 35 .• 62 Ta.62Si .38 ~i.60 

3S75b Ta.633Si.367· AIZ03 1880 35 .25 Ta. 6l..Si .36 TaSi .",TaSi 60 .. . 
IS54b Ta.666Si.334 Mo 1930 12 .03 Ta. 67Si • 3.3 TaSi!... .. 
2$63b Ta.716Si.284 TaSiX 2300 19 -.22 ~.20,(?) I 

00. 
I 

IS91b Ta.735Si.265 Mo 1920 3 -.08 Ta.73Si.27 ~.4 
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Table II (Continued) 

Ta-Si Pre~gr~~ 

Sample No. Compositions Mixed Container Maximum TOK Time, in Minutes, 
wi-i;hin 100° of 
Maxi!'lUlll Tempera-

ture. 

2S59b Ta.74Si.26 (lS91b) Mo 2380 43 

lS69b Ta.77sSi .222 Mo 2180 6 

lS9la Ta.841Si.159 Mo 1920 3 
.. 

2S59a Ta.84Si-.16 (lS91a) Mo 2380 43 

lS69a Ta.890Si .110 Mo 2180 6 

• 1:' 

% Weight Probable 
Lost Composition 

of Products 

.01 Ta.7gSi .22 

-.15 Ta.84Si .16 

-.03 Ta.89Si".11 

Phases 
Found 

Ta, TaS1. 20 

TaSi.J., TaSi .20 

Ta,TaSi. 2() ~.4 

1!!, TaSi. 20 

Ta, TaSi. 20 . 

c::: 
~ 

It-i 
\.0 I 
I t--. 

UJ 
t'--



~:J ' .. . " 

~ 

Table III 

Mo-3i Preparations 

3amp1e No. Compositions Mixed Container Maximum TOK Time, in Minutes, % Weight Probable Phases 
within 100° of Lost Composition Found 
MaYimum Tempera- of Products 

ture. 

331,.8c Mo. 31gSi. 682 A1203 2120 20 <6.46 Mo .3sSi .65 MnSi2 

336oc Mo. 3973i• 603 A1203 1930 68 ( 1.21 Mo .4oSi .60' MoSi.65, MoSi2 

1358a Mo • 4133i .557 Me 1960 9 .77 f.Io .4~i. 55 (?) , LoSi2 
.. ~ .. " 

3348a Mo. 5163i • 484 A1203 2120 20 < 2.17 Mo. 543i .l,6 MoSi .65, MoSi2 
.. .. 

334c Me. 57sSi .422 Mo 1950 3 .35 Mo. 5sSi.42 ~nSi .65, MnSi2 .. 
3360b Mo. 59~i .405 A1203 1930 68 < .95 Mo. 6<p' i • 40 , MnSi.65 

334b Mo • 6733i .327 Mo 1950 3 .21 Mo .6gSi .32 Mo Mo)§.! MnSi 65 J- J • 
.. 

3348b Mo. 6763i• 324 A~03 2120 ·20 < 1.15 Mo • 6cf3~ • 31 M23§!, MoSi .65 

3360a M~.69Bi.31 (3S48b) A1203 1930 68 .16, Mo. 70Si .30 Mo,3§!, MoSi .65 . . 

3S4a Mo. 7 4,si .255 Mo 1950 3 .n MO.7~i.25 Mo,MoJSi, MoSi .65 
.. 

3S16d Mo. 747Si.253 A1203 2160 6 <1.19 Mo. Upi .24 M03Si 

)SIb Mo. 75~Si.249 Mo 2430 3 1.11 MO.77Si.23 Mo, MOJSi 

3S42c MO.773i.23 (3S16d) Mo 2290 32 .98 Mo. 788 i • 22 M03§.! c:: 
(') 

::0' 
~'l 
o·po.. 
I W 
~ 

I 
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Table IV 

W-Si Preparations 

Sample No. Compositions Mixed Cor.ltainer Maximum TO K. Time in Minutes, % Weight Probable Phases 
within 1000 of Lost Composition Found 
Maximum Tempera- of Product 
ture. 

lS9lf W. 403Si • 597 Mo 1920 3 .12 W. 41Si. 59 
WSi.p WSi2 

.. 
3S16a W. 41Si. 59(1S9lf) Mo 2160 6 .28 W. 41Si. 59 WSi.7' ~2 

.. , . 

1S58c W • 49eP f . 502 Mo 1960 9' .17 W. ScPi .50 WSi:p WSi2 
.. 

3S15a w. 5oSi.50 (1S58c) Mo 2160 6 .22 W. 51Si .49 !§i.7' WSi2 
,. .. 

3S750 W.58~i.418 A~03 1890 35 .35 W. 5<?i .41 WSi.7 

lS91h W.631Si.369 Mo 1920 3 .13' W .6J!3i. 36 !, WSi .7' WSi2 

3S16c W. 64Si. 36 (lS9lh) Mo 2160 6 .09 W.64Si .36 W, WSi. 7 

3S42b 
.. 

w". 64Si'. 36 (lS9lh) Mo 2290 32 .19 W.64Si .36 ! WSi.7 
.. 

lS91e W. 754Si .246 Mo 1920 3 .06 W. 76Si. 24 ~ WSi.7 

3S15b W·. 76Si·.2~ (lS91e) Mo 2160 6 
.. 

.00 W. 7~i .24, ~ WSi. 7 

lS91g W. gr oS i .130 Mo 1920 3 .10 W.S7Si .13 ~WSi.? 

3S16b W·. S7Sl. 13 (lS91g) Mo 2160 6 .29 W.SgSi .12 W:, WSi. 7 c: 
0 

3S42a W .S7Si .13 (lS91g) 2290 32 .l!~ W .S8Si .12 }!,WSi.7 
,t ::0 

Mo ...... t-' 
f-' t 
t~ 

W 
'='--



Sample No. 

lS56b 

1S56c 

1S58b 

lS69c 

/,. 
... ~. 

Compositions Mixed 

.. 
Zr. 496Si .504 

Ti. 51cPi .490 

.. 
Zr.66Si.34 

... 
Cb. 5438i .1.:.51 

'<t - ,r 

Table V 

Miscellaneous Si Preparations 

Container Maximum TOK Time in Minutes within 
1000 of Maximum Temper-

ature • 

Mo 1950 17 

Mo 1950 17 

Mo 1960 9 

Mo 2180 6 

% Weight 
Lost 

1.13 

3.26 

.61 

1.46 

~ 
1::0 
I-'t"f 
l\) I 
I~ 

w 
p... 

• 
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previously known. It was reported independentlY by Honigschmid, by Defacqz, 

and by Watts (as reported by Hansen7), and was proved by the structural 

determination of Zachariasen(13) •. Several investigators have reported 

M02Si3, but never with clear cut evid~nce and several others have tried, 

," " but raiied to make this compound. We find no such phase,' but cannot exclude 

;i 

the possibility that Mo2Si3 is stable below 1930o K. We do find a phase 

MoSi.65±.05 and a phase which, from the compositions which show it, we would 

call MoSi .35±.05' The structu"'e of this last phase is primative cubic, 

a = 4.890±.002, space group oA. There are six Mo and two Si atoms per unit 

cell. The X-ray density is 8.97±.Ol and the experimental density is 8.4±.3. 

The phase then is M03Si. It is isomorphous with Cr3Si and V3Si. The formula 

M03Si agrees well with the composition MoSi.35±.05 found for the phase from 

our comparison of phases found with compositions prepared. An anomolous phase 

was frond in an early heating which could be a phase of compositions around 

MoSi which is stable below 1960oK. The picture was poor. 
; 

We find two phases at high temperatures in the tungsten-silicon system. 

WSi2, which was di3covered by Defacqz and Honigschmid (as reported by Hansen7) 

and 'confirmed by the structure determination of Zachariasen(13), and a 

previously unknown phase, WSi.7±.l' The W2Si3 phase, whose existence has been 
. . . 7 

claimed by some experimenters and denied by others( )was found not to exist 

at the temperatures studied, that is above 1920oK. 

The prediction that molybdenum, tantalum, and tungsten silicides would 

be high melting is verified by our experimental results. In none of our 

heat~in these three systems was melting observed, though crucible attack , 
by a mixture of TaSi2 and TaSi.60 heated to 2380 is probably evidence for -

melting. below that temperature. In Table VI we have listed lower limits to 

the lowest temperatures of liquid existence between each pair of adjacent 



'. 

~se Regi.QD 

TaSi2 .. TaSi .60 

TaSi .60 - TaSi. 4 
. . 

TaSi. 4 - TaSi. 20 

Ta.20 - Ta 

MoSi2 - MoSi65 · 

MoSi.65 .. M03Si 

Mo3Si .. Mo 

WSi2 - WSi. 7 

WSi.7 - w 

Table VI 
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Lower Limits to Eutectic Temperatures 

2040 OK 

18800 K 

2180 0 K 

2380t'K 

2120 0 K 

2120 0 K 

2430 0 K 

21600 K 

. 2290 oK 
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phases. or course liquid perhaps may not appear till several hundred degrees 

above the temperatures given in Table VI • 

. One sample between Wand WSi-. 7 in composition when heated to 27200K in a 

W crucible fused into the crucible. But in that heating three phases were 

found and the lattice constant of the tungsten was shifted. Both these things 

indicate some impurity from the shields or furnace atmosphere was present 

which may have lowered the melting point. 

" A sample of composition Ti. 5ISi. 49 partially fused below 1950e K, and a 

sample of Cb. 54Si .46 partially fused below 21800 K. We have already quoted a 

melting point of 1927°K for VSi2 and estimated a melting point of 17100 K for 

CeSi2, with presu~ably lower temperatures of melting for compositions between 

phases. All buttwo of the tantalum, molybdenum, and tungsten silicide s.ystem 

eutectic temperatures have been shown to be higher than 2120°, with at least 

one eutectic above 2430o K. It appears that the highest melting silicides are 

those formed by the heavier metals of groups III - VII, thOl1gh the evidence 

is incomplete. 

Most of the silicides we prepared were grey or blue"'grey powder-s, but the 

columbium and titanium samples w~ich partially fused had silver blue metallic· 

appearances. The Ti.53Si.L.7 sample was very porous which, coupled with its 

relatively high :"Jeight loss during preparation, sugge3ts that the Ti-Si system 

has higher silicon partial pressures than those of the other systems we inves-

tigated. When silicon powder was heated rapidly to 21200K in a tantalum cru

cible the heat of reaction was great enough to fuse the crucible and the 

three molybdenum plates immediately below it. The product was a mixture ofTa 

and TaSi. 20 and one of Mo and M03Si. Both mixt.ures had silver, metallic 

appearances. 

The weight losses observed during ourheatings were low, and it appears 

that some, at least, of these silicides will have low silicon partial pressures. 

Vapor pressure determinations will be made soon. 
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The X-ray diffraction pictures of this work were taken by Mrs. Lee Jackson 

and the spectroscopic analyses were made by' John Conway and M. Moore. 

Summary 

The tantalum silicon, molybdenum-silicon, and tungsten-silicon systems 

have been investigated for solid phases stable above 1900oK. Three new 

tantalum silicide phases, two new molybdenum silicide phases, and one new 

tU!Jgsten silicide phase, are reported besides the MSi2 phases previously 

known •. The crystal structure of M03Si is described. Lower limits for 

eutectic tempera-':",ures are given for the tantalum-silicon molybdenum-silicon, 

and tu.:lget9:t'.-sHicon systems, and the relative stabiUties of the group III 

t.hrough I.~II metallic silicides are discussed. 

This. work vms done \.Ulder the auspices of the Atomic :8nergy Commission. 
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