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The silicides of Ti, Zr, Ce and Nb were investigated to determine the
phases present at temperatures around mt. The reactions of silicides
of T4, Zr, Ce, M, Ta, Mo and W with carbon were studied at these tempera=
tures, Also a limited amount of work was done on the reactions of some of
the silicides with nitrogen, The data have been used to establish ternary

phase diagrams for the systems and to obtain upper and lower limits for the
heats of formation of the silicides, |
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The silicides of T4, Zr, Ce, Mo, Ta, Mo and W were investigated in order
to obtain thermodynamic data on their stabilities and thus determine their
importance as refractories. These metals are expected to form the most stable
silicides from 2 comparison with the carbide stability region in the perdodic
tadble,

The disilicides of the above metals are well known., In addition to these,
lover silicides have been reported for T, Zr, Nb, Ta, Mo and W, In this work
most of the reported silicide phases are confirmed and lower silicide phases
are reported for the Ce-51 and Nb-8i systems. The newly found phases are
given in Table I. A limited amount of work was also done on the Nb-C and Ce-C
systens, MNew phases that vere found are given in Table I,

Combustion calorimetry and solution calorimetry are not easily applicable
in determining the heats of formation of silicides due to their inertness
tovard oxidation and solvents. Dissociation pressure measurements would

probably be the most applicable in determining the stabilities of the silicides.
Searcy and McNees® have determined the stabilities of the rhenium silicides by
studies of this type. In order to undertake studies of this type on other
refractory silicides, infornation on the phases present, their approxisate

stabilities and suitable containers are of great importance.
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In this work we have resorted to high temperature equilibrium studies
involving silicides im order to cbtain useful information about their stabilities,
By comparing the stabilities of the silicides with the corresponding carbides
and nitrides it was posaible to set upper and lower limits to the stabilities

of muy of the silicides. &\ﬂ&mpnmmmm
relative stabilities of the silicides.
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EXPERIMENTAL PROCEDURK

T™he N85 and N850 mll-lla-ct reactions were carried oul by mixing
together 140 to 400 mesh powders of the reactants and Meating thes in Mo or
graphite crucibles in bhe inductively heated equipsent described by Brewer,
Bromley, Gilles and Lofgran.® Mo crucibles were found to be satisfactory
containers since in most cases the Mo silicides were less stable than those
of the other metals studied, In those cases in which the sample silicides
were less stable than the Mo silicides, crucible attack mn did not ocowr
providing that the samples did net fuse, A protective silicide layer on the
surface of the Mo evidently prevented further attack, Graphite crucibles
were used when the samples contained graphite in excess. Usually equilibrium
was rapidly established between the reactants which then sintered and drew
away from the comtainer.

Cerium metal powder could not be used because of the muu'm
Therefore the cerium silicide samples were prepared by allowing smll pleces
of corium metal rod to react with silicon or silicon plus grephite powders.

Most of the reactions were carried out at about 2100°K, In the case of
the samples containing cerius the heatings were carried out at 1600°K. Three
fourths of an atmosphere of argos was used in the systems to suppress volatilie
sation of the 8i. ‘

The u-u-az systems were studied by allowing metal and silicon powder
mixtures to come into equilibrium with N, gas at about 3/4 atm pressure and
at warious temperatures, When sintering took place in the samples it was not
cortain that the sample was homogensous throughout., For this reason it was
found to be necessary to u\uodualz into the samples in the ronetu,l‘.
Mo containers were again used for most of the heatings. However Mo containers
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were found not to be satisfactory in the case of the T4 and Zr aystems because
of crucidle attack, M.mw&n“htmmhm
uu-mummctmm,nnmmumm,

The sasples were quenched by turning off the induction heater and allowing
the samples to cool in the presence of A or N, It required about three minutes
for the samples to cool from 2100 to 1200°K,

X-ray powder diffraction patterns were taken of the resulting samples,
mgmuumwmummum.um:.
radiation used when measurement of lattice parameters was involved.

Temperatures were measured Vith optical pyrometers calibrated with
standardised tungsten filament lamp obtained from the National Buresu of
Standards. The samples were sighted through an opticsl glass window which
was protected by a metal shield from any material effusing from the furnace
when readings were not being taken, The appropriate vindow corrections were
applied to the temperature readings. '
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STARTING MATERIALS

The silicon metal was obtained from the J, T, Baker Chemical Compary in
the form of lusps, It was ground to finer than 140 mesh with a steel mortar
and pestle. Spectroanalysis showed the main impurities to be: T4 less than
1%, Cr 0,1-1% and Al and Po approximately 0,18, X-rey analysis showed a very
weak unidentified second phase, ~

The Zr metal was cbtained in the form of high purity sponge amd of rather
impure powder. The main impurities in the powder were dissolved oxygen and
nitrogen, X-rey diffraction showed two Zr phases—one set of lines corre-
sponding to pure Zr and the other to Zr with dissolved 0 or N. The phase
with the expanded lattice (a = 3.26 A, c = 5.19A) corresponds to 22 atomis
% oxygen assuming that all of the dissolved gas is oxygen.”

Ignition experiments showed that the Zr contains 21.4 atomie $ (454
wt, £) oxygen. The walue numwuu'wmcnm»bo correct,

X-ray analysis of the T4 metal showed that it also contained dissolved
oxygen and nitrogen, Assuming that all of the dissolved gas is oxygen the
lattice constants (a = 2,95 A, ¢ = 4,69 A) indicate 4.5 atomic percent mn."

The main ispurity in the Ce metal was 5 atomic £ carbon.

A1l of the other metals were of 99,9% or greater purity.
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Brewer, Searcy, Templeton and Duuben’ have investigated the Ta-Si, Mo-Si
and W-8i systems for the phases present at the temperatures of interest in
this inwestigation. The phases Miz, Mio.b. mxo.“, and M’wo.z were
found in the Ta-Si system. In the Mo-Si system the phases llnsiz. llo,Bi2
(lluuo.”), and No331 were found, The W-3i system showed the phases WSi,
and '10.7'

In an x-ray investigation of Ta-Si system by Nowotny, Schachner, Kieffer
and Benesovaly,® strustures were assigned to phases Ta, Si, Ta 1 and TaSi,.
The x-ray pattern found for Ta '581 '9' different than for the Tuslo.z
reported by Brewer et al, These two phases may be high and low temperature
forms of the same compound. nzss. corresponds to the Mio.l. of Brewer et al,
The ‘h5313 pattern however is different than for the Mio‘é phase reported
by Brower et al, The two phases my again be high and lov temperature
modifications or, as will be discussed later, the n5313 phase my have
been stabilized by graphite,

In this work the systems Ti-S54, Zr-8i, Ce-Si and Nb-Si were investigated -
for the phases present at high temperatures. The results of these heatings
are presented in Tables II-VI, The symbols s, (strong), m.s. (moderately
strong), m. (moderate), m.w. (moderately p&). w. (weak) and v.w. (very
vetk) refer to the observed x-ray intensities. The final temperature
before quenching has been given in the tables. If the annealing temperature
exceeded the final temperature before quenching by more than 25° then the
maximum temperature attained is alsc given., Mo containers were used for
all of the heatings unless otherwise indicated. Any evidence of melting of
the sample has also been indicated. In all cases that the samples fused,
they had a silvery-gray metallic luster. |
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Ti-84 System. In addition to 1‘1312. the ﬂ,ﬁt’ phase reported by Pietrokowsky
and Duves’ was found., At 2105°K, a sample containing 30,08 Si melted, a sample
containing 33.58 Si wis sintered and a sample comtaining 37.5% 51 was partially
melted, This shows that the sample at 33.5% Si falls within the homogeneity
range of 1‘1,813. The lattice constants of 1‘15313 were visually observed to
vary contimuously as we went from 20% to 60% Si., They were largest at 208

and smallest at 60% Si. This effect is partly due to the homogeneity range

of 1‘15813. pnruy. due to the presence of a small amount of oxygen in the ™1
starting material, and may also be partly due to Mo dissolving in the ‘1‘15813
lattice. The lattice constants of 1‘15813 in the sample containing 37.5% Si

'mm:undandtmtobol-'l.hl?tO.MAMc-S.lJStO.Ml

as compared to & = 7,465 £ 0,002 and ¢ = 5-165 % 0,002 reported by Pietrow
koweky and D'mns.”

The TiSi phase reported by Hansen, Kessler and NoPherson® was not
definitely observed. Many weak lines appeared in the TiSi region along with
1'1581’. These lines appear to be due to several phases, one of which w'
correspond to the TiSi reported by Hansen et al. m12 and 1‘1’313 were found
together in one sample indicating that any intermediate phases must have dis-
proportionated upon aquenching.

Attack of the crucible by a sample conhhd.n‘g 67! Si showed that Mo is
capable of reducing TiSi, to T4 81,, Also the presence of No in fused samples
of ﬂ5313 indicates that 1'1;313 is stable in the presence of Mo,

Zr-81 System, Lundin, McPherson and Hansen’ have reported the phases Zr8i,
ZrgSig, ZrS1,, 2,81, Zr,81 and 2,81 in addition to the previously known
zmz. The phases were identified by metallographic analysis, IX-ray amalysis
was also applied to a limited extent, IX-ray diffraction studies by Schachner,

s T o e e
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Nowotny: and lhchcmchnlkm on the Zr-Si system have indicated that the phase

k,&lj with the llnsS!.3 structure is the only phase present in the region
between 2:281 and ZrSi. Samples containing the lower silicides were supplied
to us by Dr. McPherson for comparison with our phases,

X-ray analysis of Dr. McPherson's samples showed characteristic patterns
for the reported phases. The best zr,.a pattern was found in a picture which
also contained Zr, Zr,Si appeared along with a small amount of Zr/Si. 2Zr8i,
appeared in single phase. It was found to have the Hnisia structure with the
lattice constants a = 7,958 + JO05A, ¢ = 5,564 & ,005A, 2r5313 is probably
a more appropriate designation for this phase in associating it with its
structure., In comparing the lattice constants for z:-5313 here with those
in our work we found that the values did not agree. This is an indication of
a large homogeneity range for zr5313. The z:-ku3 and z:-6315 phases appeared
in what seemed to be single phase. The ZrSi phase agreed well with cur ZrS!
samples, however it appeared %o have a few extra 1ines, Our work showed that
2r8i does not index well on the hexagonal lattice reported by Lundin et al,

For preparing our compounds of Si \}ith pure Zx, small pieces of the
lpongéhm first allowed to react with Si metal powder for an howr at
1952°K, Some of the samples were then powdered to 140 mesh or finer and
reheated,

During the first heating a sample containing 22.4% (8.17 wt %) 81 fused
with no apparent crucible attack, The x-ray pattern was not identified with
any of the known phases, It appeared to be single phase and may be a high
temperature form of Zr, S At 35% 81, Zr,S1 appesred in single phase,
ufin.monnmmthrﬂnlng samples ranging up to 50% Si under none-
equilibrium situations., The lattice paramsters of zr231 in the presence of
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hfl,mtmdbbon-&“ﬁt.ﬂldc-s.mt.Glluccdiuto
the tetragonal struture established by Schachner et al.’? Upon powdering

and reheating the samples containing from LO to 508 84, the Zr 51 disappeared.

At LOE 81 the phase Zr’u’ appeared. At 45% Si h;!t.’ sppeared along wvith

. h}t, and tréus and at 50% 54, zr’u’ appeared along with n-sus and Zr8i, '

Although equilibrium was not completely established, the eral, and zr‘M’
phases were confirmed.

In the heatings with the impure Zr powder, ZrSi amd &"31, were obtained
as single phases while patterns for tr‘Sl’ and !réi, were indicated but could
not be positively identified due to the presence of large amounts of b,bt,
and 2rSi in that region.

These results indicate that the Abun« of the zrsu and 2r M) phasos
in the work of Schachner et al'C may be due to the presence of an impurity
such as 0 or C, mu,u,-;um.umm suf ficlent oxygen or carbon
80 that the 2r681$ and Zrkﬂ, phases disproportiomate due to decreassd Ir
activity in the n-,u, phase, Our work on the Zr-8i-C diagram shows that
C does indeed dissolve in n-;u,.

zrzu and u-,‘st were not found at 2000°K \‘ha the 54 content was lower
than required for eru’. Inatead h’lt, appeared in equilibrium with Zr
metal having a largely expanded lattice, However at 1700°K a sample cone
taining 19% 81 showed the phase n-zn in equilibrium with Zr. The presence
of oxygen evidently affects the stability of the b,.!t and 8:'281 phases by
lowering the Zr activity sufficlently so that they disproportionmate. As the
solubility of oxygen in Zr decreases with temperature the astivity of &r
increases, At 1700°K the activity of Zr has increased sufficiently to

stabilize the Zr,Si phase. The presence of oxygen in this systea also
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rajses the eutectic temperature in the zx-2rssi.3 region. At 2000°K, the
samples in this region were well sintered and were probably close to the
eutectic temperature. '

Samples containing more than 50 atomic % Si were attacked by the
erucible if allowed to fuse., ZrSi and lloSL2 were the romitant phases in-
dicating that Mo is capable of roducixg' eriz‘to ZrSi.

Experiments were done by William Hicks'™ to check the stability of the
silicides in the presence of Zroz. When Zx-o2 was heated with Zr and 8iin
the mole ratio of 1:1':2 the phases z:-()2 and 2r812 were found. 2r02 was also
heated with Si in the ratios of 1:1 and 1:2, Here the phases 2r02 and
eriob appeared; however, Si metal was not found in the pictures. The absence
of Si may be dus to the sample picking up oxygen during the heating, or
ternary compound formaticn between z:-o2 and Si. Assuming that the latter is
not the case, the results show that Si and eriz as well as 2rSi, z:-c%i »

Zr Si, and Zr.Si, are stable in the presence of Zr0,, According to this the
following reaction will proceed as written:
1/2 2r81, + 1/2 810, ——> 1/2 20, + 3/2 81

> 258  =105.1 ~130,9

Assuning that 8S30q = O and AC_ = O for the reaction and using Brever's'”
values for the heats of formation of the oxides we calculate an upper limit
of AH;” > «25,8 keal, per equivalent of Si for 21612. v
fe-Si System. The Ce-Si samples were prepared as previously described.
They all had the appearance of being fused or partially fused, It was not
possible to determine visually the extent of the fusion. There was nmo
evidence of ary crucible attack in any of the samples.
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The samples were prepared for x-ray analysis by grinding them to 200
mesh in a dry box under argon and sealing the specimens in thin wall glass
capillary tubes,

Due to the method of preparation the samples were inhomogeneous mixtures.,
However, it was established that several lower silicides exist. These are
provisionslly assigned the formulas Ce,81, Cs,S1 and CeSi.

. The 00381 phase appeared along with cot!2 in all of its samples. The
c.oz probably came about from oxidation of Ce metal during preparation of
the specimens for x~ray study in spite of the precautions. Therefore, it
is believed that 00381 is the lowest silicide.

The 00231 appeared in samples containing 32 to 36% Si and CeSi appeared
in samples containing 38 to 49% Si. CeSi appears to have the USi structure.

60312 was obtained in single phase and its lattice constants were
measured, CeSi, is reported to have the tetragonal TSi,™ type structure
with the lattice constants & = 4u16 £ J034, ¢ = 13.90 £ O7A* Ve ebtained

the more accurate values, a = 4,175 & ,002A, ¢ = 13.8,8 + ,006A, It should

' be remembered however, that our original Ce starting material contained 5

atomic £ C.

Nb-S4 System, The Nb-Si system showed the two lower silicides buo.” + 0.1
and '05313. WS84, ., is dsestructurel with the TaSi, . phase reported by
Brewer et al,” It vas obtained in equilibrium with Mb metal up to 36% 8i.
The Mb,81, 48 of the massi3 type structure. Nb,Si, in equilibrium with NSi,
gave the lattice constants, a = 7,547 & ,005A, ¢ = 5,2,0 + ,005A. The sample
richest in lb5313 contained what seemed to be a small amount of .Nbs:lo.” plus
a phase isostructural with the mM’ previously reported. On the higher

i L e S 3 h - e bt e
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silicon side Nb,Si, wes found in equilibrium with 1bSi). Since No Si, and
NbSio.6 were not obtained in equilibrium with each other, other silicides may
exist in the region between NiOoSS and Nbssia. ‘,

The samples that were held at 2095°K for 13 minutes were not quenched
rapidly but required about 12 mimutes to cool to 1200°K. Several of these
oanple§ showed Nb, NbSio.ss and l'115813 in the presence of each other. How-
ever, this non-equilibrium condition is probably due to inhomogeneity of the
samples rather than a temperature effect,

In an x-ray investigation of the Nb-Si system, Brauer and Schnlels
found that two forms of szm. (a and B) exilt which seem to be npmtod
by a small homogeneity range, These two phases evidently are our NbSio.ss
and Nb5313 phases. The presence of a houggeneity range joining these two
phases remains to be confirmed, .

A sample containing 31% Si fused at 2231°K whereas none of the samples
containing 31% or less of 5i fused at 2095°K. Therefore the Nb-WbSi, ..
eutectic must lie at 2160 * 70°K. The sample containing 50% Si fused at
2132°K while no fusion was observed at 2095°K for the sample containing
66% 81 setting the lbslis-leia eutectic at 2110 % 30°K.

Since there was no evidence of crucible attack, except in a sample
containing silicon in excess of mxz. it appears that Mo cannot reduce
any of the Nb silicides.
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N-8i-C SYSTEMS

If the in‘h of formation of the carbides in these systems are known,
then it is possible to obtain limits on the heats of formation of the
silicides, In order to make these calculations, use is made of the approxi-
nﬁo relation:

Ary = Ay ~ TS0y
We assume that 685981: gero when all reactants and products are solids,
Heats of formation of the carbides will then suffice to set limits for the

heats of formation of the silicides. As an example of the method used,
consider the reactions:

1/2!!81203/20—91/21100810
1/2!043/281——91/2!81201/2810

If we take the AHS, of formation of S1C as ~13.0 keal,'$ amt that of o
8s A, then AH3,, of formation for MSi, must be greater than (1/2 A - 13.0)
keal. and less than (1/2 A + 13.0) keal. for the reactions to go as written.

The values of the heats and entropies of formation of the carbides used
in these calculations have been tabulated in Table VII,

The entropy values for SiC, T4C and TaC are the third law values ob-
tained from Kelley.! Entropies for the other carbides were estimated by
Latimer's ml'.lu:bd.:"c The assigmnments for the entropy contribution of C in
a solid compound were cbtained by subtracting the contribution of the metal
from the known entropies of carbides™! (see Tabls VIIT). It was found that
about «4,1 e.u, may be assigned to C for its contribution in a carbide of
one to one metal to carbon ratio, about -7.2 e.u, in a carbide of tvo 16 cne
or three to one metal to carbon ratio and about -1i e.u. in & carbide of
four to one metal to carbon ratio.
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The absolute entropy of WC for example, is estimated as 8* -qloaa-
15,0 = 4.1 = 10,9 o.u, Using values of 8.04 and 1.36 s.u.l? for the absolute

entropies of W and C respectively, 6859‘ of formation for WC is estinated as
105 21 e,

The valus for the hest of formation of 51 was cbtained fram the work of
Humphrey, Todd, Coughlin and King.)® The heats of formation for T4C and TaC

are from the work of Humphrey™ *20 and the value far WO is from Huff, Squitierd

and Snyder 2

Use was made of the equilibrim
Ta,C = TaC + Ta (14q, sol'n, 728 Ta),

which exists at 3670°K>2 to calculate the value for the hest of formation of
Ta,Co The activity of liquid Ta in this solution is estimated to be 0.2 %
0.1, This estimation is made realising that far TaC rich in graphite the
activity of 1iquid Ta is very small, The entropy and hest of fusion of Ta

~ have been given by Brewer> as 2.3 e.u, and 7.5 keal, per mole respectively,

Lt it e )

Using these data we calculate,

Ta(s) —> Ta(l) ai;m = =1.0
Ta(l) =——> Ta (sol'n) ; ‘Kl;m --117 %4
Ta(8) —> Ta (sol'n) j B, = =127 24

Estimating average wﬁ'a'ot formation over a temperature range of 298 to
3670°K to be 2 and 3 ealdeg, ™ mole™ respectively for TaC anl Ta,C, we
calculate,
Ta+C —DM;.AP’M--AS.O
'moc-»r%cxagm-%-uﬂ
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Combining the expressions we find that an;” of formation for r.zc is ~36
% 8 keal., per mole.

The values for the heats of formation of l(ozc and MoC were calculated
from the equilibrdum constant data of Browning and Brmett>® for the reactions
o + O, = Mo,C + 2, and Mo,C + CH, = MoC + 2H,, In making these calcu-
lations the 8598 for Nozc and MoC were estimated by the method described
above, The heat capacity of MoC was estimated to be 2/5 the heat capacity
of c:,cz,z’ that. for Mo,C was assumed to be 3/10 the heat capacity of
a-;,c3.25 The estimated values were combined with the thermodynamic data
for the other substances”>’'! involved in the reaction to tabulate (AF3 -
8li3oq)/T functions for the reactions, AHls was found to be 13.67 £ 1,09
keal. for the first reaction and 18,11 % 0.20 kecal. for the second reaction.
Using the value of ~17,89 keal. per mele for A3 of formation for methans®”
we find that AH3ge of formation s ~4.22 % 1,09 keal. for Mo,C and -2,00 &
0.65 keal. for MoC.

limits were set up for the stability of W,C from & consideration of
the reactions:

WC + V—-D'zc

Bk = <84
WG+ C—>21W0
> 16,8 -16.8

If we assume thlt as is lppmtoly 0 for these reactions then m;” of
formation for W,C is less than -8., kval. and greater than «16.8 keal. We
therefore estimate the Ml;’s of formation to be =13 4 keal.

The ternary diagrams of Figures I to VI have been used to show the
phases resulting from the M-8i-C heatings. Several of the diagrams were not
completed but the joins that were established are indicated. The Mo-8i-C

S REMOUR S SO e ” e o s ot Ay L e R
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system is the most complete. An attempt has been made to give the general

form of the melting region along with several ternary eutectic temperatures.

The melting diagram of the molybdenum-silicon system has been given by Kieffer
and Cerverka®! and the molybdenum-carbon diagran has been sumarised by Hansen,”®

Mo crucibles were used in all of the heatings except for a few samples
in the Mo-81~C and W-8i-C systems which were rich in C. Graphite crucibles
were used for these. Crucible attack was observed only in the ﬁ-ax-c
system, Strong attack in one of the samples showed the phases lcsiz. ﬂ,ﬂla
and TiC.

m?m-; compounds were observed in the Zr-8i~C, Nb-8i-C, Ta-81-C and
Mo-8i-C systems while there was no indication of ternary compounds in the
Ti-81-0 and W-Si~C systems, The ternary ccmpounds all appeared to be like
the lnsai.3 structure, :

Only a limited amount of work was done on the Zr-8i-C syatem, The termary
compound that is formed is believed to be dus to the solubility of C hllx‘,ﬂl’o
In the Ce-8i-C system a sample containing 25% Ce, 508 Si and 25% C was
held at 1605°K for 44 minutes, The resultant phases were 00812 plus an uniden-
tified phase. The sample was gray-brown in color and gave off an acetylene

odor,

An investigation of the Ce-C system in the range between 508 and 678
shoved the phases CeC, Os,C, and CeC, plus seversl unidentified phases. Nons
of these phases could be identified in the Ce-S5i-C sample, The 00203 was
Mﬁodubdnghmphmuﬁth?nzc’ which has a body centered cubic
th.” CeC is of the NaCl face-centered cubic ctmctm.” (see Table I).
The Ce~C samples were a golden brown in color, :

The ternary compound in the Nb-8i-C system, I»,n,cx. is of the same
structure as ‘5313-' however the lattice constants are considerably different

for the two indicating that a large homogeneity range exists for M,Si, in
the presence of C,

IS —— b esene
W"“’
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A hexagonal phase isomorphous with ‘hzc was observed in the Nb-8i-C
system indicating the presence of an bzc phase, An attempt wvas made to
prepare pure Nb,C. A powder mixture of 67% Nb and 33% C was held at 230°K
for 38 minutes in a Mo crucible under vacuum, The result was the phases bzc
and MbC in equilibrium, Similar treatment of a mixture of 75% Nb and 25% C
at 1920°K showed llbzc as the principle phase with a very small amount of NbC
present, The lattice constan%s of lbzc in equilibriwm with NbC are given
in Table T, An ¥b,C phase hat been mentioned previously in the literature.’"'>

In the Ta-81-C system the ternary compound appeared in single phase in
a sample corresponding to the composition hh.aSi.’co.s. No variation in lattice
constants was cbserved in the x-ray patterns, so that there is no evidence far
an extended homogeneity range,

The un,sx’ structure has two molecules per unit cell, Assuming that :
the carbons in T‘I..GM'JOO.S are interstitial and the departure of the mmber
of Ta's from 5 is due to vacancies in the lattice, we calculate an x-ray
density of 12.48 g/e’ for Ta, 4,0 5+ The density of the powder measured
vith & pycnometer using the volume displacement of OCL gave 12.) o/,

Nowotny, Schachner, Kieffer and Bmonkys report a phase ‘h5813 of the
¥n Si, structure in the Ta-Si syaten with the lattice constants a = 7.47UA,.
¢ = 5,225k and a/c = 1.430. These values are close to those which we ob-
tained for o, 81,0 .. In the work on the Ta-Si system by Brewer st a,’
h5 813 with the lln5853 structure was not found although a phase of compo-
sition M10.6 was found which did not have the lnS”B l’trmturo.

lmtwotdalnrcportthth,ﬂ,thmtm to a new phase some-
where between 1600 and 1800°K. The new phase oburnd,ybc t‘nhﬂoJ
reported by Brewer et al. It is possible that carbon from their containers
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ﬁu stabilized the !n5313 structure to give the ‘rchosa%co.s phase. This
would account for the apparent difficulty of fixing the temperature of trans- °
formation,

A variation of lattice constants was observed for ‘hSiz as we went from
the Mizdic-ai region to the nsxz-uc-nc region indicating solubility of
C in TaSi,.

In the Mo-8i-C system a ternary compound was observed at about the
composition Mo, 0S1,. Considerable variation of lattice paraneters with
composition was cbserved for the ternary compound, Evidently C rcpheu' Mo
in a &5813 lattice until the composition !okai., is obtained on the high C
side, Lattice constants for the cappo.it;on ll»‘.mi3 are a = 7,285 & .007 and
¢ = 5.242 % ,007,

Using these lattice constants we calculate an x-ray density of 6.62
gn/n’ for uo“m, and 7.94 p/el3 for “5313' The nﬁuurod density for a
single phase sample of Mo, CS1, was found to be 6.9 gn/cw’ which gives fair
agreement with its composition, The homogeneity range for the compound is
believed to extend to lower C contents but will not reach the binary Mo-Si
region, _ This phase is the only -ol;bdem-_ silicide that we have found that
is stable in t.ho presence of graphite,

Details on the calculations of the stabilities of the silicides from
data of the M-Si-C systems follow. The pertinent results are sumarized

in Table IX., The nmmbers below each species are the values for Mls” of
formation expressed in kilocalories,

RS
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1/2 TIC + 3/2 84 =——> 1/2 TiS4, + 1/2 8ic
21 .92 < «15.4 "605

1/2 'I";':I8124 3/2 C = 1/2 T4C + SiC

> .309 ? -21.92 -13.0
12 M8, + 7/6 M —>1/3 1 8L
<15 ' < 154,

1/3 ™81, + 8/3 ¢ —> 5/3 TiC + SiC
D= “01 -7301 4300

; )
#Realizing that when lower silicides are stable with respect to dispro=-

portionation, they must be more stable per equivalent of Si than the next

“higher silicide; we vill not repeat this type of calculation for the forthe
coming silicides,

- En-S1-C System:

1/2 2rC + 3/2'81—;._—91/2810 + 1/2 2184,
=222 "605 < «15.7
1/2:15124 3/2 C = 1/2 22C + SiC
>e352 R «13.,0

1/2 2181, from previous calculation
> - 25.‘

Therefore, Ali3gq of fornation for 1/2 2161, = =21 £ § keal,
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Referring to the Zr-81 phase diagram established by Lundin ot al,’ ve see that
all of the zirconium silicides with the exception of z:-6315 have incongruent
nelting points, This means that at the 21'312 peritectic we find zxe12. Zr8i
and a 51 rich melt in equilibrium; at the ZrSi eutectic we fimd ZrSi, Zr681

end a 81 rich melt in equilibrium; and so on wntdl we find Zr,81, Zr,81 and
a Zr rich melt in equilibrium,:

5

If we can estimate the activity of 81 or of Zr in the melt at the peri-
tectic points, then we can calculate the heats of formation of all of the
other zirconium silicides from the heat of formation of z:eiz.

We estimate that the activity of Si in the melt is roughly equal to
the mole fraction of 81 between the stable solid compound and pure Si, when
we are working on the Si rich side of the dhgrﬁ. The free energy of
solution of 81 from its standard state can then be caleulated,

81 (a) === 84 (1) AP} = A - TaS3

81 (1) = 84 (soltn); BF ) = BT 1n N,
81 (8) ——> 81 (soltn)y AF = AHj, = TAS3 # BT 1n N,

On the Zr rich side of the diagram a similar calculation is made ree
ferring to the actlvity of Zr rather than 81, In these calculations AS}
is taken as 2.3 e,u. for 81% and 6.6 e.u. for Zr,? AHS is taken as 11,1
keal, for 8127 and calculated as 4.9 keal, far Zr from the melting point of
Zr given by Lundin et al,’ 1In the calculations that follow the mmbers

below the 81 and Zr solutions represent the EF, of solution,
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sol'n
zxexz-muu( lu-.u);‘rulm

-52 "”06 “30’0

sol'n
&xea-zrészsout '81" J108) ; T =2370

«231.6 =216.6 <15.0

sol'n
52!!,.313-326815022\-( Ny, = «084) § T = 2500

~£76.0 649.8 =26,2
sol'n

IrgSi, = Zr 8, ¢ Zr( Ny = J47) 5 T = 280
"usolb '!13502 -1002

sol'n

32:-281-::'5813#2!(!”-.352)"1‘-23&
<150,9: =145 =55 A

sol'n
zrhai-zrzsuzzr(uu-.sm 3 T =1900 |

‘53 01 .5003 "208

Nb-S1-C System: | .

The heat of formation of NbC is estimated as ~3085 kecal. per mole fram
a comparison with the known heats of formation of tﬁo other carbides in this «
region of the periodic table,

1/2 WC + 3/2 8i == 1/2 WSy, ¢+ 1/2 8ic
=15 < =85 645
1/2 WS4, + 3/2 ¢ ——> 1/2 WeC + SiC

> =28 -15 =13,0

1/3553:’¢ 8/3 C ==> 5/3 NbC + SiC
o B =50 =13.0

R—— RSP e——- Rss— gt
g s e R
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20/11 mxo.”onMc——»zom:bcouc' »

> 68 =55 =13.0
. Ja-81-C System:

1/2 TaC + 3/2 81 == 1/2 TaSi, ¢ 1/2 sic

'\1903 < =128 wbe5

1/2 TeSi, + 3/2 C === 1/2 TaC ¢ SiC
>=32,3 : «19.3 . =13,0

10/6 TaSiy , ¢ 8/3 C——>10/6 TaC + 840

> =712 ) =13,0
TaSi 4 36 ——> 2MC + S1C
> 90,1 T =13.0

5?-31'0.20 60 ==sei> 5TaC + SiC
> %07 =192,7 =13.0

1/3 Ta, S1,C ¢ ¢ 73/30 C === 8/5 Tu + 84C
D= 7‘.7 =617 «13,0

Mo-81-C System:

Mo + 810 =——b Mo, 0 + Mo,81

=13.0 o2 < 8,8

7/2 Mo + 810 =5 No,C + 1/2 u»,u2 ,
-13.0 ;o2 < -8,8

1/2 Mo 81, + 5/12¢ =—=> 1/3 Mo, 31, + 1/12 Mo C
<=8,8 < =9,2 Ools

- e T AN Y IE TN
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1/2 Mo8i, + 3/4 0 =—> 1/8 Mo, 054, + 5/8 84C
A B < "3.’ "01

1/8 Mo, 084, + 3/b 84 ——> 1/2 NoBi, + 1/8 81C
B A =1.,6

Estimate B = «10,0, then A < 8.4 and > «18,1
1/2 '“’3“2 ¢ 28] ——b 3/2 MoSL
>=543 > =5kl

)(.0381 ¢ 58] smmmuby § l(oB12
> 4“.6 > "1“.6

1/3 l.t»,.cu3 ¢ By by /3 us.: +1/3 8¢
> =52.6 -i48,3 =-le3

¥:81-C System:

1/2 W84, + 3/2 == 81C ¢ 1/2 WO
> -17.2 130 ka2

10/7 W84y, + 17/1 ¢ = 10/7 ¥ + 810
> 25,0 22,0  -13.0

171N m-wom/?mo..,

=13,0 8.4 < «lyb

10/7 Wiy g ¢ 13/7 81 « 20/7 W B4,
< =l : < ~ob
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!-81-!2 STSTEMS

The ll-ai-l2 systems vill give us information about the stabilities of
silicides of T, Zr, Cs, N> and Ta since these elements forn stable nitrides
at high temperatures, The nitrides of these metals may be more stable than
the silicides at lower temperatures but at high temperatures the nitrides
become less stable due to their positive entropy of formation, Determination
of the temperature at which this reversal of Mmuu. occurs would be very
valuable in fixing the stabilities of the silicides.

AH3oq and 453, of formation data for the nitrides are presented in
Table X, The entropy data for 81,4, TN and Zo¥ are from Kelley,'? The
other entropies have been estimated. The 8Hgg Values for n,nk. CeN, TaN
and WoN are fron Brewer, Bremley, Odlles and Lofgren, TN from Huphrey'’
and 7ril from Kelley,’2 '

Chiott1 has shown that the hexagonal strusture previously reported for
TaN really belongs to the phase Ta,N. ‘hzl. he found, is the stable species
at 2270°K. Upon heating Ta metal under one ltllz ltll?OfKM 18 hours,
Chiotti obtained a composition ‘hlo.9 which contained hzl plus a new phase,

Slade and lupous" made two measurements on the dissociation pressure
of TaN at around 1500°K, From the results of Chiotti we mes that they were
studying the equilibriwm

N etaN+ /2N, (o)
Estimating Mi” for the reaction to be 22 e,u. and wp = 0, ve calculate
an average mi”otu.tkul. for the reaction, This ylelds a value of
<7244 £ 5 keal for Ali3gq of formation of Ta,N.

An experimental difficulty was encountered in attaining equilibriwm in
the M-8i-N, systems, As same of the samples nitrided, they sintered and

B e L N
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formed a crust on the surface so that the samples were not homogeneous in

el e o o L e

nitrogen throughout, More useful resulta would be obtained by introducing
- nitrogen into the system in the form of a metal nitride. The preparation
: of 8131‘. and 'razl were investigated for this purpose.

In order to prepare 8!.,1‘., 81 metal powder was heated in a Mo crucible
under about 3/4 atm of Ny The rate of the nitriding reaction was found

to be very lloy below 1600°K while above 1900°K BLJI‘. showed considerable
decomposition,

m heating scheduls wsed was to first heat the sample at 1660'! for
about 4O minutes, increase the temperature to 1800°K for about 20 minutes
and then cool, The sintered portions of the resulting sample were then -
crushed and the sample was reheated to 184,0°K for 110 minutes. The fimal
sample was grayish-white in color, It contained 91 mol % Blal,. as determined
by gain in weight of the sample assuming no loss of 51 due to vaporization or
reaction with the container, Since there was actual loss dus to these
processes 918 is & minimm amalysis. X-ray analysis showed a strong 81.3!,.
phase>> plus a wesk 81 phase,

'hzl was prepared by heating Ta powder contained in a Mo qnciblo t.o
2100°K for 33 minutes under 3/k atm of N,o From the weight gein the composi-
tion was calculated to be h1.96l. The x-ray diffraction pattern showed hzl
as a single phase, , ;

Work on the Ml-lz systems was concentrated on the Ml-lz system
vith only a few reactions in the other systems being studied, A summary
of the reactions and the resulting phases is presented in Table XI,

Ternary compounds of the Mn,31, type sppesred in the Nb-8i-H, and Ta

. Bi-la systems, Insufficient work was done on the other systems to indicate
the presence of ternary compounds,

TN AT A TSI o P ARSIy e ks
-
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mmpaewxmmmuzmmmtnuzuwu
inthopmomooflzm\dnmettodnhiﬂt’l:. u,uhwmn-u
expected to form, however it was not picked up by x-rey amalysis, When
oqlo.dﬁeutnt”ﬂlmr.mybaﬁhlzlt-lmwm
a considerable gain in weight, The phase uznwmoqmnu-nu
,‘5“'3':' Soms weak unidentified lines were also present, These lines may
‘bodutohl. MM&“IManuthMi-lzdhp-
has been constructed at 1600°K (see Pigure VII),
Atw‘tmizmbﬂhbom.htbmmdlzo This
means that the following reaction can proceed as written, lhou*offnu.

1/4 Tal 4 1/3 84,0, = 1/2 TeSi, ¢ 19/2 W, ()

<79 «1.2 < <91
of Ta N and SN, have been indicated in the equation, This means that
m;,,otm-untnmzzu less than ~9,1 keal, This does not improve
mmuwmmma,m.uwwtmmmn.
lower temperature would give additiomal data,

mb-ﬂt-lzmt-appotrotobonwnhtb.'w-lzm

Joins were established between l:,ﬂi,lxlm l2 and between ‘5“'3.!“
M8,

From the gain in weight and physical sppearance of a sample resulting
mc.pmmpmlmuumnmmthn unstable in the presence
of Nys The 3-rey pattern vas to0 poor to revesl amything, Providing that no
tmwmfu-dhmMi-lzmt-. the following reactien
can proceed at 1610°K, Maonuhtmofu;rwﬂuli,lvn

1/20-012011/1-2,!2-1/200!01/3!13&
> = 3 184 =160
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can set an upper limit mm;,.ounuuoruzzupumm-ma
keal, per equivalent of 81, B8ince there was no attack of the container by 8i,
1%10.:--‘&“.meumu&mu’l‘utﬁtm“&n

1/2 Celi ¢ 11/8 81 = 1/2 0‘1201/381;‘
-39.0 < '!16.6 -22.6

ean go as written, hlﬂghﬂi‘”-ommmcuuanlm
nllttorth-m;”oftma_uenorulzulnothn-u.bken.m'
equivalent of 8i. These calculations are, of course, providional,
Inthou-u-lzont-alqhuntdniu&‘ﬂm”um
\dth_lzughoﬂ.l. No other phases were found, A sample imitially.
containing 69% 81 showed considerable attack of the Mo container yielding
TiN plus an unidentified phase,
MoathBﬁtrmmuﬁmmul:huh
erucible it ylelded the phases NoSi,, ZrN and 7r6i, plus weak unidentified
lines, Crucible attack wmb.m-mom&mmmm
to be unsteble in the presence of Mo, When Zr metal was heated with excess
llsl‘.hamznntdurhtbmuotlzatam.nnﬂwﬁﬁd
phase of strong intensity appeared slong with Si metal., The 51 metal came
from decomposition of the li’l‘, The unknown phase may be a ternary compound.

L
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M, =N, - 84 SYSTENS

Inthe M, - M, = 51 systems it is difficult to cbtain thermodynamic data
from the phases cbserved because of extended solid solubilities in these systems.
lmthnlouom\;cmuumdm The main region studied was that
of 1ow 81 content. A sumary of the heatings is given in Table I,

It vas established that all of the lower silicides of Ta are stable in
th.opruanoflo-‘tdo

r.,umm:o.zmnujm to be stable in the presence of W,

ummmummnﬁm%. The lattice comstants
of !‘15813 wvere expanded indicating a solubility of Ta 4n ﬁ,li’.

Mo vill reduce TiS1, to ™48, 71,51, is believed to be steble in the
presence of Ho, It is believed that a join exists between T1,51, and NoSi,.

Mo,81 vas found to be stable in the presence of ¥ with no apparent change
dn lattice constants of either phase,

A join exists between lr’l!’mll. li’ll,udbsli’ appear %o be
completely soluble in each other, X-ray analysis of the region showed a
phase of the Mn,81, structure vith lettice constants intermediste between
b,st,mzr,u,. The followving reaction should proceed as writtent

20/11 Wiy o5 ¢ 5/3 L > 1/3 -zr,n, s 2011 W
> =48 =48

This additional information is emtered in Table IX,

The relative stability of the silicides mey be swmarised as follows:
TU8L, Tadty o, Ta 81, TSL), > Noy8 > 18Ky oy In S, Zr 81, 2r 84>
e 1 '

| P HpTp——
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DISCUSSION OF RESULTS

A consideration of the stabilities of the lower silicides only, shows
that the most stable silicides ocour in the same region of the periedic table
as do the most stable carbides, i.e.) Ti, Zr and Ta spparantly form the most
stable silicides as well as the most stable carbides. The stability region
falls off toward the alkali metals or toward the iron and platimm metals.
The most stable silicides are more stable than the most stable carbides, and
silicides exhibit a wider range of stability over the periodic table. This
is to be expected since 51 has a much lower heat of sublimation than C.

 1In considering the stabilities of the disilicides a trend in stability
over the periodic table is less proneunced. Various values that have been
reported for Aifyyq of formation of disildcides are Casi,, 18, ze81,, 21
(this work); ReSL,, -27.55" and Codt,, =12,3% keal, per equiv, of 81.

Although the stability region of silicides is considerably more wide-
spread than that of the carbides, we note that silicides are no longer stable
as we go further in the periodic table, than Cu, Pd and Pt, We alse fim
that d shells for the various atoms have been filled at this point, This

suggests that d electrons play an important role in the bonding of the
silicides,

rholnssi.,hpontructnu seems to be.a very important crystal type
in the refractory silicides since some of the most stable and highest
melting silicides appear to be these of the lnsai.3 structure, ‘In case this
structure is absent in the binary system a small amount of C (er possibly
N or 0) is sufficlent to stabilise it. Also, with the exseption of Ta, &=

: ("
81300.5 these m,as., type compounds all appear to have an appreciable
homogeneity range, '
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The crystal structures of miny of the important lower silicides have not
yot been deternined, Among these are the Zr,S1,, Zre8i,, TaSiy o, TeSiy ,,
Iessiz and Sio‘.’ phases.

_‘!‘hc disilicides appear to exhibit a variety of structuress ‘!‘1812 being
of the Oy, typer”® 2181, 0,077 Most, and s, 0,07 MoSL,, W64, and Besd,,
Cpob! and CeSi,, aThSL, ">

The melting points of the silicides follew the same general trend found
with the carbides except that the melting poimts are about 1000° lower, The
melting points of both silicides and carbides appear to increase as we go to
higher members of a group, The melting points of W and No silicides are
found to be relatively high as compared to the tremi found with the carbides.
This agrees with the fact that the Mo and W silicides appear to be more stable
than the carbides. The MM-luuomdduhnbmmMu
T8L,, 2390°%;° fr iy, 2520°K; M 8L, 52230°K (this work); Ta, 531. 27800k
Mo81y, 24707 and W81, ) 2610°%.%
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. TABLE I
Structure Lattice Temperature of
Compound Type Constants Preparation
2r 818 Mn, " & = 7,940 £ 0.008A%  1601-2141°K
53 | ".’1’ 8 = 5,553 % 0.006A -
A = 7,958 £ 0.005A%
c = 505“ t O.W
Zr 81 a = 6,646 £ 0,0080 1691-1952°K
c = ’.m 1 0.008A
2r, 814 1952°K
o Mgt ciiiiam T
81,55 (et ) logn-a20k
CeSi, aTh, 8 = 4,175 £ ,0024 1605°K
e = 13.” 4 .m
CoStL 1605-1691°K
Ce,81 : 1625°K
Co 81 1625-1691°K
W.C 0 a = 3,117 £ 003\ 1920-2130°K
4 - ¢ = 4,969 L0050
Co,C, Pu,C, a = 8,455 £ ,008A 1673°K
CeC NaCl a = 5,130 £ ,002A 1673°K
0eC, 295K
ot
zr,u,c: ¥n 81, 1920°K
Wo 54,0, Mn 81, 2130°K
"a..o’:s"o.s MngSi, : : ;%ui %: 20M1-2142°K
Mo, 03 » 7,285 £ ,007A%nan ~2169°K
" % Lam T
Ta N ; 2104°K
Ta 84 N, ln,aa., 1602-2365°K
n,l 2109-2146°K

contains 35.1% 84,

W exhibits an appreciable homogeneity range.
#Latti tants are | for a sample containing
mur«':'um- iu%o':nthn l.qlo furnished by D:"?

mm The sample

- #aedlattice constants are given for the composition n.‘,‘m,.
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Phases
Observed

| TABIE Il
T4 - 81 System
Sample  Atomic Final Time Description
Number %81 Temp.(*K) (min,) of Sample
209 17.8 205 20 Fused
- eruc, attack
67 20,2 [ ) R |, ) Fused
22 30.0 205 20 Fused
20 33.5 205 20 Sintered
Porous
23 7.5 2105 20 Partially
fused
12 50,5 1933 30 Partially
fusod
a 50.5 2105 20 m.d
: 1 60.0 PATAR 25 Fused
13 60,2 1870 65  Pused
(:u. : A1203 orue,
el .
crystals
2190) above melt
2 67.1 2105 20 Pused
m 9 1597 5l Partially
! (:l:. fused
‘temp
1618)

Mo . Tifii*

m.8, MeWe

o, A

8. VoW,

Esi‘}.-r.li?_.

'gwu

1, B
s, W
s, We

=k
-. 'O

#Relative intensities of lines have changed considerably.
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TABLE 111
Zr - 81 System

Sample Atomic PFimal Tine Description Phases

£81 Temp.(*k) (min,) of Sample Ooserved
n 2.4 1952 62 Pused condensate A phase

on walls R,
198 35.0 1952 62 Partially fused 2r or
= ’-&ﬂ
19 404 1952 62 Sintered r S
B8, . VeWe
203* WOk 2004 % Well sintered 2r
(Max, temp. brown color on -.-.‘ﬁ
2156) surface »

200 L2.6 1952

00 26 00 0 N Slightly sintered ZrSi, b&l

(Max, temp. brown color on
2156) surface T, et
201 45 1952 62  Simtered: or 84
=t .
205% L5 209 3% Not sintered r 8. o084, 2
('l.'l. w. % Ea % - %
2156)
205 454 2094, % Sintered Tr.8i, 281 281 :
(‘;is:)q. —%J - —g‘ * -;:‘—AO 5.
0.8 19%2 62 Sintered s . "‘{*
B.8, "BaW,
49.8 200, % Not sintered Prob. a mixture of
(Max, temn, Brown color u-ssx,. ar,sx3 and ZrS4
2156) on surface _ -
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16,8

2.5

0 58 190

1

™

2.0 1559

ns

Sintered

169 LY

15,0

243

*2r lattice largely wxpanded., Sanple 117 showed the lattice comstants

&+ 3,252 £ 0005 and ¢ = 5,206  0.005A.
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TANLE VII

Heats and Entropies of Formation of Carbides

e
(keal , n-b) (ead. ”“on-‘.)

=13.0 £ 1.0
~43.85 £ 0.4
S £12
05

-38.5 2 0.6
-3 ¢ 8

«2.0 £ 0.7
%2 21
~8.4) 0.2
1) 24

«1.90 £ 0,06
-2.8 £ 0.1
2,621
142l
=119 £ 0.1
i 21
0.0%1

2.4 21
15 ¢1 2
521
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TABLE VIII
v S 5
81 395 R A% |
b R K 9.6  -4.0
v & W a3
Te 1001 9 -8
20,0, 1008 153 -51
1/3 Crpty 16.0 25,86 7.8
-,0 23.6 30.9 7.3
Po,C 2.2 A2 =70
BE  bu7 296 -1a
onC 25,3 W0.8 <255
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TABLE IX

%.Dfm

1/2 T8y, < =15.4 > =39 53 TSy o <=12,8 >-T7.2

mu,u‘, < =154 > 861 TSt <=12,8 > -50.1
1/2 ze84, 2 t5 T, 8 < =12,8 > =206
2rsy -39 £ 10 13T, 810, <128 > -7
ssi,  -):10 1/2 M1, 35

1/3 Zr 84 -45 ¢ 10 1/2 Xo,S1, < =8.8 > ~54.3
V3oest, 48310 Ko 84 <88 >a09
2r 81 =50 1 10 1/3 ¥o, 054, <92 >-52,6
st -53 %10 1/2 %84, <=6 >7.2
1/2 Cesi, <=166" >34k 10/7 W84, , < b > =25.0
1/2 msi, K0S > -28 1/2 Resi, =27 5%

1/3 u,u, < -85 > =48 ReS{ «26.6%

20/11 W81, . < 8.5 > =48 Re,S1 -2l .20

1/2 TS, < -12,8 > =32.3

'hnthowrtdkuqulhlm}
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298
(keal, per mole) (cal, per deg. per mole)

483

1/4 81,8, 4l 8
™N ~80.47 £ 0.3
Zrl 94,90
CeN -78,0
TaN . =581

To N R4 t5
MoN -59

=20.4
=22.9
-22.9
=25.6
«20.6
-19
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TABLE XI
Final
Sample Temp. Time Weight Description Prases
No, Reactants Crucs (*K) (min,)Change of Sample Ouserved
194 TL+0618i+N, 2r0, 2000 20 ~4.0f Not sintered
; gold colar s,
90 TL+21881+ N, Mo 246 25 Un- Partially fused » | TiX
known gold colar B.3. W5,
Crucible attack
90 Zr ¢+ 20,81+ N, Mo 246 25 Un- Partially fused NMoS
i ’ known gold coler T:h * ? *
Crucible attack "' ° >
2r8i
4 - L
wWe VoW,
193 Zr + 131 8L ¢ 20, 2209 20 ~54% Mot sintered ! _ 51
'2 . Be M8,
102 Co ¢ 2,23 81 + '2 Mo 1610 36 13.58 Black brittle ?
(Max.temp, solid, Strong .
1875) odor of NH, e
192 Nb + 0,60 84 + l2 2:02 2090 20 0.2 lbihl
.Q..
99 Nb + 1,17 8{ + Ta 2365 8 Un- Pused (Ta,Mb) 81
0,28 SLN, + N, known Crucible attack —-.—-.-—-3
(hoﬂb)ﬁiil
g .5,
(l‘a,lb)a_.g 6
. W
92 W 42015 +N Mo 24 25 Un- Partially fused MbSi
' known Crucible attack —.—2- N
No N
e e 00
M. We
Ta « 0,2081 +« N, Mo 1602 6 *L, Sintered Ta N
127 2 5 +L.2% ih £
m. RaW,
126 Ta + 0,40 81 ¢+ '2 Mo 1602 65 +3.7% Sintered Ta N
RN.S, y
Ta
iz o
MeVWe Va¥We
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TABLE XI (cont,)
Final '
Sazple : 1‘1.?!- Weight Description = Phases
No. Reactants Crues (*X) (min.)Change of Sample Observed
125 'hoo.&u.olz Mo 1602 65 +4.3% Sintered Ta
. N8, *
M.t g
Ne We
9 Ta+1.0788+ T 265 8 Un- Pused f
0.3 u)l,. * '2 known Crucible attack ~w + s
hﬁbl {
+ -
We |
i X |
Ye¥e E
138 Ta ¢+ 1,13 84 ¢ Mo 1650 A7 +5.5% Not TaS 6
172 84K, + X, sintered =2 +
| Tty :
M. .
We
s

(lu.asa known fused

1248 Ta ¢ 2,30 84 + N, Mo LX 65 +7.)8% Top of

<
o
@
L J

i
|E

S
=<
°

mnoz.aouolzuo 1602 65 + 7.8 Bottom of
o-ph

|E

i

199 TaSL, o o * Wy Mo 6L 47 #3.08 12, reheated

B

;

o
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: TABLE XI (cont.)
:
' Pinal
Sample + Time Weight Description Phases
i No. Reactants  Cruc. (°K) (min.)Change of Sample Observed
, 195 Ta,N+ 0,818 Mo 2109 20 <~l4.J0f Sintered TaS
E + :: 13'“ : : -th 2

o'

MeBe
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TABLE XII
ll-n,-suymu
Final

Sample Atomic Atomic Atomic Atomi + Time Descripti Phas
Rabe: SH, AW, %81 K0 () (ain.) of Sample Obserred

190 40.3-Ti 39.0-2r 7. 12.5 20M 22 Partially fused hd

Me
136  34.0-TL 32,7-r 22.8 10.5 1995 32 Partially fused (ﬁ.b)ﬁ
m

YeWe

Partially fused (T4, ‘h)fh

1M 5.0-M 155 3N 24

B
8

3
R

191  30.6-T1 30.9-Ta 37.0 1.5 Partially fused T_iﬁ
+

izt Ui

m, VoW
WIH-8-9 29.4~Ti 53.5-Mo 15.6 1.5 1920 30 Sintered Kﬂii’&

e <

VeWe
WIH-8-10 27.4-Ti 18,9-¥0 52,3 1. 1920 30 . Sintered Eﬁ’l
+

: | (?i,l:)Sia

135  33.9-Zr 35.3-W 2.5 9.3 1995 32 Sintered wSl,
4

Me Ve
.-Zl' 01"‘ 02 8.0 22 P Md )lblr
187  29.7-zr 3 .31 2m artially fused (M, lﬁh.

S
8

186 26.4-Zr 27.7-Wb 389 7.0 Sintered Z8i L, 2

185 = 26,0-Zr 27.9-Ta 39.0 7.1

3
N
2
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Pnal
Sample Atomic Atomic Atomic Atomic . Time Description Phases
Number tul Suz £88. $£0 (*k) (min. of Sample Obscrved
137 37.5-2r 39.2-<%0 13.2 10,1 1995 32 Sintered (Mo, 2r) , 2
MNe W,
173 33.5-Zr .60 2.0 8,9 AL 20 Sintered (Mo,2r) , 2
8. Ne
WIH-  7.7-Ce 77.0-Ta 15.3 1920 30 Sintered TaSi Ce0,
H’ M ’ We
' + /vew,
133  37.8-Wb 39.7-Mo 22.5 Sintered Mo, Si
1995 32 °1. :
8
Mo: 12
Ve
188 29.2-Nb 29.4-Mo0 L1.4 2071 22  Sintered (NoWb), 2
8 m,
13, 38.2-Mb 38.6-W 23,2 1995 Sintered ¥, Moz
8s m,
130 45.0-Ta 45.9% 9. 1963 30 Sintered  (Mo,Tw), T2
m.8, m.
169  41.1-Ta 41.2-Mo 17,7 22 20  VWell- hf." Mo,Tu)
sintered Y 0( Be
* '/'.'o
170  38.4~Ta 38.4-Mo 23,2 242 20 Well- (Mo, Ta),
sintered Be
m’"‘”hi
Me8,
129 Wke25-Ta K675 9.0 1983 30 Sintered ¥, 1o
S M.8. W
+ ?/'.'Q
172 2-Ta L2.)-W 16,7 242 20 Slightly (W,Ta)
By e o R I w

s
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TABLE XIX
¥ =N, - 31 Systems
S Ml e B e e
° L] .
i:b R SN, S8 m(da.) of Semple Gbserved
189 33.2-Ta 33.2-W 33,6 2070 22  Well sintered N 0&0
L B,
x
We
128 NS u07"' u06 1”’ ” Sintered w .!
8 n.

Sy L R A XTI
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Mo-Si-C SYSTEM
(BOUNDARIES ARE SCHEMATIC)

Figure V,
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