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ABSTRACT 

1.      VAPORIZATION STUDIES 

1.     Ruthenium.    Preliminary dau are presented. 

i.    Hafni«.   Preliminary vaporisation and thermodynamic data are 
presented for the reactions 

HfO.(-)   „ HfO(g) • 0(g) 

and 

Hfo(g)    -^s)    *0(g) 

3. Rare Esrth Oxides.    A mass spectrometnc survey of the mode of 
vaporisation of all the rare earth sesquioxides is presented. 

4. Molybdenum - Silicon system data are presented. 

5. Tungsten - Silicon system data are presented. 

II.      VISCOSITY STUDIES 

No new results during this quarter. 

III.     SURFACE TENSION 

Summary of data is presented. 
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I.    VAPORISATION STUDIES 

A.    RUTHENIUM 

Th« first «trnpU «((usion <Uu on th« vaponutton of ruthenium ar« now avmUble 
Ruthenium moul was vaporised Irom a 1/8-inch orifice in a thorta liner    Other- 
wise, the system was identical to that shown in figure I of reference I     The 
total amount of material which had struck the targets was determined by weigh- 
ing     The data are plotted in figure I. 

In earlier reports it hsd been noted that thona appears to vaporise at an in- 
creased rate after being heated for awhile in tungsten    The two triangular points 
in figure I are for apparent Ru pressures in cells in which interaction between 
the thona and the tungsten had apparently taken place.   The high pressures in- 
dicated by these points may be due to thona and not ruthenium.   Further work 
*ith a radioactive tracer (Ru10*) is now underway.    This will permit the use of 
shorter heating times and smaller orifices.   The preliminary data from these 
studies has not yet been evaluated- 

• 
The data reported here are tentative.    No detailed thermodynamic   calculations 
have been made.   Such calculations will be made when more vaporisation data, 
taken at shorter exposure tunes and with smaller effusion orifices,  are available. 

B.    HAFNIA 

I-     Simple Effusion Studies 

Simple effuson studies in which hafma, containing Hf181 as a tracer,  was 
vaporized from effusion cells with indium liners,  have been undertaken. 
The effusion cells consisted of a relatively massive outer tungsten shell,  a 
ihm thona separator,  and an indium inner liner.    The cell is illustrated 
in figure Z.   Orifice diameters of approximately 1/16 and 1/32 inch were 
used and a collimated portion oi the effusion beam was caused to impinge 
upon liquid nitrogen cooled copper targets.    The apparatus and procedures 
were essentially the same as those described previously for the rhodium 
and indium studies.      The radioactivity of the material deposited upon the 
targets was compared to that of a calibrated sample containing a known amount 
of Hf with the same ratio of Hf181 to normal Hf as in the sample in the ef- 
fusion cell. 

The data from several runs was found to be very scattered.    Inspection of 
the cells after the run revealed that the indium cells were severely attacked 
in some instances,  apparently from the outside.    This may have been caused 

WÖWÄÄS&SI Au/r.V^' V'p-"""°» "d P,"'•'"' P'»P"«'" of Cuin M III. P.„. I. lecbnic«! Rrpori «MM, Augun I960. 
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Figure 1   VAPOR PRESSURE DATA FOR RUTHENIUM 
61-Z036 
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by alloying with thorium moul resulting from th« interaction o( thoru and 
tungaton Whor« tha indium call had baan puncturad. tha thon« liner waa 
highly contaminated wtth Hi1'1 Where thara waa no puncture, no activity 
of H<       waa obaarved outside the indium liner. 

A number of point» which ware obtained when the effuaion call waa apparently 
undamaged are given in figure )■    Where possible, these points were se- 
lected from runs in which the indium liner was inspected periodically through- 
out tha run    Third law calculations, for which the free energy functions 
tabulated by Brewer2« * and Stull and Sinke4 were employed, were used to 
determine the \ H^g for reaction (1). 

(1) HfO^f«)—».HfOfg) ♦ 0(f).    \H298 « »7 a 5 Kcal- 

It waa assumed that the vaporisation is stotchiometnc and that reaction (1) 
is the principal reaction in tha cell-   This assumption is supported by the 
fact that HfOf-t is the species observed mass spectrometncally^ when 
hafma vaporises     The reaction is. however, not completely stoichiometnc 
(see below), and reaction (1) can only be an approximation to the true vapori- 
sation reaction. 

Stull and Sinka'a tabulated data for the heat of vaporisation of Hf and the 
heat of dissociation of O^ may be used with the heat of formation of Hf O^gj 
and   Ml^98 for reaction (1) to obtain 

U) HfO(g, "Hf(g)*V    ^g*196^'1 

The value of   AH^ag is considered approximate because in addition to the 
rather large uncertainty in   NH^g for reaction(1), the   M^g for the 
vaporisation of hafnium metal is quite uncertain 

It should be noted that these data are strictly tentative-    The scatter in the 
data is large and work is underway at present on the elucidation of the actual 
processes which occur within the effusion cell- 

Brrwri, L..and M.S. riuiadfairkharaiah, Free In"«» FiuKiioai KM (•••rout Moaoitdr*, UCRL-871), April 19)9. 

Bttwtt, L, Chapter " of aa unpubliabed coapilatioo, Rr*iatd .S«piraib«r I960. 

Stull, O.K., «n 1 G.C. Sinke, Thcnnod)rnainic Proprmea of the Klevrota. Amrncan ( hcoucal Society, Waahiaftou (19)6). 

^Haaapia, A,A., A.J. Mel«efcr. M.B. Paniak. I.. Reif, and C.L. Roarn, Quarterly Technical Report No. I, RAD-SR-I6-6I-I 
on Coouact AF)Kf>l6K>840, January 1961. 
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i-    Stoichiom>try Studf 

Studl«« luv« been underUken to delernune »hat clung*» occur la tha coa- 
dtiwad plus* whan hafnia u vaponaad.   Sampla« of «pactroicopic grada 
harma were heated in tungsten and indium crucible« to temperatures of 
from 2100 to ZMO'K for various lengths ol time.   The samplas which wara 
heated in the tungsten conumer turned a uniform gray     Those in indium 
appeared to consist of white and dark phases.   When these samples ware 
reheated in sir they become white again and showed a small weight gam 
For the samples heated in tungsten, this corresponded to an average com- 
position of HfO, 997      00J for the oxygen poor material if it is assumed 
that the white material is HfO2.000     The samples heated in indium samples 
lost considerably less oxygen.   This work is being continued. 

X-r»y studies of the material heated in the indium crucibles are underway. 
The white phase has been identified as the normal monoclmic phase HfO,. 
A darker colored phase has been found to be cubic   Only very small quanti- 
ties of the cubic material were available. This work is continuing 

C    THE RARE EARTH OXIDES 

A preliminary mass spectrometnc survey of the vaporisation of the rare earth 
sesquioxides has been completed.   The results of these studies,  with the exception 
M the *ork on Ce20}. are given in Appendix 1 which will appear as a note >n the 
Journal of Chemical Physics. 

Preliminary studies of the vaporisation of cerium oxides indicated that CeO,, » 
vaporises principally as CeO^. and that Ce^O, vaporises principally to y.ifi 
CeO with appreciable amounts St Ce02(g) present.    Not enough work has been 
done on cerium oxide to determine whetTier the CeO,(fl, from the sesquioxide 
vaporisation arises from actual vaporisation of Ce^O, or from some residual 
Ce02      present in the sample.    No Ce vapor w«s observed.    Work on these 
systems is being continued. 

D.     MOLYBDENUM-SILICON SYSTEM 

The studies on the rates of evaporation of silicon from silicon-molybdenum 
composites of various composition« have been continued during this quarter 
and are neanng a state of completion. 

The purpo«e of these experiment« i« to determine the thermodynamic propertie« 
of the vanou« equilibrium phase« in the molybdenum.«iliCon «y«tem and to re- 
confirm the pha«e diagram of th.« «y«tem.    The thermodynamic propertie« are 

-6. 



bvtng drirrnunrd by measuring «everal isothermal rates oi evaporation     d con- 
verting these measurement s into pressures" and using these pressures tocalculate 
the   \y,    \H. and   \S o( the reactions ol interest-   The phase diagrams are being 
determined by using the isothermal rates o( evaporation to determine the variation 
of the activities of the volatile components as a function of composition. 7 

In the previous quarterly report*, an experimental technique »as described in 
»hich molybdenum and silicon powders were mixed and allowed to react in the 
evaporation coll, shown in figure 4, while the rate of evaporation from the cell 
was being monitored.    [Xinng the present quarter, a modification of this technique 
was employed in which silicon powder was placed in a molybdenum crucible and 
the rate of evaporation of material from the condensed phase was monitored as 
a function of time     If the net rate of transfer of material to the evaporating sur- 
face is sufficient to replenish the material lost due to evaporation then the rates 
of evaporation measured i an be related to the equilibrium decomposition pressure 
ot the various phases in the molybdenum-silicon system-    The results of such an 
experiment are shown in figure 5     On the basis of these experiments,  we now 
interpret the changes in volatility of the various regions of the graphs shown in 
figures S through 9 as follows: 

1.     The initial region exhibits a decreasing volatility which corresponds 
to the interaction and disolution of molybdenum in the silicon 

Z       The second region is due to the evaporation of silicon from the two- 
phase region containing liquid silicon (of the prescribed molybdenum concen- 
tration! and MoSi^. 

3.     The subsequent regions correspond to the two-phase regions containing 
MoSi^-Mo^Sij,   Mo5Si)-Mo}Si and MojSi-Mo respectively. 

We are now identifying the second intermediate compound as M05S1, instead of 
M03S12. The X-ray diffraction analysis, where available, of the material re- 
maining in the crucible after an experiment are included in figures S to 9- 

One of the most serious sources of error in these experiments is the measurement 
of temperature.    All attempts to sight an optical pyrometer directly on the sample 
or to sight it on a black body hole in the crucible have provedunreliable ; there- 
fore,  an attempt is being made to calibrate the sample temperature in terms 

''«. Knack*, O. and I.N. Strantln. Prourn« in Mrial Phyair*. 6.181 (19V.); 

b. Spciart, R. ami M.I.. johaaon. Tiant. Ann. Soc. Mnala, 42,28% (19^0); 

c. MotzMdi, K., J. Phjra. rh»m; )9,M9(I9H). 
7. 

h' n-I".'/""'*'!' 0: Si1. "^ M,"n^ M"«llu'«'c«1 Ttwrmochrmiatry. Pcffacnon Pre... Nr« Yofk 19« p. 60. aeciion G; 
rr 4'-M Thrrimxiynamic. in Phy.^al Mrialliufy. American Sociny (or Mrtala. Cle»cland. (19W 

I 
Arona.on. B., Acta ( hrm. Scand., 9. 1*7(19^). 
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Figure 6   EVAPORATION OF SILICON FROM AN EQUAL WEIGHT MIXTURE OF 
SILICON AND MOLYBDENUM POWDERS IN A TUNGSTEN 

CRUCIBLE (II) 
61-204I 

10- 



• 

T r 

o* ''**». »aoouCTs 

•>•. t>) MO H»i» 
tOUAl.   iNTflitlTV 

'tW»f«ATua|-••})*■ 

J L 
20 50 «O SO 

TIME of itPtnuntit ittoutt)  

so ro 

Figure 7   EVAPORATION OF SILICON FROM AN EQUAL WEIGHT MIXTURE OF 
SILICON AND MOLYBDENUM POWDERS IN A MOLYBDENUM 

CRUCIBLE (III) 
61-Z043 

-11- 



8 3«iO'3m9»/m« 

X-RAY DIFFRACTION  PATTERNS 
OF FINAL PRODUCTS 
ftfc>5 S13-INTENSE 

Si - WEAK 
WEAK 

'EMPERATURE- iTSO^K 

2XiO"2 mg$/min 

1 
10 20 

TIME OF EXPERIMENT.(hours) 
30 

Figure 8   EVAPORATION OF SILICON FROM A MIXTURE OF SILICON AND 
MOLYBDENUM POWDERS IN THE ATOMIC RATIO Mo:2Si 

IN A TUNGSTEN CRUCIBLE (IV) 
61-2068 

12- 



50 100 
TIME OF EXPERIMENT (hours) 
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MOLYBDENUM AND SILICON POWDERS IN A 

TUNGSTEN CRUCIBLE (V) 
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ol «he el«ctric«l power led into the furnace    The power input vertue sample 
tempereture will be determined in two way«, (tret, by comparing the power in- 
put to th«  reading on a thermocouple and also by comparing the power input with 
the rate» of evaporation of materials «hose rates of evaporation as a function 
of temperature have been established 

The vapor species above the various molybdemum-silicon compositions has been 
determined to be monomenc silicon by means of a Bendix T'me of Flight Mass 
Spectrometer. 

Experiments still in progress, or not completed in time to be evaluated for this 
report, are the following: 

1-     Simultaneous simple Knudsen effusion experiments on MoSi^,  Mo^Sii, 
and MOJSI-   Three molybdenum effusion cells will be placed inside a larger 
tungsten crucible.    The three samples will be run simultaneously in order 
to try to avoid any temperature error in determining the ratios of the de- 
composition pressures of the various two-phase regions- 

1      Determination of the phase boundnes of the Mo^Sij phase- 

3. Temperature calibration. 

4. Analysis of the metallographic examinations of the cross-sections of 
the crucibles after the evaporation experiments. 

5-     Analysis of the X-ray diffraction patterns of the sample   products re- 
maining after the evaporation experiments. 

During this quarter,  Searcy and Tharp9 have published the results of a Knudsen 
effusion investigation of the dissociation pressures ol the molybdenum silicides. 
They found the heats of dissociation per gram atom of silicon at 298*K to be: 
M.MSi 131.9: MosSij 131. 1. and MoSi^ 117.2 kcal. 

Searcy and Tharp and Brewer and Searcy10 make the point that when data is 
very scattered a "third law" calculation would be preferable to the "second law" 
calculation that was performed on our data last quarter'.    Accepting their 
reasoning,   and with the reservation that our temperatures have still not been 
calibrated,   and using (AFT- AH^g)/T given by Searcy we calculate the following 
heats of dissociation at ^S'K:   liquid + MoSi^ 117. 8; MoSi^-Mo5Si3 121. 5; 
Mo5Si3-MojSi 128. 3; MojSi-Mo 132.9. 

As soon as all our experiments are analyzed,  our results will be compared with 
those of Searcy and Tharp. 

9.Sc«»cy, A.W. and A.G. Tharp. J. Phy«. Chem., M, m9 (I960). 

Brewer. L. and A.W. Searcy, J. Chem. Fduc. 76, US (1949). 
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E      TUNGSTEN-SIUCON SYSTEM 

Studiet ..m.Ur to those ot the molybdenum-iihcon .y.t.m h.v« been conducted 

or.?hcoU«n!pl,n?,,,COn •Vit*m
i

by ""••""»• *• ..otherm.! r.U of .vpor.non 
^lin    T       ,,ten cruc,bUi    O™ •««» •«PTimenul r..uU .. .hown ,n 
l^i. . ^     "•m# lemPer*»up« mM.urement difficulties M tho.« m«mion.d 

in the molybdenum-ilicon .yt.m hav. be.n «pTLncd in th«.« .«penment. 
and the ««me remedy »ill be applied. 

F.    TANTALUM-BORON SYSTEM 

Senou. difficu tie. have been encountered in obtaining contmuou.ly monitored 
effu.ion data of the tantalum-boron .y.tem     In .ho.e eicperimen«.'where ^on 
was evaporated from a Untalum crucible, the final product« were found to be 
boron pouder w.th a coating of tantalum bonde on the crucible well     In the 

ZlTr". Wh're b0r0n WO •VÄ»>or*t«d trom T.B2 in a tantalum crucible, the 
final product, were non-equilibnum mnrture. of vanou. bonde.. e.g. TaB, 

mi;.4 ^7*B"   Ai•0 In the •,tPer,m*n«- ■*•»• «»»• evaporation of boron wi 
monitored from a reacting mixture of tantalum and boron powder., the final 

L^r/ Wer\n0n'eqU,hbr,Um rn,XtUrei- e «   Tt'  T*B2. TaB. TajB4.    It 
appear, a. if the mo.t promi.mg approach to the determination of the di..ociation 
pre..ure. would be to do Knud.en effu.ion experiment, w.th very .low r"e. of 
evaporation.   Such experiment, will be conducted in the near future. 

15- 
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II.   VISCOSITY STUDIES 

Furnace dtfftculiie« have slowed down the effort leading toward a aucceasful 
conclusion of the determination of the viscosities of silica and alumina and 
additive additions to silica and alumina.   The furnace elements will be replaced 
and the determinations will be attempted during the next quarter. 

-17- 



III.   SURFACE TENSION 

Tht following surface Unsions of tihc« and •llica plus adc!tttv«a have been de- 
termined so far in tht« program by means of projecting the «mage of the profile 
01 sessile drop* on "Metallographic" plate«1 and the use of the Bashforth and 
Ad*ms tables.'' 

SUBSTANCE 
(Silica * 1%) 

SURFACE TENSION 
(Ergs/cm2) 

v2os   | 498 

CoO      f ISI 

Cr^Ojf  T« 

/ * l 

Al^Oj | 

mperature 
Melting Point 

424.  S00 

473.  S80 

MKO 590 

Zr02 800 

Pure SUlea 
(Temperature * C) 

1830 

1850 

186S 

Zi40 

IZ50 

.370 

351 

281 

3 20 

278 

u Batbforth and Adam«, An Ai'enpi to Ten the Thcorcs of Capillary Action, Caabcidfc, (I8HM. 
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AHFKNUIX A 

THE VAPORJZATION OF THE RARE EARTH OXIDES« 

Morton B.  Pamih 

RESEARCH AND ADVANCED DEVELOPMENT DIVISION 
AVCO CORPORATION 

Wilmington.  MfttMchusctts 

The vtporiutton mode« of most of the •••quioxtdai of the lighter rare earth 
maul» have previously been shown to change from 

2M0U)f0(g) (I) 

to 

^M(K)f30(gl (2) 

with increasing atomic number of the m-tal, * 

In this work,  we have studied the vaporization of Gd^Oj.  T^Oj.  Dy^,.  Ho^O,. 
E^Oj    Tm^Oj.  Yb^. and Lu^Oj at temperatures ranging from 2000 to 2500« K 
by analyzing the species effusing from %n indium effusion cell with a Bendixtime- 
of-flight mass spectrometer.    Experimental details of the heating and tempera- 
ture measuring techniques have been described elsewhere.2 

The ratios of the ion currents due to the metal and the monoxide,  Iw ♦/I^n . . 
are shown in figure A-1 for ions produced with a 20 ev electron beam     The pre- 
viously reported data on La^j.   Pr^.  Nd203.  Smz03.  and EuiO,!. 3 are also 
included in the figure.    The effu.mgVeci« were observed at seteJal tempera- 
lure» and electron beam energies for each of the compounds studied, and the 
variation of the ,on current ratio with temperature over several hundred degrees 
was found to be within the limits shown about each point la figure A-1.   The limits 
shown for the vaporization of Eu^j and Tm^ are quite large because the low 
concentration of MO obtained with these oxides necessitated measurements at 
low signal/noise levels.    In the case of Yb^ only Yb* ions were  observed. 

The possibility that the results might have been seriously influenced by dissoci- 
ative lomzation or ion molecule re-combinations within the ion source was ex- 
amined in a manner identical to that described previously, 1 and these processes 
were found to be In.igniflcaat.    It thus appears,   that the rare earth sesqu.oxules 

M.H. P»ni»h, J. f hem. I'hyi.,^, 1079 0961). 

M.H. I'.nmh and 1.. Reif. j. Chem. Phy... U, (1961). 

P.N. W.Uh, H.W. Goldnrin and D. »hite, j. Am. Ccr.m. Soc. 43, 229 (1960). 
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may IM divided into two group» within Mch of which th« vaponution mad« changes 
from that shown in equation (1) to that shown in aquation {£) with increasing atomic 
number of the rare earth metal.   It is of interest to note the abrupt change in the 
vaporisation mode which occurs after Eu and Yb. the rare earth metals in which 
the 4f electron shell is half and completely filled respectively.   It is also of in- 
terest to note that, except for Lu^Oj. the classification of the oxides into groups 
according to their vaporisation modes is identical to the separation of the rare 
earths into so-called cerium and yttrium groups according to their behavior in 
various separation schemes.4 

The approximate vapor pressures of the major species vaporising from the 
yttrium group of oxides were determined in a manner similar to that described 
previously for the cerium group.    The equilibrium partial pressures over M2O3 ( 
at 2300 •K were:   TbO.  DyO.  HoO.  ErO. LuO Z 10-7 alm; Tm 4nd Yb~10-6 atm. 
In order to obtain the approximate pressures, the indium ion current from the 
vaporisation of the indium effusion cell was used for the calibration of the M • 
and MO* ion currents. 

D.M. Von, II   Ruticl. Jr., and C.S. Gam», The Rate Farth Klrmema and Thrir Compnunda, John Wiley & Son«, New York 
(1947).  ■  
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