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ABSTRACT 

The mass spectra of Lhc high-tcmpcrature vapors over a series or hrium tungstates 
have heen measured. IL is shown that the dominant v~~por species over these mixed osides 
is BaO(g); Ba(g) also is present as a minor vapor species over some of these asides. The 
spectrum for Ba$aW06 show-s Cn(p) in addition to B;tO(g) antI Ba(g)_ It appears that the 
BaO is I,rmctl by the solid state dissociation. e.g. 

Bn3WOh(c) - 2 BaO(c) + BaW04(1). 

INTRODUCTION 

There are increasing practical uses of refractory mised-oside compounds 
which contain at least one alkaline earth. An esample of the use of this 
family of compounds is the thermionic emitter which is used in certain types 
of arc lamps [1,2]. There have been many studies reported on the physical 
properties of these mixed osides, but there has been a paucity of studies on 
the high-temperature chemical behavior of the complex compounds. In 
particular, the high-temperature vaporization chemistry is of much interest 
since the application of these oxides is often determined by the thermal 
stability, as well as the vaporization mechanism. We have studied the high- 
temperature vaporization chemistry of these mised-oxide compounds by 

Knudsen cell mass spectrometry, and also by X-ray analysis of the condensed 
phase. 

Materials preparation 

,411 materials were prepared from high purity (at least 99.9%) raw materi- 
als, which included BaC03, CaC03, Y103. Moo,, and WO,. The preparation 
of the mixed osides by a sintering process at temperatures up to 1600”~ 
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has been described previously [ 21. The Ba,CaWO, and the materials in the 
series Ba,Y,~:ITO,-Ba,Y=(W,_.Mo ..R)09 all belong to the perovskite series, 
and were shown by X-ray diffraction to be of single phase [ 21. 

:llass spech‘ome tric measurements 

The mass spectra of the high-temperature vapors were measured on a 
Bendix time-of-flight mass spectrometer, Model 12-101, with a Knudsen cell 
attachment supplied by Bendix Measurements were made with the sample in 
contact with tungsten, platinum, or alumina (sapphire). The cell orifice 
cliamet.ers were 0.76, 1.02, and 1.27 mm, with a thickness of 0.076 mm. 
Approsimately 0.3 g of sample was loaded into the cell for each measure- 
ment. After the loaded cell system was attached to the mass spectrometer, 
the cell was first radiantly heated to approsimately 850°C over a period of 
l-2 11. Subsequenbly, the cell was heated by electron bombardment. The 
lowest t.emperature by this heating mode was approsimately lOOO”C, and 

the masimum approximately 1650” C. The temperature measurements were 
made with a disappearing filament optical pyrometer which was focused on 
the cell orifice which served as the blackbody hole. The temperature was 
maintained to within 27” C at a given heating power level. 

The mass spectrum was visually scanned on the oscilloscope, at an elec- 
tron accelerating energy of 20-30 eV, while the cell was being heated during 
any run. When a shutterable species emanating from the Knudsen cell was 

detected, the temperature was maintained constant while the spect-rum was 
recorded on a strip chart. The relative intensity measurement as a function 
of sample temperature was generally made by focusing on the given peak, 
and recording t-he intensity over a period of l-5 min to determine if there 
was a time dependence of the ion intensity_ In some instances, the intensity 
of the line, such as that for the Baa ion, was recorded at approsimately 3 V 
above the appearance potential and also at approsimately 30 V. The ion 
efficiency curves were determined for all species for which the intensities 
were of sufficient magnitude to allow satisfactory measurement. The 
appearance potentials of the positive ions were determined by comparison 
against those of H20* and 1’1’1. The latter species were always present as a 
background in our spectra. 

RESULTS AND DISCUSSION 

Table 1 summarizes the mass spectrometric observations for all of the 
mised osicles studied herein. In our Knudsen cell system, the lowest vapor 
pressure at which we can detect the species in the mass spectrum with any 
degree of accuracy is approximately lo-” torr. It should be noted here that 
all of the materials, except Ba3W0, and Ba1T04, changed to a deep blue 
color after heating above 1300°C. The BaWO, and Ba3WO, retained their 
original white color after the heating. 

In the mass spectra of the mised osides studied here, the positive ions 
which dominated the spectra were BaO* and Ba’ in all of the materials, and 
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TABLE 1 

Positive ions observed at 25-35 eV 

Oxide Crucible 
material 

---.-. - 

IOIlS Temp. 
rance ! I<) 

Ba,CaW06( c) 
Ba3Y2WOy(c) 
BqY~(W,,.sMo,,.,) Ode) 
Ba3Y:Wo.dIoO.J) OY(C) 
BaJY,(Wo_&Ion.6) Ode) 
Ba~Y~(W,,.~h1o~~.~) OY(C) 
BaJWOb( c) 
BaW0411) 

BaO+. Ba+, Cat. l3nKO;, BaWO;, O+ 
BaO+ Ba+. BaKO;. BaWO;. OA‘ 
BaO+: Ba&, Ba\VO;. BnKO;, 0’ 
BaO’, Bn-. 0’ 
BaO-. Ba+. O- 
BaO’. Ba*. O- 
BaO-, Ba’ 
Ba’. BaO-. BaN-0; 

-- .- 

liO9--1932 
li-15-I is;31 

1 CiYO-1922 
lSli-1912 
li98--1922 
l-i;,rl-lS;r;q 
1 (<OS--l Sjuii 
17.5:+1 s;i;; 

also Ca- in the Ba2CaWOh. The BaKO; and Ba\170; ions also began to appear 
in the spectra of BalCaWO, at temperatures above 15OO’C. but the 
intensities of these ions were appreciably lower than those of the other ions 
at the same temperature. As shown in Table 1, LIW BaWO; and the BaKO; 
ions were not observed in the spectra of all of the materials. In the case of 
Ba3Y2(~~~,,.~XIo,_,)0. and Ba,Y,(\~,_,nIo,_,)O,, w-e prol)abl~ did not observe 
the BaWOi and BaWO; ions because these ions appeared at temperatures 
above that which could be obtained in our instrument. Our nxkmum 
temperature limitation was about 165O”cl. Kc did not observe the Ba\vO; 
and BaWO; ions over the Ba,Y,(\17 o_llIo,_,)O., in spite of the lower clccompo- 
sition temperature of this aside, and also in spite of the high relative vapor 
pressure of the Ba’ and BaO’ ions in the higher measuring temperature range. 
In most of the spectra, the 0’ ion was obsemcd as one of the products of the 
dissociative vaporization of the asides. However, ~-e could not quantitatively 
assign a relative intensity to this ion because of the relatively high air back- 
ground in our instrument, in spite of the spectrometer vacuum of lo-” torr 
or lower. Table 2 shows the relative intensities of t.he major ions. Ba-, BaO-, 
and Ca* in the mass spectra. 

As shown in Table 2, the BaO*/Ba* ratio is essentially the same for the 
vapors over the Ba_3Y,W09 and its derivatives, and this ratio remained con- 
stant over the temperature range studied for each of these oside mixtures. 
Figure 1 shows the temperature dependence of the BaO* and Ba’ ion 
intensities for Ba3Y2WO?, which was contained in the tungsten crucible: 
here f is the ion intensity and T is the absolute temperature, and IT is 
proportional to the partial pressure. The measurement at 35 eV produced 
the same results from both the tungsten and the platinum crucil~les. The 
enthalpy of vaporization at 35 eV was fUfiTP3 = 97 lxal mole-‘. Note that the 
slope for the Ba’ ion measured at S eV, which was 3 eV above the appear- 
ance potential, was significantly higher than those of the other curves mea- 
sured at 35 eV; the enthalpy of vaporization at S eV was 190 kcal mole-‘. 
The 8 eV measurement was not made in the platinum crucible. The tempera- 
ture dependence of the BaO’ and Bd ions measured at 25 eV for the deriva- 
tives of E3a3YIWO!, was very similar to that shown in Fig. 1; we did not 
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TABLE 2 

Relative intensities of ions at 1’788 K 

Oxide 

- 

BalCaW06( c) 
Ba3YzWOg(c) 

Ba3Y:(Wo.sMoo.l) WC) 

Ba3Y2(IV”_hhloo_4) 04~) 
Ba3Y0ro.~Moo.h) Ode) 
Ba3~2(W0.1nloo.s) Or(c) 

B~JWO& c) 
BaJWO,( c) 

BaWOd(I) 

Crucible 
Material 

W, A1,03 
\v. Pt 
w 

w 
iv 
w 

Pt 
W (at 
164Hk) 
w 

Energy Relative intensity 

(ev) 
Ba’ BaO+ Ca+ 

11 100 196 1-10 
35 100 1 3.5 
25 100 133 
25 100 12-I 
2 5 100 131 
25 100 140 
30 100 220 
30 100 -50 

30 100 7-l 

measure the temperature dependence for the Ba’ ion at S eV for the deriva- 
tive osides. 

Figure 2 shows the ClausiusXlapeyron plot for the Ba’ and BaO’ ions 
from Ba,WO, measured at 30 eV from a platinum crucible. The enthalpy of 
vaporization of these ions was WY,,, = 105 kcal mole-‘. We did not deter- 
mille the temperature dependence of the mass spectra from the tungsten 
crucible but, as shown in Table 8, there is a drastic difference in the BaOL/ 
Ba’ ratio between the two crucibles. 

Figure 3 shows t.he temperature dependence of the BaO’, Ba’, Ca’, and 

I 
5:: 5.5 5.6 5.7 5. ? 5.9 6.0 

IO'ii 10% 

Fig. 1. Semilog plot of IT vs. l/T for Ba’ and BaO’ from BaBY,WOg measured at 8 and 
3.5 ev. 

Fig. 2. Semilog plot of IT vs. l/T for BaO+ and Ba+ from BaaWOe measured at 30 eV. 
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Ba\\'Oi ions over BazCaWO,, where the first three ions were measured at. 
11 eV and the BaWO; was measured at 14 eV. The Ba\170; ion also was 
prcscnt at tcrnperatures above 155O”C, but the ion intensity was too weak 
for cvf3i a reasonably accurate measurement. Admittedly, the temperature 
tlclxxdcnce data for this compound is quite poor, but the measurements 
show the predominance of the BaO’, Ca*, and Ba’ ions in this spectrum. The 
HaO’/Ba* ratio of 1.96 with this material was higher than that in the 
13a3JS2\\S0.; this difference is attributed to the difference in the electron 
:lr.celcrating energies at which the measurements were made. 

‘I’hc appearance potential (A-P.) for the Ba’ ion in all of the materials 
stuclitxl here was bet.ween 4.9 and 6.0 eV, while the A.P. for the BaO’ ion 
LI-;K hrt~-c~cn 6.3 and 7.5 eV. The A-P. for the Ca’ ion from Ba2CaWOs was 
5.0 CV. ;I. L 11 of the A.P. were measured to within kO.5 eV by the linear extra- 

polation method. The A.P. for these three ions agree quite well with the 
ionizni ion potentials of 5.-, 3 6.5 and 6.0 eV for Ba, BaO, and Ca, respectively 
[ ;3 ] _ I low-ever, esamination of the efficiency curves suggests that the Ba’ ion 
rr()m all of the compounds has more than one parent. 

Figure 4 shows the efficiency curves for the Bd, BaO’ and Cb ions from 

HnlCa\YO,. Xlso shown in this figure is the efficiency curve measured for the 
~a* ion from barium metal. When we first determined the efficiency curves 

for the ions from BalCaIIrO,, we observed the anomalous hump at approsi- 

I1~r~tely 10 eV for the Ba* curve. This hump showed up more prominently in 
tllc tune for this ion from barium metal. This peaking in the ion intensity at 
-10 e?v has been determined to be an artifact of our particular spectrometer 
ll-llicl~ we have not been able to eliminate. This peak is not present unless 
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~lltm~ is an ion u-it11 ;I thrcsholrl hxlo\v - 10 cl-. I-or c3runph~. this anm-nalous 
llc9li is nhwnr in thcl t~fficik~nc~>- cu1II5 for I I,O‘ ant1 _Si. ‘I’liCB actunl rlfficitwc*J 
~~117~ia fcr the Ha- ion from Iurium metal shoulcl follow the hrokcn c:urw in 
I:ig. -1. rmcl the intensity is scc’n t.o saturate allow 19 ~1’. Bcr:aus~~ WC cann01 
t*onlitlc~nrly correct for this rulornalous lwaking in the ion intensity at -10 
(‘I-. 1x-e siio~v tlic cffic:icwc:y ~urvcs as tlic>- w-c*re mcasurcd. ~kmiination of 
~hcs c:ur~c for the Bn- ion from BalCn!VO,. showccl that thcrc is morr than n 
.iin<lt> wucc’c for this ion. ‘I‘ho AP. of 5.5 CV sho~ecl the c:ontribution from 
Ikll.~) in rllrl vapor. IjUt Lllc cwntiii~wusly incrcasinrr intensity of the pCal< Up 
LIJ ilppr0simatrly 25 eV stiowecl the contribution from a second source. The 
r-f’fkkncy curve for the BaO’ ion shows the predominant contribution from 
ilit? ionization of BaO(g). The efficicl-rcy curve for t.he Ca- ion also suggests 

~,nly ;1 sinp!e source’. F&m-e 5 shows similar efficiency curves for the Ba- am1 
1%10- ions from BaJ\w-_l!SO,,. .\ll of these ions sliowed the anomalous peak at. 
-10 eV’, but. the straight lint5 in t.he region Iwlow 10 eV, and that above 10 
c-1’. had the same slope. In addition, the intensities attained saturation at 
-15 ev. 

Figure 6 sl~ow the efficiency curves for BaO’ and Ba* from Ba3W06 
measured from the platinum crucible. The BaO* is clearly a parent ion from 
HaO(g). The Ba‘, however, appears to have at least two sources. The low 
thrcsholcl Ba- probably originates from Ba(g), but the ion appearing at 13 eV 



193 

5 ,- 
i 

is thal form~tl 1,~ dissociat.ive ionization of the BaO(gl [3 1. 

Thtb tcmpcraturr dcpcnc!encc data for the BaO- ion. shown in Fig. 1 - 
J-ic~lrlcd an cnthalpy of vaporization of 9’7 kcal mole-’ at l’TS3’ Ii;. The Iattel 
value is in g()(xl a~rccmcnt n-ith AU;-,,,, = 102 kc31 mole-’ FOY the ~Ilt~h~l!~!. 

of sul~limation rcl)ortc?d I,- Inghram ct al. [ -11. -rhst~ authors also shoxxl 
that hc Ba- ion is fornwtl by the clissoc:iative ionization of BaOig) hy clec:- 
tron impact. n:~rl that. the BaO*/Ba* ion intensity ratio was npprosimatcly ‘1 

at 30 c\- cblcctron I~omlxu-clmcnt. encrky. In our measurements on Ba3Y:1!‘0., 

and its dcrivativcs al 25--33 eY, the BaO-!Ba- ratio was identical to r.hat 

measured I)>- ,\lclricl~ at 15 e\l, and with the BaO contained in l>latinLml [ 51. 

It appears from our dat.a that BaO is a proclwt of the thermal decomposition 
of the mixed osidcs. If CaO also is one of the products of decomposition 01 
BalCa\VO,, w-e woulci not have hccn able to observe t.his osicle in the val~n-. 
nor the tullgstates of calcium. in t.he temperat.ure range of our measuw- 
111c11ts. 

Xs shown in Fig_ 1, the temperat.ure dependence of the Ba- ion mcasxecl 
at S eV shows a very steep slope, with an enthalpy of vaporization of 190 
kcal mole-‘. It appears that the Ba(g) arises mostly from the reclucr.ion of 
BaO(c) by tungsten according to 

n’(c) + 6 BaO(c) - 3 Ba + Ba,WO,(c) 

The enthalpy for this reaction is 177 kcal, compared with 249 kcal for the 
reaction 

W(c) + 4 BaO(c) +3 Ba(g) + BaWOJc) 
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These enthalpies are based on the enthalpies of formation of BaW04(c) and 
Ba,WO,(c) reported by Rezukhina et al. [6] and the enthalpies of the 
BaO(c) and of Ba(g) reported in the JANAF Tables [7]. 

Previous authors have found that BaW04(g), BaWO,(g), CaWOe(g) and 
CaWO,(g) are important vapor species, as detected by mass spectrometry 
over BaO and CaO in contact with tungsten crucibles [S]. We did not find 
this to be the case in the temperature range studied with the complex asides. 
Nor did we observe any compounds of molybdenum or yttrium in the mass 
spectra over the mixed oxides which contained these elements. However, the 
thermal decomposition of Ba3Yz\1709, and its derivatives, always resulted in 
Y20a and Bam704 as products. 

It is difficult at the present time to speculate on all of the reactions which 
produce the vapor products observed in our measurements. However, it is 
clear that BaO(g) is the dominant species up to 1650” C, with Ca(g) and 
Ba(g) also present. The tungstates and t.ungstites, BaWO,(g) and BaWO,(g) 
respectively, were also vapor products over some of the materials, but these 
molecules made relatively small contributions to the vapor composition. It is 
clear that BaO is formed by the thermal decomposition of the comples 
oxides, and that the high vapor pressure of BaO dominates the equilibrium 
vapor. 

We have observed that Ba-CaWOb, Ba,Y,WO,l and the derivatives of the 
latter aLl become blue in color-when these osides are heated in vacuum above 
1300” C. This color change, which suggests decomposition, takes place when 
the oxides are contained in tungsten, platinum, or alumina crucibles. This 
type of color change with decomposition in tungsten oside is well known to 
be the result of the loss of osygen with subsequent formation of suboxide. 
One source for the Ba(g), aside from the reducticn of BaO by tungsten, may 
be from the reaction 

BaO(g) + 0 -Ba(g) + O1 

with the 0 atom coming from the decomposition of the oside. 
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