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Abstract

The vaporization behavior of the Al-O system has been studied on awmercus ocoasions bat significant
uncertainties remain, The origin of this unceriainty must be understood before Al-O vaporizaton behavior
can be sccurately determined. The condensaiion of AlyD, and clogging of the effusion orifice is a difficul
problem for the Knudsen effusion techniqee ihat influences the measured vaporization behavior but has
only received lirsited atiention. This study reconsiders this behavior fn detail. A new theory for ALG,

condensation is proposed together with procedures that will improve the measured thermodynamic

properties of Al-O vaporization.

Keywords: Al(g) and ALO(g) vaporization; AL O{s) condensation; improving thermodynamic

measurements; multipie effusion cell mass specirometry,

}. Biroductice

The vaporization behavior of the Al-C systern has been investigated in numerous stodizs since the
early 1950°s . These studies used the effusion-methoed, in its various forms, to sample the vapor phase in
equtlibeivm with AKT) + ALOs(s) {1-4] andd ALO:(s) [1, 5, 6] in a range of container materials. In spite of
this level of investigation, some vapor species and the thermodynamics of vaporization are still not fully
ungerstood. Recently there has been renewed interest in AL-O vaporivagion [7.9]. Bmproving the
thermodynamic data of the ALO system will allow more accuraie measurements of the alloy -+ oxide
equilibrium in the Ni-AL Ti-Af and Fo Af gystems [10]. This information will improve our understanding
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of high-temperatuare oxidation behavior of these systems which rely on the formation of a protective
Algs{s} surface-layer by reaction with oXygen containing etmospherss, To do this, however, 2 more
fundarsental investigations of Al(l} + ALOL{(s) vaporization is needed,

A range of vapor species have been identified in the Al-O eystemn: Al(g), ALO(g), Alig), AlD{(g),
AiGy(g), AlOHAg), ALGs(g), O(g) and Oxg) [1-6]. Questions remain about the existence of AlO(g} [81.
The composition of the vapor depends on the oxygen pariial pressure. At low p{Qy), when Als 1) and oo
AlO4{(s,]) are stable, Al(g} and Al,O(g) dominate while at higher p(O2), when o-ALO4(s,) is siable, C{g),
Allgy and AlO(g) typically dominate. To quantify the uncertainty in ALO vaporization reaction snthalpies
measured by this suthor are compared fo the accepied values [11-13] in tnble 1. The details of these new
measurements will be discussed in 2 sabsequent paper. While these results differ significantly, it is not
constructive to propose changing generaliy accepted thermodynamic properties without first investigating
possible reasors for the discrepancies and suggesting improved experimental procedures. Accordingly,

two likely sources of error are: 1} reaction between Al{l} and the effusion-cell materidl, and 2) clogging

ibe effusion orifice at high temperatures with the condensation of ALCa(s,1).

TABLE §

Comparison of Reaction Enthalpies in A0 system, 4,H%(298.15K)

;: Reaction: | Measwred " | TVTANTT T JANARTE
; ¢k mol £id/mol) (clfmoly
; Al(s,D) = Al(g) ' ® | 3300430 | 3297042 |
| 43A1s,) + 13ALOs(s) = ALO(g) | SIENERE | 4090336 | 4134950 |
| 473ANg) T 1/3A504(s) = ALO(R) $eom | 300443 | 262430
L 2AKe + O(g) = ALO(R) ERSARS | -1037.0420 | -1053.7+150 |

Identifying a suiteble container material is imporiant for all thermodynamic measurements and a range
of materials {i.e., BeQ, TaC, Zx0,y, ALO;, Mo and W} have been used in A-O vaporization studies.
Srewer and Searcy used BeO and TaC effusion-cells but Al(1) reacied with both materials [1]. Porter er al.,
usec a Zr0y-liner in a Tz effusion-cell without reporting any significant reaction [2]. Motzfeldt ef al.
successfuily used a Al effusion-cell [3, 41, Mo and W have been used extensively to study the

vaporization of AL (J; but both are unsuitable for Al{l). According to the condensed phase diagrams, Al-O
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[15], AkZe-Q [16], and ALCy-2r0,-Y,05 [17, 18] ALO; is best suited for studying the vaporization of
A1)+ ALOs(s) as ZrO;-based containers will react with Al(1), The affect of a ZrOp-baszed effusion-cell
was recently considered by directly coraparing the vapor pressures of Al{g) and ALO{g) in eguilibrinm
with A1} in 2 ZrQy; effusion-cell and AKL) in o ALO, effusion-cell [7]. These results showed A1)
remained pure and & AlyOy-layer formed on the inner surface of the Zx0, effusion-cell, effectively
rransforming it tuto an AlC; effusion-cell and making it thermodynamically identical to AN + ALO4(5).
While fateresting, this result showed that a Zr(; effusion-cell does not change the measured vaporization
behavior in the ARO system. This leaves the difficult problem of AL, condensation.

AlD; condensution has been observed by this author while measuriag the vaporization behuvior of
Al + AsOg(s) and v-TIAIS) + Y0u0s) and was previousty observed for AN + ALOs(s) by Motzfeldt o
ad. 13, 41 and for ALO(D by Drowart ef el {51 T oceurs on the outer edge of the orifice, is more
pronounced for smali diameter orifices (less then about 1.0mm) and is usually only noticed at temperatures
above about 1500 K. Condensation of A0, will nfluence the measured vaporization behavior by
changing the shape of the effision orifice and iherefore the rate of effusion independent of the partial
pressures inside the effusion-cell. This behavior appears to be typical for systems with high aluminum
activity, and it is surprising that it has only received limited discussion. Motzfeldt ef al. appears to be the

oaly research to consider this problem and their experiments and discussion are revieweg.

{.2 Motzfledt's investigation of Al;Opcondensation

This problem was considered on two occasions while studying the vaporization of AXE) + ALOs(s) in
an AlCsis) effusion-cell by 2 classical effusion method with continuous thermogravimetic monitoring of
the rate of mass loss. The first study was conducted at 1585 and 1623 X in 5 tube fisrnace with a graphite
heating element and with effusion: orifices ranging from 0.8 o 8.0 mm in diameter {3]. The second study
was at 1556 K in a furnace with 2 melybdenum heating element and with effusion orifices ranging from 0.6
to 2.9 mm in diameter [4]. In all experiments, pure Al(s) with excess ALC(s) was loaded into ALO,
effusionecells. From previous mass spectrometric studies [2, 5, 6] Al(g) and ALO(g) were assumed o be

the dominant vapor species and it was explicitly assumed that there was no mass loss dug to vaporization of
D



the outer surface of the AL O effusion-cell and implicitly assumed that the effogion cell did not gain mass
by reaction with the furnace environment. Folipwing these assumptions the messured mass loss for the
system {sample -+ effusion cell} was due solely to the effusion of Al(g) and ALO{g) at partial prossures
PLAD and p{ALOY, according to the vaporization reactions Eq. (1) and Eg. {2). This ocours ot 4 rate {mol s

"3 for sach species according to the Hertz-Knudsen relation Eq. (3):

Al = Al(g) (B
42100+ AL, (5) = 3ALO(E) o
di, fdt = p(i) AW, [2nrba T} @)

where ;i number of moles, p{i) iz the partial pressure, 4, is the area of the orifice, W, is the Clausing

factor or the orifice, R is the gas constant, A4 is the molsr mass and 7' is the absolute temperature. The total
mags 108s; Ag, 15 due w© consumption of Al(1) and ALO4(s) in the cell (Ag = Any, - My, + 4n a0, Mo, b
The moles of Al(l) consuemied, Any, ,. were determined by measuring how much Al(s) remained while
AlT;(s) consumption, Any; g, , was determined by the difference between the total mass loss and
measured Al{I} consumption (./_\q -y M A;}f M a0, - For each mole of ALO; four moles of All) were
consumed due to the effusion of three 3 moles of ALG{g) aceording to Ha. {2}, The excess moles of A(D)
lost were attributed to reaction (1) and the effusion of Al(g). In this way the number of moles Al(g), ny,,
and A(Xg), #a,0 . 10t by effusion during the experiment were determined and used to caloulate p{Al)

and p(A1,0) according to Bq. {3). The twotal rate of mass loss (g-s™') is the sum of the effusion of Al{g) and
ALO(g), Eq. {4), and is constant at a fixed teroperature,

dfdi = 4,70, [2RTY " {p(AD(M 0 )" + p(ALOYM o F7) “

In both studies, however, the rate of mass loss was not constant but decreased with tizne. This was

morg prosiounced for smaller effusion orifices and ocourred at a faster rate in the first study. This behavior



was attributed to AlG; condensation on the ouier edge of the ovifice that reduced the ovifice area, 4., 2ad
changed the Clansing factor, W, duting the course of each experiment, A temperature gradient was ruled
out becanse ne condensation was observed inside of the cell 1id and a significant effort was made 1o etsure
ar: isothermal condition. No explanation was proposed for ALO, condensation in the first study but it was
noted that the rafio of the partial pressures of the species, F, was related to the effusion orifice area. it was
suggested that this could be due ALO(g) rescting with the graphite heating clement and the formation of
excess Al{g) cutside the effusion-cell, according fo reaction (6). The excess Al(g) could then react with the
outside of the effusion-cell resuliing in an increased loss of Al Us{s), according to reaction {7). To test this
a molybdenum heating element was vsed in the second study. Date was obiained by extrapolaiing the

measwred rate of mass loss to the start of the experiiment when the shape of the orifice was known,

F = pALOY p(AD =m0 W0 f ? frast ) ®)
ALU{gi+ Ulg) = 2Al(g)+ C0(g) (6}
4Al(g)+ AlLO.{s)=3A1,0{g) (h

The second study [4] used the seme analysis procedure and simitar behavior was observed but the rate
of orifice clogging and the increase in F with orifice area was less pronounced. The variation in F with
orifice area was accepted as real but unrefated o the heating element material. A complex calculation
provedure was developed to consider an average effective orifice ares, Ay, to correct for the decreasing
orifice area with time. Tn addition, the concept of “hindered” vaporization for A¥(g), Gl A1) < 1, from
AlOy(s) was introduce to explain the apparent decrease in measured p(Al} with increasing orifice area
{while p(A1;0) was assumed to be independent of orifice area). This was used, with reaction {7), to explain
the “enaveidable” ALO, condensadon. The reduced p{Al) in the effusion orifice seis to shifi the
equilibrium in reaction (7) to the left, resulting in condensation of ALO,(s).

These studiss clearly involved a large amount of detsiled experimental work, however, there are
several obvious problerss in the interpretation of these results that need 1o be identified. The first problem

i8 the mass balance analysis used e determine the number of moles of AU and ALOL(s) lost from the



sysiem, The analysis schnique did pof aliow the vaporization precesses inside the cell and effusion from
the ¢ell o be treated separately froin the condensation of AlLQD; on the ouiside of the celi. A portion of
material iransported from inside the effusion-cell did not leave the svstern bui condensed ag ALQD; on the
outside of the cell. Therefore the measured mass loss is less then the actual amount of AN} and AlyOy(s)
removed from inside of the cell. In s situation the anelysis procedure underestimates the moles of
A3y04{s) consumption which resulis in both a low p(ALOY) and high p(AD. As the amount of ALG,
condensation increases relative (o the orifice aren {as the orifice area decreases) F must decresse. Thus, the
hehavior chserved for F can be explained without considering “hindered” vanorization of Al g) and the
best resulis should be obtained with ihe largest orifices where the relative amount of orifice clogging is the
smaliest. While a reduced vaporization coefficient for Al{g) from ALO,(s) is possible, its effect would be
difficuit to obsezve with 8 AKL) -+ ALO.fs) mixture as Al(g) vaporization from AWY) would dominate. Asa
genersl rule the meore complex vapor species i more lkely to experience hindered vaporization, that is
Dapf Al O) < 0,y { ALY [15]. Purther, if a reduced v { A} was the reason for ALD; condensation then as the
effusion arifice clogs p{Al) would increase as it is more accurately sanmled. This would shifi eguilibrinm
of reaction (7} to the right and limii further condensation, against the observation that Al,G: condensation
is more pronounced for smailer orifices. These problems raise uncertainty sbout Mowzfeldt®s theory. An
ebvious test of this theory is 1o measure # with time as the effusion orifice clogs due to AL,
condensation. This is 2 relatively stmple experiment for effusion cell vapor source coupled to 2 mass

specirometer, KEMS, This experiment is described and the results considered.

2. Experimental

2.1 Materials

In this study about 0.5 g of Al{s) (99.9999 wi% purity) were loaded into an AlD; effusion-cell {99.99

wt% purity) shown schematicaily in figure 1. Prior to use the effusion cell was cleaned by baking at about

1800 K for 10 howrs under vacuum (~10° Pa). In addition, a sumple of Au (99.999% wi% purity) was



placed in a graphite-liner inside a second AL effusion-cell, in the isothermal zone of the furnace, and

was used to check for temperative and instrement sensitivity during the experiment.

2.4, Apparaius and Expevimental Procedure

These measurements were made with a2 NuclideMAASPATCG 12-90-07T single focus magnetic
sector mass spectrometer conpled fo & multiple effusion-cell vapor source. The relative partial pressures of
Aulg), Allgy and ALO(g) were determined indivectly by sampling their flux in & molscuiar heam {selecied
from the distribution of effusing molecules) by electron impact resuiting in Au”, Al” and ALO" jons and the
formation of a vepreseniziive 1on: beam that was sorted according to mass-to-charge ratio by common mass
spectrometric technigues. An electron energy of sboati 28eV was used and there was no evidence of
AlO{g) fragmentation. The partial pressures, p(i), in the effusion-cell is related to the measured intensity

of each ton, J, and absolute temperature, ¥, bv Eq. (3) [20%

p(iy=1I/S; {8)

5 is the instrument sensitivity factor and is a complex function of the: injersection of the mwoleculsr and
elecizon bears, ion extraction efficiency, lonization cross-section, transmission probability of the mass

analyzer, detector efficiency and isotopic sbundance. Absolute pressure measurements are difficult, as a

resuit S is typically assumed constant and relative partial pressures are considered {fe., p{D) o LTy In

this way F was monitored directly by measuring the jon infensity ratio of ALyG™ and Ai" with time, Eq. (9},

The effusion cells were maintained at 135043.0 K over 8 hours during which time a consisient portion
of the effusing molecules from each cell were samples at 45 minute Intervals while the orifice of the ceil

containing Al(l) partial clogged with the condensation of Al,Cs. From Hq. {3) the rate and the distribution
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of Al(g} and ALO{g} effusing form the orifice wili change with time as the orifice cloges, This will change
their flux distribution in the moleculsr beam and therefore the rate of ion production independent of
P(AL0) and plAl} in the effusion-cell, however, as both species are sampled with the same orifice the
effect s identical,

The successful application of & rultiple effusion-cell vapor scurces requires that vaper pressure can be
consistently sampled independent of the effusion-cell. This condition is ohtained with the inclusion of two
fixed apertures (field and source) between the effusion cell and ion source and accurate alignmens of the
ortfice {14, 21.23]. The fixed apertures define an jonization volume independent of vapor scurce and the
alignment of the erifice is moniiored visually with a video camera mounted zbove the ion source that sights

»

through the fixed apertures [14]. The temperature was measured with 2 pyrometer (Mikron MI1S0Y-TS)
sighting a blackbedy source (2.3 mam in dizmeter and 13.5 mum long} maclined mto the bottom of the

effusion-celi andé Mo-cell holder.

3. Resuits

AbLO; condensed and clogged the effusion orifice over 8 howrs at 155643 K and was observed visually
and 2s a drep in the measured fon intensities of Al and ALC” with time. In addition to growth on the otter
edge of the effusion orifice, ALD; “needles or whiskers” also grew from other surfaces in the furnsce in a
direct line from the effusion orifice. These arcas are identified in the cross section of the firnace shown in
figure 2. The extent of clogging after 8 houwrs is shown in the SEM image of the ouiside of the orifice,
shown in figure 3. The ALO; crystals have grown oui of the plane of the orifice {30~60° o the normai)
and range widely in thickness,

The temperature and insiryment sensitivity were monitored during the experiment and the ion intensity
of Au" from the effusion cell containing pure Au}) is shown in figure 4, Qver § howrs the fenace
termnperabire slowly increased from 1347 Kio 1352 K while 7, remained consistent {5342+180 X). This
indicates a small decrease in instrument sensitivity but this is not expected affoct any other resuits. The
variation in the measured jon intensitics of Al", ALD" and ¥, as the effusion orifice closed, are shown in

figure 5. During an initial period, ~2 hours, the ragasured ion intensities of Al™ and ALQO" were consiant.
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This iz expected © be dus to a “restricted collimation” condition imposed by the fixed aperiwres that define
the source area, 4,, of the meolecular beam that is smalier then the cross section of the effusion orifice, 4,
(22, 23]. As a resuli the flux distribution of Al(g) and ALG{E) in the moleculay beam remained relatively
urchanged until the growth of AL, condensation encroaches into the source area, 4,. Following this
period, the measured lon intensities of Al and ALC' dropped about 41% over 6 kours as the ALO, crystals

continued to grow. £ remained consistent with only a gmall increase with fime consistert with the

measured temperature drift and the reaction enihialpies reported in table 1.

4, Tiscussicn

Cbzerving that the measured ratio of p(ALOYp{Al) remeined consistent as the orifice closed provides
direct evidence that hindered vaporization of Al(g) from ALO4(s) inside the effusion cell is not the reason
for the condensation of Aly(s. The condensation of Al; (4 can be easily understood when it is recognized
that inside the effusion cell Al(g) and ALO(g) ars in equilibrium with A1) + ALOs(s) and ihis eguilibriux
also defines a partial pressure of O4{g) in the order of 10 16 10 Pa (and O(g) 16 to 10" Pa) over the
temperature range 1000 K o 1600 K. The environment cutside the effugion-cell in a firnace containing Ta
can coniain Op(g) pressures up to 10 t0 107 Pa11]. This is maty orders of magnitude higher then that
in equilibrivm with AN + ALOs(8) which sllows the AL, effusion cell remain stebie. Therefore as Al
and ALO melecules feave the effusion cell they enfer an environment with & greatly increased oxygen
activity which results in a large driving force for Aly0s(s) formation, At reduced pressures {(~107 Paja
heterogeneous reaction between Ai{g), ALO(g) and oxygen containing species (Ox(g), Ofg), TLO{L),
ALO{g),...} on a surface is more probable than homoegeneous precipitation of ALO:(s) in the vapor phase.
Therefore it is proposed that Al,0» condensation occurs by heterogeneous growth by the reaction of
impinging fluxes of Al{g) or Al,(X{g) molecules with oxygen containing speciss on 8 AL O -surface

according 4o either:

ZAl g+ 30(ads) = ALO, (s} (1Da)

ALO(g) + 20(ads) = ALO,{s) (10b)



it is unclear which reaction dominetes the growth rate of ALQ.(s). This would be difficult to determine
and 18 outside of the scope of this investigation. In general terms, the growth kinetios depend on: the flux
of Al0(g}, Al{g) and oxygen containing species; thelr condensation coefficiends; the adsorpiion process;
and the crysiallographic orientation of the AL, relfative 1o the vapor flux {241, According to this theory,
as the temperature is increased the growth rate of condensed ALD, will increase in proportion o #{ALOY
and p{Al), provided there ig an adequate supply of oxygen. Therefore the higher ALD; growth rate
observed in Molzfeldt's frst study can probably be attributed to the higher temperatures {1585 K and 1623
K as oppased to 1356 K} rather then the different heating clement roaterials {graphite ang Mo).

Even ikough Al{g) and ALO(g) are reacting to form ALO4{(s) this will not change the measured
pLALOVP(AD ratio because only moleciles thai don’i reacted to form Aly(his) reach the ion-scurce. The
meiecular beam will therefore retain the equilibrium p{ALOYe(AD ratio defined by A1) + AlLCx(s) inside
the effusion-cell. Some vaporization will ceour from the condensed AlLOs{s) within the source area, 4,, of
the molecuiar beam, however, the increased oxygen activity of the furnace enviromment mean ALO(g) and
Al{g) no longer dominant. Therefore the contribution of ALO(g) and AXg) vaporizing from the condensed
Al O4{s} to the wolecular beam would be insignificant compared o that coming from within the effusion
cell, until ike point when the orifice is aimost completely closed. Therefore clogging of the orifice by
Al3; condensation can be thought of solely ag changing the effective orifice-area and the associated
change in the distribution of effising molecules. As orifice clogging is more pronoumnced at high
temperatires, pressure measurements made at higher temperatures are more effected, reducing the
measured enthalpies of vaporization of both Al{g) and ALG(g), as seen in table 1. Tmproving
thermodynamic measurements in the Al-C system requires that the affect of AL O, condensation is reduced

10 2 IinImG.

4.} Suggestions for improved thermodynamic measurements

According to this theory, the condensagion of ALD:(s) must cccur at all temperatures but  onty oocurs
} ¥

at ar: chservable rate when p(Al) and p{AlLOY are high enough to provide a significant molecular fux o the
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AlyOs-surface tor a given p{0y). Therefore more accurate thermodynamic data in the Al system can be
ebtaned by: 1} limiting measurements to izmperatures below about 1450 K with the highest temperature
measurement taken fivst, or 2) reducing the p(Q;} inside the firnace to levels that approach those in
equilibrium with Al(T) + AL Os{s) The fist option may not inttlally appear satisfactory, however, the upper
pressure-imit of the Krudsen-effusion techuique (~1 Pa), imposed by molecular flow conditions, already
limits the temperature to about 1600 X, Reducing p(G,} to these levels requires the introduction of
“oxygen-geiters” {in the form of Ti, Zr or Hf sheets) inside the muitiple effusion cell furnace and the
vacuum chamber, These have been added to the furnace as shown in figure 2 but additional heated sheets
are probably required cutside thie fitmace, particularly around the field aperture and also inside the ion
source chamber. Obvicusly there is 2 limit to reducing p{(y) as the ALD, effasion-cell must remain stable.
It is also tmportant io notice thai this behavior is Ekely to ocour in other metal-oxXygen systers that consain
very stabie oxides, for example Y-O, Zr-0, Ti0,

Whiie this investigation has focused on the heterogensous growih of ALO; there is no reason to
assurne that corresponding homogencus reactions are not aiso cocurring within the molecular beam
between the orifice and the ion source, Homogenous reactions between Al{g) and AL O(g) in the mofecular
beam and Ou(g} o Ofg) in the vacuum chamber could result in the formation of AlD, AlQ,, ALO, and
Al molecules unrelated io the sample being studied within the effusion cell. Reducing p(G,) inside the
vacuum chamber will help to Emit these reactions and further inmprove therraodynanic measurements in

the A0 system.

5. Conclusions

In an effort to better determine the thermodynamic properties of vapor species in the Al-O system the
probiem of ALO; condensation and orifice clogging was reconsidered. Motzfeldt’s theory for ALD;
condensation was reviewed and serious questions were raised about its validity, This theory was basis on
the apparent increase in p(ALO)/p(Al with effusion orifice area and this was attributed to “hindered”
vaporization of Al{g) from ALOys). This study iested this assumption by monitoring p{ALDYp(AL over 8

hours at 155023 K while the ¢ffusion orifice clogged due with the growih of AL, erystals. A consistent

I3



HAALOYp{ AL ratio was cbserved during this period while the measured partial pressures of ALG{g} and
Al g) both dropped about 41%, This disagrees with the previous explanation for ALO; condensation, A
rauch simpler explanation was proposed based on the large difference in p{(0;) between the ingide of the
effusion cell (defined by the AlCY + ALO{(s) equilibrium) and the furnece govironment, As the Al and
ALT molecules leave the offusion-cell they enter an environment with a greatly incressed p{(;) and Al
condensaiion occurs by heterogenecus growth by the reaction of impinging AKg) or ALO{g) solecnles
with sbsorbed O on a AlyOs-swrface. According to this theory AL, condensation occurs at ali
temperatures while studying AlT} + ALG{s) but it only cccurs af an observable rate st temperatures above
1506 K when the fluxes of Al{g) and ALO{g} are high. To obtain more accurate thermodynamic dats in the
A1-G system 1t was proposed to efther: 1) limit measursments fo below shout 1450K with the highest
temperattire measurernert faken first, or 2j reduce the p(G,) inside the fumace o levels that approach the

dissociation pressure in equilibrivm with Al(l} + ALGy(s). A combinution of both is currently being iried,
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Figure Captions
Figure ;. ALQ; effusion-cells: infernal cell-body dimensions 10 mm dlameter by 8.8 mm tall, orifice
dimensions 1.0 mm diameter by 3.3 mm long. The orifice iz offset by 2 mm from cell centerline while the
hole in the bottom is part of blackbody source (2.5 mm in diameter by 13.5mm; long} used for temperature
measurement,

Figure 2. Schematic cross section of vapor source furnace with the insert showing detail of the areas
where AlO; condensation was cbserved. 1) effusion-cell; 23 Mo envelop for 3 effusion-cetls; 3} W-foil
(28 um thick) heating element; 4} Ta heat shields; 3) blackbody source; 6) Ta light shield; 7) Mo heat

¥

shield support; 8) additional Hifoil (~]30um thick) “ovgen getter™.
P H . yEER 2

Figore 3. SEM image of AL, condensaiion and growth observed
or the outer edge of the effusion orifice afler 8 hours at 155043K.

Figure 4. Measured ion-intensitios of A’ verses time at 1550+3K.

Figure 5. Measured lon intensities of AT, ALO" and F = p(ALOYE(AL) verses fime at 155023 K as the
orifice closed due 10 AL condensation
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Figure 1. AL, effusion-cells: internal cell-body dimensions 10 mm diameter by £.6 mm tall, orifice

dimensions 1.0 mm diameter by 3.5 nen long. The orifice is offset by 2 mm from celf centertine while the

hoie in the botiom is part of biackbody source (2.5 mm in diameter by 13.5mm long) used for temperature
messuremeni.
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Figare 2. Schematic cross section of vaper source firnace with the insert showing detail of the areas
where Al O; condensation was observed. 1) effusion-cell; 2) Mo envelop for 3 effusion-ceils; 3) W-foil
{25um thick) heating element; 4} Ta heat shields; 3) blackbody source; 6) Ta light shield; 7} Mo heat
shield support; 8) additional Hf-foil {(~150um thick} “oxygen geiter”.
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Figure 3. SEM image of ALO; condengation and growth observed
oi the outer edge of the effusion orifice after § hours at 155043K.
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Figure 4, Measured ion-intensities of Au” verses time at 1556:3K.
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Figure 3. Measured ion intensities of Al', ALO" and F = p(ALOYp{AL oo HALO WAL verses time at

3.3

39

25

15

1356+3K as the orifice closed due 6 AlQ; condensation.
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