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VAPORIZATION'KINETICS'OF MAGNESIUM:NITRIDE :
vRoy Tom‘Coyle |
Inorganlc Materials Research D1v181on Lawrence Berkeley Laooratory and
Department of Materials Science and ‘Engineering, College of Engineering;
University of Callfornla, Berkeley, California
ABSTRACT
The vaporizapiou of magnesiuﬁ nitride ln a torsion-effusion appa-
ratus ln phe:range 1050K to 1300K has revealed seueralvunusual features,
which arelexplaiﬁed in this»work. The Knudsen.pressure was measured es
a function'of'time,'temperature, orifice erea, sample size, and specific
surface area of powder; Lengmuir pressureskwere meesured and the surface
studied microscopically. The Knudsen'pressure versus time'experiments
showed three‘stages: (1) phe pressure riSeS'to a meximum due to the
rupturlng of a magnes1um ox1de protectlve fllm (2) the pressure‘decreases
accordlng to a logrlthmlc law l/P = kl.+ k, log t; and (3) the pressure
drops more rapldly than predlcteg by‘the logritﬁmic law after T70% uapor—
ization peCause'of 8 reduction_in the specific-surface_area'of the sample.
The vaporizatiou behevior obserVea in_most of the experiments wes

due to the processes occurring in the'logrithmic'stage. .A_diffusion‘
barrier oflmagnesium oxide that reforms efter thevfirst stage of vepor—
ization or some barrier intrinsic-to‘phe nitride is. thought to be the_

cause of this.Stage.' The activation energy for growth of the‘layer_ahd

for diffusion through it was 37 5 kcal/mole of vapor.

The Motzfeldt—Whltman technlque for flndlng equlllbrlum pressures
from nonequlllbrlum data was found to fail because the product of the
evaporatlon coefflcient and the effectlve vaporizatlon area in the

Motzfeldt—Whitman equation varied with orifice area. ;Apparent-equilibrium
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presshreéIIOWer by é factor ofrlfb fhanhﬁrue eéuilibfium‘weré'obsef?ed
.becausé.Qf thé diffusioﬁ Barriér on the éufface of the particiés.‘ Tﬁe‘.
tempeféfure depéhdeﬁcy of-tﬂe apﬁafent vaporfpressﬁrés,gévé_an‘enthalpj
ofvvapbriiétion?i35h kcal/mélé thaf wasv@ﬁéh.gfeate} thah-fhé eQﬁiiibriuﬁ
value,IQiO:kcal/mole} This‘ﬁas explainéd by'the écfifation enérgy for

. difquibn and‘the température,depéndéﬁcy Qf fhe layer thickness. ‘Thé
»eqﬁilibfiﬁmfpréésure wasvdétermiﬁedvfrom.an iﬁflection point in the
pressure versus time curve when the Khudsen cell was cooled from a high
tempéréture; from the maximum in the pressure.verSus.fime curve for é

cell with a bfl5,mm diameter orifice, from.a Motzfeldt;Whifman extfap@lation
at cohstant.weight loss of3nitride5 and from pressuré versus température 5 
: measuremeﬁts ﬁsinéva'd.15'mh diamétér‘orifiCé.;_Thgléquilibrium vapor
pressﬁrevwgs.fpundbtq.be-highef_thgn.caicqlﬁted:froﬁ‘enthalpies éhd |
_entropies for‘thevreactants and_products iﬁ"the{vdpo;ization regétionyz
A;néw eéfimaté'wéé ﬁade,for the»ehtfoby_ét 298K of magneéiuﬁ nifriae,:”

17.5 eu, as against previous estimates of 21 and 22.k eu.
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I. INTRODUCTION
Stﬁdiés ofvthe #éporization.of ﬁagneéiﬁm hitride have revealed
unusual béhaviér.' Several wbrkefsl—3 ha&e.ﬁeasured the vapor préssuﬁe
@he'tofal pressure above the soiid) for the reaction
NgN,(s)—3Mglg) + N,(e) (1)

2’3_and have

by a method that wés expéctedvto &ielavequilibrium‘values
found it to be'markédly lower-thaﬁ pressurés‘calcuiated from independent
thermochemical date (see Fig. 1). An exsmination of the date on which
the calculated ?féssures are based and a feview.of‘the vapor preséUre
méasurementé will be hélpful in'fully appreciating this discrepancy.,f

~ The éalculatéa vapor préésufe is obtained from the enthaipy and
entropy of.fbrmatioﬁ at 298K fofvthé réacﬁant and:pfoducts in Eq.‘(l) and
their high temperature heét'capacity}data. .Table,;‘shows tﬁe resulfs of
of séveral-méasﬁréméntévof fhe éhthalpy of fbrmationjof mégnesium nitfidé.

5

The values found'By_Lebedev'énd;Nefeddvéu and- by Mitchell are in good -

agreement even though they'were obtained by very different'methods and

T

‘and Neuman, et al.8 show good

9

the yalues hy Néﬁman, et al.f.Brenner;
support for thése, The éarly datakof'Matignon and of Moser and HerznerlO
appear.tO'be in error. A value of liO.2 can be accepted as a weighted
averagé that is_probably‘in erfbf by no.more than 1 kca;/moie_
Mitchéllsvreported heat éaﬁaéityvdata for the nitride in the range
462K to 1273K. This cambined wiih sgtohJslz data in.thé faﬁge 273K-to
691K gi&es gobd data at,high‘temﬁeratUres; howeverbtﬂe.loﬁ tempera£ure
measurements néeded'for establishing fhé'entrop&'atv298K hanbnot:been'

> has estimated this entropy to be 22.4 eu by using a
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Fig.-1 Knudsen effusion vapor pressures measured for magnesium nitride.
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Table I. Enthalpy of formation of magnesium nitride.

Workef‘ Method ﬁg;i?igie
Lebedev and Nefedova' ) Bomb (PbN6‘% Mg) —110.7-1,,
'7Mit¢he11(5) N Solution (H C1) -110.2
v Neuman,.ét al;(6)' »Solﬁtion_(H Cc1) ~11o%
ﬂ“Brunnér(Y) . | ‘Solution (ﬁeo).‘ —109¥
Neuman,‘et 51.(8) ' _' Bomb . (Mg + N2) o  -115*'
‘:Métignon(g)‘ | Solution (HéSOZ) -137*
"'Moser_and Herzner(lo). -Sélutidh (HéSOh)_7 - -l27%

These are corrected Yith more accurate supplementary.
_data by Bichowski.'ll o -
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»mbaifiéd.erm'of Latimer's rule fbé éstimating'thé éntfdpy‘of oxides; the
réliability_bf fhis vaiue is_éiﬁost'ceftainly better than‘i5 eu.
The data for eieméntél magneéium are well éétablished. ‘Hulfgrens
et.al,13 ﬁavé selected 35:6 i.O.j:kéal/moié for thé epfhélﬁy bf‘Vaporization
and-jS;SQ eu fﬁrbthg entroﬁy of'vaporizafion, both at 298K, and have also

selected heat capacity values for thé‘vapor; Heat capacity and entropy

1k
2

data. for . are ?ro&idéd by Stull and Sinke.

"figﬁré i;shéwszthé vapor‘préséufe above magnésitm nitride thét is'
CaICHléfed fr0m these.aata.' The aashed lines_éhown in the figure‘aliéw..
T #5 eﬁ for tﬁé:unceitaihthinbthe entfopy of formatioh‘df the nitride. -
‘That theftruéfvapor‘préssﬁ?e df‘mﬁgneéium nitfide is included Witﬂin”
thESé'bQundafies is virfu&ily*éertain. |

The Tésulté of_several.vapor preSsure»studies.on-magnesium'ﬁitride

a?éJshéwngin-Figs;'i'anva.' Figufe l‘shows meaéureﬁents made by Knudéen
effusionvfechniQueé WhilevFig; 2vshows}meééurem§nts made by the trans-
.spiratiqﬁﬂtechnique and includeS'somé:of £hé Khudsen data fcr Compariéoﬁ.
Sthapitandndal measﬁred‘vapor pressures by,both methods, and examinedithe )
vapors over the comppund spectroséépicélly at temperaturésbin thé range
1573K to 1673K. He detected‘Mge(g) and presented‘daté that. indicate éuvery
low Mgé(g)/Mg(g) ratio‘(07001)'ab§vé:ﬁhe:nitridé at 1600K with the ratio
decreasing at.loWer-temperaturés, thus showing thét'the dimér is of |
little‘importance in fhevproducts of vapqrizétion. He attributed his 
reiativélyvhigp,trahspiratio#'resgifs,tQ thé reactidﬁ §f small_amounts1

of oxygen in the nitrogen flow gas with Mg(g) and explained the low 3

&
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_ Knudsen values byvsuggesting-that the evaporation“coefficient*.is low.
i’ﬂildenbrand and 'I‘heard2 enplOyed'the torsion'effusion technique with

three different orifice sizes to,meaéure vapor pressures; they used

magnesium _nitride that they analysed to be better than 997% pure. -Tneir

resultsfshOW‘a marked”dependency bn orifiee area which led them to use

a'simplified form ‘of the'Motzfeldt—Whitman equation,22’23
| B . |
PE-P(l ) | = (2)

to.obtain equilibrium pressures from tnelr‘data; where PE isvthe equl_
libriun pressure,.PK ls the meaSured pressure; WB is thevorifiee Claueing
fa ctor,Qh -26 B is the effusion cell‘orifice area;:d‘ie the'evapofatiqn
COeffieient,‘and H'is the effeetive sanple éurface_area;?l Equatlen (2)

. assumes ‘that the evapdratibn-eeefficient and effective sample afééé ane
1ndependent of orlflce area and predlcts that.extrapolatlons of plots of”
measured pressures agalnst erlflce anea to zero anea yleld the equlllbrlum
vapor pressure. Hlldenbrand and Theard calculated apparent equlllbrlum
preesures in rough agreement with Sthapltanonda gt large orifice data and
calculated‘an uppef limit to the;evaperation coeffiCient ef 5 X 10—3;
The equilibrium pressureS'ebtained in.this way are lower by more than'a
_facton of ten than pressures.calculated'from'the thefmochemieal datagzv:
tdiseusseasabove.and-ehow atnarkedly diffefent'temperature dépendenee:

Pressures- obtained by extrapolatioanf'Eq. (2) have usually agreedgwith‘

*The evaporatlon coefflclent in vacuo is the ratio of the measured flUX‘
in- Langmuir vaporlzatlon15 7 to: the flux that could strike the surface in
the equilibrium vapor and.is- calculated by using the Hertz- Langmulr—Knudsen
“equation.15-20 - Tt is usually assumed that the evaporation coefficient ‘is
1ndependent of "the vapor pressure above the vaporizing materlal21 and that
it-is equal to the condensatlon coeff1c1ent : : :

>



~T=-

pressures calculated frem reliable thermochemicalfdata to within a factor
of 3 and have shown temperature dependencies'close-to tn0se fron.the
thermochemlcal calculatlon. o

: Hlldenbrand and Theard concluded that either the heat of formation

of Mg (') is in error, or the rate of vaporlzatlon is limited by a

32
vsecondary process which leads to false'apparent equilibrium pressuresv
when Eg,x(2) is-applied. Tﬁey favored the second explanation, largely
because thermodynamic quantlties'calculated from their data ﬁere incon~-
sistent.withpapparently reliableevalues calculated from the independent
thermochemical data. They noted that Kay esurldvGreg;oryg'7 nave‘reported'
that Eq. (25 used with effu51on data for the reaction Mg(OH) (s) = MgO(s)+
H O(g) ylelds apparent equlllbrlum pressures far lower than the known
equlllbrlum pressure. .

bBlank,and Searcy3 hare'made a torsion—effusibn and a'torsion—

15-17,28

Langmul tudy of magne51um nitride us1ng two orifice slzes, ‘they
observed no 51gn1flcant orlflce area dependence, but thelr measured
pressures ‘were in good agreement with %he extrapolated pressures of

-Hildenbrand and Theard.v The range of evaporatlon coefflclents, 2 x lO 2

at 1000K to 3 x 1073

at 1250K, calculated by Blank and Searcy from the
ratio of their Langmuir (free surface) pressures to their Knudsen presSﬁres
has an average near the value which Hildenbrand and Theard-calculated by.
means of Eq, (21. Blank_and Searcy express doubt, however, on the bas1s
of the lndependent thermochemlcal data, that equlllbrlum pressures and

‘valid evaporagtion coeff1c1ents had been'measured in their work; placrng

particular stress on theeOBSerration that the apparent entropy calculated"
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for‘Eq. (1) from the effusion-data:differs by Eh-en from the expected
valnem_

Blankrand Searcyvalso observed'that when the background pressure
of the.system was ralsed by as much as & factor of 10 over the normal
-backgronnd pressure ofvabout 10 -8, atm hy 1ntroduct10n of elther nltrogen
:or argcn_there was: no meaeurable effect on the rate of»evaporatlonvof

magneSium nitride Langmuir samples, At higher pressures,'however, the

v

intrcduction of either argon or nitrogen reduced sublimation rates markedly;

nitrogen appeared to have a slightly greater retarding effect than argon
on the evaporation. The fractional reduction in pressure that resulted

from a given pressure of either gas increased with increasing temperature.

They conclnded thatvthe‘rate of free:surface'sublinationlis prohably_l
limited by the aaSOrption'of gas.nolecules Qn'snrface enblimaticn Sites.
Also,'since-argon'had nearly an marhed'as effect-as nitrogen cn thevsnb—
llmatlon rate, and since argon Would not he expected to: strongly adeorb
at the temperatures of the study, they concluded that water or oxygen
1mpur;t1es are probably the main adsorb;ng‘spec1es,b |

Another aspect of the behavicr,of magnesium nitride is illuetrated:v
in Table lI where it is seen that for the effuslon and free surface data
-there'is}a larée difference between secondvlaw* andfthird.law** yalues
of the enthalpy o: Sublimaticn; Thisvie notvunuenal fcr hangmuir exper-

iments but is rare in Knudsen effusion experiments.

*

‘the van't Hoff equation;30 it involves the determination of the slope of
a plot of the logarlthm of the pressure versus the re01procal of the
temperature.;,

The third law method30 uses free energy functicns; which are”determined'

by using the third law of thermodynamlcs, to calculate an- enthalpy of
vaporization for each pressure measurement. ‘

The second law’ method 9 of calculatlng the enthalpy of vaporization uses



'~ Table IT. Comparison.of second and thirdllaw‘enthalpies
of vaporization for magnesium nitride.
'Orifiéé ' -Averagé Third"> “Second - .
Worker Container Area - - Law AH® 298 Law AH® 298
o B Cm? Kecal/mole Keal/mole:
Equilibrium, Calculs;ted. - == a5 —
,.thépifanonda'_  |
.f» Tfénspiratibn Porceléin ‘ ,—Q__zv ' 206 22k
Effusion Mg0 2.30x107> - 229 (only 2 points)
AEffusién_. MgO C1.26x1072 0 2u6 3
Hildenbrana_and Théard B |
 Effusion” | Graphite lxio—3*' 2&& '309,_ 
*Blénk and Searcy
Effﬁsioﬁ_ Graphite 7.9%107 ols 296
 Free Surfacév' Graphite _— - 290 219

. These data were extrapolated using .

'smallest orifice used.

the Motzfeldt-Whitman eqﬁation and

this was the
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Sthépitandndé's Suggéstion thét‘a low.évapbration coeffiéient,‘d,.
is res?onSible_for the diécrepancy Befwéen pressures measured by effuéion
methods“anq préssures.calculated fiom thérmocheﬁiqal.of>trahspiration data
can,benéhecked'by uéihg Eq. (2) to estimate‘a vélﬁe fdr a. :Assuming one
gram 6fvnifride in.én éffusion cell:ﬁith a surfaéé areé'of 1 x ioyvcmz/gﬁ,
én ofifice'&fea of i'&'io'3 cm?/gm;'usiné PE/PK_equal to 16,1énd assuming
W iszeéﬁal td 1 givestx=.io—8. 'Thiéncomparés with ﬁiidénbfana and Théards'
a % 5 x 1073 frdm their orifice area depehdénce and witthlank and'Séércy's
=3 ' '

L« iQ fram the différencé between free‘surface and thérmpéhemicalvgaté.-
This éhows é discrepanéy iﬁbd_of fivé’oraefs of magﬁituae which is'aﬁ
unexpected variatioﬂ‘fetvéen the two teéhﬁiQﬁeé.v
'Thé reason for tﬁis urnusual behavior has not been explainéd by the

-previoﬁs:workers.  Hildehbrahd and Thea}dfpéintedfout the‘similéritiéé
iﬁ"disCrepaﬁ¢ies féund for magnesium:nifride andufhdsé_found.fof ﬁégnééium
;hyerXidé.bbeay and éregory;27 H0weverg Kay_ahd Grégor& wéfé'ﬁnabléito
éipiain théirvhydraxidévrésults eXcépt;tp,éay thgt there ﬁust'be some
unusual suiface behévior which,tﬁéj termed a pseudo—eduilibriumvsurfaéé.
Blankvaﬁd_Searcy, on fhé‘basis of‘théir'fréé_surface experiments‘in :b
nitrogén and argon suggestéd that'this'pseudoaeqﬁilibrium SUrfaée‘might‘
.be aséqciated’with‘the adsorption of gasés'on thé véporizationjsites;

. howeyerithéy were unable to ﬁake a moré detailéd aréumeht.
_This'invesfigation'was undertaken with the spifit»that ofteﬁ in
'rééédrch‘a pﬁenamendn is first‘uﬁderstéod in a system where.the physiéél“'

| circumstances make fof'é large deviétiqﬁffrom éxpééﬁétibhs based on .

previous ideas.>’ Magnesium nitride appears to be such a system. This
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dissertation reports a sﬁudy for_magnesium nitride of Knudsen effusion

and free surface vapdrization as functions of temperature and time. The

- vapor phase was studied with a.qﬁadfapole mass‘filter and the solid phase

'was studied by x-ray diffraction techniques to establish Eq. (1)

as the vaporization reaction.  The vaporigzation behavior for magnesium

nitride was discussed and a model involving a diffusion barrier was

developed.
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IT. EXPERIMENTAL

A, - Torsion Effusion

The torsidn effusion technique was used for measuring the vapor

pressure of magneéium nitride. A detailed descripﬁion of the technique
has_been given by Freeman -and several workers have described its use
in this ldbbratofy;33—35‘

1. Torsion-Effusion Apparatus

Aléhotbgraph of the torsion-effusion apparatus is sﬁowﬂ in Fig. 3

" and a diagram is shown in Fig. ﬁ . Thé‘fUrhacebwés hoﬁééd in a water
cooled sﬁaiﬁless,steél vacuum éhamber; it had thirteeﬁtO.bSl-cm:Aiamétera
tungsten hairpin heating elém‘en'ts‘,”(a;;‘rangé_d to me an 11.5 cm dismeter
 circular'éylindér)'which were.surroundedvﬁy tantalum heat shields;' Pover
ﬁas'supplied_to thé heating elemenﬁélthroughvtwo water’cooled cobéerfeiec_
.trOdes‘by'a low wvoltage source capabie of delivéring_hS kVA. A vacuum of |
é‘x 10-6 torr was méinfained by an oil_diffusion'pumé and a liguid nitrogeﬁ
5 trap.. The tantalﬁm héat shields were perforated neér the.gopper electrpdes
to faqilitate the éﬁchange of gases between the vacuumvchamber and the
fﬁrnace; and the variable leak valve alloﬁed the intfoduction Qf gasés
to:the vacUum chamber. A quadrapole mass filter and a’shutﬁer‘bétweeﬁ

it and the effusion.ceil Weré mouﬁted‘as shown in‘Fig. 4 so thaf.analyses
of thé gases in_thé vacuum.systeﬁ could bevobfained.

Four different effusion cells-;three‘made of graphite* and one

' Spectrographic- grade, 99.999%, from the Ultra Carbon Corporation. .




S5

XBB T7110-5092

Fig. 3 Torsion effusion apparatus with quadrapole mass filter.



-

Modified goniometer

1
e

Wilson seal

Tungsten wire
Q9 ]

g

Quartz window .
Stainless steel column

Light Scale

Water cooled
stainless steel shell

Tontalum rod
Tonmlym .
heat shields ﬁ Electrodes
N ==
l s ater cooled
| >'<\:Acl>p|:aer tubing
Quadrapole / 3
mass spectrometer ]
Torsion cell
Shutter

W T

Variable leak volve\l _j li__,—ﬂ
[ -

Thermocouple

Wilson seal WThermocouple gage

Shuffer/ Ion gage

XBL 713-6618

Fig. 4 Schematic diagram of the torsion effusion apparatus.
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made of nickel¥*¥-—yere used in this work; they are shown schematically
in Figs. 5 and 6. The type "A" cell in Fig. 5 was used for both Knudsen
and Langmuir experiments; the assembly of cell parts for these two uses
is shown in the bottom part of the figure.

A cell was suspended by a tungsten wire from a modified goniometer
at the top of the apparatus; this arrangement allowed the effusion cell
to rotate in response to effusion torques. Wires with diameters of
0.0025 em, 0.0038 cm, and 0.0051 cm and lengths of about L4 cm were used
in this work. The goniometer was used to measure the cell rotation, or
angle of deflection and the mirror, light source, and scale served to
sense the rotation of the cell.

2. Temperature Measurement

The temperature of the effusion cell was measured with a platinum/
platinum-10 rhodium thermocouple (the probe thermocouple) placed 6 mm
below the cell as shown in Fig. 4. The effusion cell was positioned
in a zone of the furnace, 5 cm in length, where the temperature is con-
stant within 2°K; the positioning was done with reference to a mark on
one copper electrode of the furnace by using a cathetometer. -

The temperature measured by the probe thermocouple was corrected to
give the temperature in the effusion cell. This correction was determined
by measuring the difference in temperature between a thermocouple placed
in the effusion cell and the probe thermocouple as a function of the
temperature of the probe thermocouple; there was never more than a TK

difference in the two temperatures for the range 1050K to 1300K. Separate

*
Nickel 200, 99.5% including Cobalt, from the International Nickel
Company .
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calibrations were done for the "A", "B", and "D" cells, but the results

agreed within 6K. Calibrations were checked periodically throughout the
investigation, and the results never changed by more than 5K. The ther-

mocouples were calibrated by measuring the melting point of copper in a -
graphite crucible.

3. Experimental Procedure

Since magnesium nitride readily reacts with water vapor (a three
gram sample Is completely converted to the hydroxide when held 250 hours
in the open air (the nitride was loaded into the effusion cell inside a
dry bax that contained a phosphorous pentoxide desiccant. The sample
was then transferred to the torsion effusion furnace in a closed weighing
dish and was mounted in the furnace through a glove box assembly over
the furnace opening (the furnace was purged with dry nitrogen before and
during this operation). Even with these precautions there was still
significant outgassing of water vapor in the early stages of heating.

The vapor pressure in the effusion cell was calculated by means of

the relationship:

_ 2D6
il q. &, F, (3)
1 i
where 0 is the angle of deflection, a is the distance from the center
of orifice i to the axis of cell rotation, Ai is the area of orifice i, "

26,36,37

and fi is the correction factor for the nonideality of orifice i.

The measurements of a; and of the orifice diameter (for calculating ai)

were made with a traveling microscope,* and the length of the orifice

*
Gaertner Traveling Microscope.
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(for calculating fi) was measured with a micrometer. D is the torsion

constant of the suspension system which was calculated from

T Y - (%)

where Im is the moment of inertia of a calibration disc and tm and ts
are periods of rotational oscillation for the suspension system with
the disc mounted and for the suspension system alone.

The angle of deflection in Eq. ( 3 ) was determined by using a null
point technique with the goniometer used to keep the light beam at the
null position on the scale~-the null position was the beam position when
the effusion torque was negligible. Several minutes are required for
making a measurement in this way, however during some of the vapor pressure
measurements on magnesium nitride the pressure changed rapidly with time
and a new dynamic technique was used for measuring the angle of deflection.
The essential feature of this technique is to relate the range swept
out by the light beam to the éngle of deflection from the null point--
for example, at the null point the beam sweeps from 10 right to 10 left
and at a deflection of 1° the beam sweeps from 14.7 right to 10 left.
Plotting the angle of deflection versus the scale difference, the sweeb
to the right minus the sweep to the left, gives a straight line which
was used in this work. With this technique a pressure can be determined
every twenty seconds when a 0.0038 cm diameter tungsten wire is used.

Pressures were calculated on the assumption that the deflections were
due entirely to effusion of vapor from the orifices; to insure that

extranious deflections were not significant, cells "B" and "D"--the ones
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with the smallest orifice areas—-were heated with full magnesium nitride
charges but with no orifice. For the "B" cell, deflections measured with
no orifices amounted to 4% of the deflections measured when the smallest
orifices, 0.15 mm, were present., For the "D" cell deflections with no
orifices were 0.5% of the deflections with 0.02 mm orifices, the smallest
used. In the free surface sublimation experiments a hole was drilled in
the top of the cell block (see Fig. 5) to allow vapor from the rear face
of the sample to escape without contributing to the deflection.

In the Motzfeldt-Whitman equationgz’23

it is important to use an
orifice area which reflects the total flux frpm the effusion cell; this

is called the effective orifice area and is determined as summarized in
Table IITI. First a reduced orifice area is calculated from the geometrical
properties of the orifices-—-this is the orifice area corrected for the
molecules that are reflected back into the effusion cell by the nonideal
orifice. Then an effective pore area is determined which takes into
account the vapor that escapes from the cell through pores in the cell
walls or through the interfaces between cell parts. The effective orifice
area is calculated by the addition of the reduced orifice area and the
effective pore area; physically it is the size of orifice required to
account for the mass loss if there were no other losses than through the

orifice. The method for determining the effective pore area is discussed

in Appendix A.



Teble III.

Calculation o

e

f effective orifice area.

Effusion Cell B 0.15 B 0.5 B 1.0 C 0.5 D 0.25 A 2.0 B 0.25 £71.0
Diameter D, 0.15 mm 0.515 1.043 0.531 0.234 2,131 0.257 1,082
Diameter D, 0.15 mm 0.512 1.056 0.525 0.246 2.035 0.257 1.080
Length L, 0.508 mm 1.237 1887 0.159 0.254 1.57 1.237 1.68
Length L, 0.508 mm 1.295 1.295 0.16k 0.254 1.70 1.295 1.69
Channel (2L/D), 6.7733 L.832 2.367k 5.9887 2. 171 1.473 9.626 3.113
Channel (2L/D), 6.7733 5.059 2.4526 6.2286 2.065 1.665 10.077 3.133
Clausing Factor ¥. 0.25086 0.31636 0.47521 0.2738 0.4955 0.5860 0.19228 0.4120
Clausing Factor W, 0.25086 0.30698 0.46697 0.2663 0.5072 65575 0.1881 0.k106
Orifice Area A, l.767xlo_hcm2 2.083x1073  8.577x1073  2.212x1073 h.301x10'h 3.56x102 5.187x10"J 9.195x10™3
Orifice Area A, 1.767x10'“cm2 2.059x1073  B.757x107>  2.1648x1073 h.753x10_h 3.25x10 5.187x10_h 9.161x1072
(Wxa) 4.433x100en®  6.390x107¢  L.076x1073  6.056x107¢  2.131x10~* 2.086x107°  9.97kx107°  3.788x107>
(WxA)2 4. 433210 ch® 6.321x10'h ﬁ.089x10_3 5.765x10-h z.hllxlo'h 1.812x1072 9.75"(x10'5 3.762xlo'3
Reduced Orifice Area

(WxA)l+(WxA)2 8.866x10 %cm®  1.201x1075  8.165x1070  1.1821x1G°3 h.shleo'h 3.808x1072 1.9731xxfu 7.550x1073
Effective Pore Area P l.bxlo—hcm2 l.hxlo—u l.hxlo_h 1.ux10'h 1.hx10’h negligible 1.hxlo'h negligible
Effective Orific? érea A5 -3 -3 -3 _ s i -3

P+[ (Wxa) +(wXA;2_ 2.3x10 cm 1.43x10 8.31x10 1.32x10 5.9x10 3.9x19 3.kx10 7.6x10

1

-_'[8“
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B. Gas Analysis

A quadrapole mass filter* and an ionization gauge*¥ were used to
determine the composition of the residual gases in the vacuum system
and to sample the vapors streaming out of the Knudsen effusion cell.
Figure 4 shows the position of both instruments in the vacuum system;
the mass filter has been aligned with the orifice in the Knudsen'cell.
The partial pressure for each constituent of the residual gas was cal-
culated from its mole fraction, which was obtained from the mass filter,
and fraom the total pressure which was registered by the ionization gauge.

The determination of a mole fraction from the intensity measurement
of the mass filter requires knowledge of the transmission probabilities
and ionization cross section for the molecules. To measure the trans-
mission probability of a molecule in the mass filter, n—butaneJr at

3.3 x 107

torr was introduced and the resulting fragmentation pattern,
for 70 eV, was compared with a standard fragmentation pattern.38 Figure
T shows the results of these measurements. Ionization cross sections
from Otvos and Stevenson39 were used for all molecules except the value
determined by Reeduo was used for water vapor.

The ionization gauge was calibrated by comparing it to a McLeod
gaugeﬁL at various pressures of nitrogen. For other gases the relative

sensitivities given by Dushman and Laffertyhl were used with the nitrogen

data to achieve calibration.

*
EATI Quad 250 Residual Gas Analyzer.

*%
ETI Type VGIA/2.

+99.99 mole percent Phillips Petroleum Research Grade.

++CVC CM100 McLeod Gauge.
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C. Sample Preparation

The magnesium nitride used in this work was obtained from three
different commercial suppliers who estimated a purity of 99% on the basis
of the purity of their starting materials. All of these materials were
analysed for magnesium oxide by evaporating the magnesium nitride in a
graphite cricihle at 1250K and then weighing the residual material which
was found by x-ray diffraction to be magnesium oxide; these results are
shown in the first four rows of Table IV. Calculations showed that
reaction with the residual water vapor and oxygen in the vacuum system
can accéunt for an oxide content of less than one-tenth percent. Thus
all of the starting materials have significant amounts of magnesium oxide
as a contamination. Loss of oxide by the reaction Mg0 + C—=CO(g) + Mg(s)
was shown by experiment to be negligible.

In an effort to obtain high purity magnesium nitride, a sample of
the material from Hall Labs was distilled in a 90K temperature gradient
at about 1370K; the resulting matefial (last entry, Table IV) was about
99% magnesium nitride. The method is described below in detail with
respect to its use in preparing samples for Langmuir studies.

X~ray diffraction patterns¥* of the above materials showed that
magnesium nitride is the major phase,h2 but magnesium oxide peaks were
also produced by some samples. Estimates of the oxide content from the
diffraction patterns are also given in Table IV; estimates were made by

the method described by Cu]_il.ity.u3

Equal adsorption coefficients were
assumed for the oxide and the nitride. The relative oxide contents

estimated from the x-ray data support the contents calculated from the

more accurate evaporation results.

*¥Picker Model 3488 X-ray Diffractometer.
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Table 1IV. Analyses of magnesium nitride for magnesium oxide.

Weight Percent MgO

X-Ray
Source Evaporation Diffraction
Ventron h.1 Not detected
Hall Labs 19.4 T
Metal Hydrides 8.9 2
B and S*% 25.0 6
This Laboratory 1.2 Not detected

*
Metal Hydrides magnesium nitride used by Blank
and Searcy after storage in a desiccator.
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To obtain further information on the purity of the magnesium nitride
a semi-~quantitative--within 50%--spectrographic analysis for metallic
elements was obtained; the results are presented in Table V. The
nitride formed by purification in graphite is seen to be 99.99% pure
according to this analysis while all of the others are 99%. Purification
in stainless steel introduces a considerable amount of iron and manganese
into the material; and the materials supplied by Metal Hydrides and Hall
Labs are high in silicon and aluminum, respectively (these elements were
possibly introduced by a grinding operation).

The magnesium nitride Langmuir samples prepared in this laboratory
were made from the Hall Labs material by an evaporation and condensation
technique using the apparatus shown in Fig. 8. About 35 grams of the
nitride was placed in one end of a 304 stainless steel tube with a
diameter of 1.5 in. and a length of 9 in. To avoid reaction of the
nitride with oxygen and water vapor, the furnace chamber was pumped to
a pressure of 10 microns and backfilled with dry nitrogen while the
furnace was at a low temperature; this procedure was repeated three
times. ©Samples were heated in a 3 psig nitrogen atmosphere to a tem-

perature of 1420K. The nitride distilled to the other end of the tube,

at a temperature of 1330K, where deposition occurred. In each run a
piece of polycrystalline magnesium nitride that was 90% of theoretical
density and was about an eighth of an inch thick was formed at the de-
position end of the tube. Some work was done using a tube made of
spectroscopic grade graphite, however, the yield was very low and the

nitride deposited in the form of a fiberous mat.
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XBB 7111-5658

Fig. 8 Vapor transport apparatus for preparing Langmuir specimens
of magnesium nitride.
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Table V. Spectrographic analysis of magnesium nitride.

Purified from Hall Labs Matl.

Element Stainless Steel Graphite Metal Hydride Hall Labs
Mg Principal constituent in each sample.
Fe 0.12%%* 0.01%%* 0.035%%# 0.0L%**
Ni .00T .003 .025 .003
Co <0.002% in each sample. Not detected.
Cr +03 <.005 .005 .0005
Si +HOT .015 3 .02
Mn 3 .015 .015 .05
Al .04 +035 JELS .18
Cu .002 .0005 .002 .002
ca 02 — ——— -
L c2e —— .003 ——
Ag . e —_— .001
7 s s 05 +B15
Ca .00k 002 .05 .06
Ba .001 —— + 001 .005
Sr <.005 <.005 % .005 <.005

*
Done by American Spectrographic Laboratories, Inc.

Weight percent.
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Many of the effusion experiments were made with the Metal Hydrides
powdered magnesium nitride. To insure that each effusion sample had the
same distribution of particle sizes and the same surface area, all of the
Metal Hydrides material was repeatedly split to yield seperate 5.3 gram

samples by means of the particulate material sampler shown in Fig. 9.
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D. Lattice Parameter Measurements

In order to determine if the stoichiometry and/or impurity levels
in the magnesium nitride changed during the effusion experiments, measure-
ments of the lattice parameter were made by the Debye-Scherrer x-ray

Lk, 45

diffraction technique. The magnesium nitride sample was placed in
12 mil diameter tubing made of Lindemann glass--this was done in a dry
box. The specimen was then centered within a camera¥ and the film was
mounted in the manner described by Straumanis. 4o The Ku radiation

of copper was used with a nickel filter and the spacings between lines

on the film was measured to 0.05 mm.¥¥

E. Weight Loss Measurements

Weight loss experiments were used to measure the amount of magnesium
nitride which escaped from the effusion cell during the vapor pressure
measurements. For the B cells the torsion effusion furnace shown in
Fig. 3 was used. After being heated the effusion cell was cooled to
330K and the vacuum was broken with dry nitrogen. The effusion cell
was placed in a weighing dish and was left for 10 minutes to equilibrate
in the balance room. The balance lamp was left on for 10 minutes prior
to weighing+ to establish thermal equilibrium; these procedures
allowed an accuracy of within 50 micrograms. For "A" cells the procedure

was altered because these experiments were done in thes vapor transport

*
A Norelco Type 52056 Debye-Scherrer 57.3 mm camera was used with the

Norelco Type E58001/12031 x-ray diffraction unit.
* %
Norelco Type 52022/1 Film Illuminator and Measureing Device.

lMettler H20T Semimicro balance.
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apparatus shown in Fig. 8. The crucibles were removed from the hot

zone of the furnace, dry nitrogen was introduced to break the vacuum,

and after 1 minute the effusion cell was removed to a desiccator to cool.
The cell was then placed in a weighing bottle and weighed after equili-

bration of the balance and the weighing dish as described above.
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IIT. RESULTS

A. Investigation of the Evaporation Reaction

In order to confirm that the vaporization of magnesium nitride
proceeds according to reaction (1) an investigation of the vapor phase
was undertaken with a quadrapole mass filter and lattice parameter
measurements were made of the solid phase.

The vapor species effusing from the Knudsen cell were identified
by monitoring the partial pressures of the gases in the vacuum system.
Data for several samples at several temperatures are shown in Table VI,

On heating., the partial pressures of H H20, and N2 plus CO (these

25

two gases cannot be distinguished) increased for both the silver and
the magnesium nitride experiments. The increases must reflect desorption

of these gases from the vacuum chamber and reaction of H2O(g) with the

(g) and CO(g). The NH3(g) in the

magnesium nitride experiments was probably produced by the reaction

graphite Knudsen cell to give H2

of HEO(g) (from the Mg(OH)2 in the nitride sample) with the nitride.
Magnesium vapor was released from the nitride samples in appreciable
amounts at 800K. This low temperature of magnesium evolution and the
fact that ﬁhe peak was shutterable, while the nitrogen peak was not,
indicated that the nitride sample had some unreacted magnesium metal.
Above 1100K, the expected range of magnesium nitride vaporization,
Ne(g) and Mg(g) effused as evidenced by the shuttgr effects of these
molecules. A check of mass 38 for MgN(g) gave no shutter effect; thus

the vapor phase in equilibrium with the nitride is Mg(g) and N_ (g), which

2

is consistent with (1).



Table VI.

Partial Pressures of Vacuum System Gases

Pressure x lOlo (atm)
2 Hydro- 3

Residual Gases H2 NH3 Hgo Mg N2 & CO O2 Carbons Total
298K (Aver. of L) T S 8 L i ok
Ag
980K Initial 140  --= 430 -—- 430 10 — 1000
1350K L£#7ter 150 min. 61 -—- 61  -—- 61 <10 S 180
Metal Hyd. Mg,%N2 Sample I
570K Initial 260 430 540 @ --- 270 <20 -— 1500
9LOK Initial 10001 570 290 @ ——- 11k0 <20 — 3000
9Lko After 5 mins. 5001 -——- 60 600 600 <10 -_— 1800
1250K Initial 501 —-- i L7 2700 <10 _— 2800
1250K After 35 mins. G 0L — 4 3 420 <5 - 150
Metal Hyd. Mg.N, Sample II
800K Initial 200 1600 200  —-- 20071 - - 2200

o a 20 mins. 37 ——- 1 19 45 <2 _— 100
910K Initial 89 ——- 1 22 110 <D _— 220
1100K Initial 6L - 32 16 640 <1 ——— 750
1100K After 13 mins. 30 —-- L 20 120 <1 -— 170

1. Estimated.

2. It is assumed that Mg(g) condenses before

3. Determined only in residual gases at 298K.

reaching the ionization gauge.

_.WE_.
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To insure that the magnesium nitride was not changed in composition
as a result of selective vaporization or change in oxygen content, the
lattice parameter was measured. Table VII shows the parameters for four
different samples, the weight percent of magnesium oxide in the sample,
and the experimental conditions. The first two measurements show that
the reproducibility of the results was about 0.00058; thus it is seen
that there were no detectable differences in the lattice parameter.

This fact indicated that no change in composition occurred under the
experimental conditions in this work. These data also suggest that the
amount of magnesium oxide in solution in the nitride was less than 1.2%,
the amount in the purified sample. Thus, the principle solid phase is
magnesium nitride with a composition that was not measurably.changed

by partial vaporization? and reaction (1) is confirmed as the vaporization

reaction.

B. Vapor Pressure of Silver

Silver* was used as a standard for determining the accuracy of the
vapor pressure measurements. Figure 10 shows the results of vapor
pressure measurements in torsion effusion cells of type "A", "B" and "D"
and also lists the second law enthalpies derived from these measurements.
Since the melting point of silver is 123LK--in the middle of the range
of the pressure measurements—--the datum points below 1234K have been
adjusted by the difference in pressure between.the solid and a super-
cooled liquid so that all of the data are for the reaction, Ag(l) =

Ag(g). Also included in the figure are the vapor pressure data selected

%
Engelhard type J-6 fine silver powder 99.99+% silver.



Table VII. Lattice Parameter Measurements on Magnesium Nitride

Source of Magnesium Nitride

Purified 1% Meas.
Purified 2% Meas.

Metal Hydrides Residual
Residue from purification

Metal Hydrides as received

% Mg0

< 1.2

<1.2

>9

30

9

Conditions
1.2 ati N2 @ 1320K
1A

Knudsen Cell @ 1180K
for 100 hrs

1.2 atm N2 @ 1400K

Average

_92_
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Fig. 10 Vapor pressures measured for silver by Knudsen effusion.
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by Hultgren, et al.13 for silver. It can be seen that almost all of the

datum points were within 10% of the selected values. Other measurements of
the vapor pressure of silver were made throughout the course of this work;
the vapor pressures were within 20% and the second law heats of vaporization

were within 5% of Hultgrens selected value, 63.5 kcal at 123LK.

C. Vapor Pressure Versus Time Experiments

Previous workersl—3have not reported a time dependency in their wvapor
pressure studies of magnesium nitride. However, in this work the vapor
pressure of the magnesium nitride has been observed to increase to a
maximum (near the calculated equilibrium value in some cases) in a
period of about 15 minutes, to then decrease rapidly and after about
50 minutes to decrease slowly. This behavior is shown in Figs. 11 through
18 where vapor pressures versus the time elapsed from the start of heating
at 950K are presented; the important parameters for each experiment are
shown in Table VIIT.

The table lists the nominal temperature of each experiment which
is usually within five degrees of the actual temperature--there was
cycling of the furnace temperature. Also listed in the table is the
type of effusion cell (including the nominal orifice diameter), the
effective orifice area of the cell, the charge of magnesium nitride in
the cell, and the source of the nitride; notes about unusual conditions
in the experiments are given in the last column. The data in the figures
have been corrected to four temperatures; 1110K, 1150K, 1180K, and 1210K
by using the equilibrium enthalpy of vaporization of magnesium nitride

to adjust the measured vapor pressure to one of the above temperatures
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Table VIII. Important parameters in pressure versus time experiments.

Run # Nominal Cell Type Effective Orifice Area Charge Source Notes
Temp emex103 em
%%

1 1110 B 0.5 1.43 5.29 M.H.S.¥* No Outgassing

T 1103 B 0.5 L3 5.36 "

43 L1120 6 6.5 1.32 i i i

Th 1093 B 0.5 1.43 5.50 "

s 1120 B 0.15 0.23 5,21 "

16 1109 B 0.15 D23 5.40 i

kg 1113 B 1.0 8.31 5.40 o

T8 1116 B 1.0 8.31 5.50 i

T9 1155 B 1.0 8.31 5.76 o

710 1156 D 0.25 0.59 5. 50 u Ni Cell

Interrupted

AL 1179 B 1.0 8.31 4. 75 4

T12 1185 B 0.5 1.L43 5.43 &l

T13 1181 B 1.0 8.31 5458 2]

T1h 1181 B 0.5 1.43 5.68 M

45 1176 B 1.0 8.31 5.40 " Oxygen

T16 1180 A 2.0 39.00 0.56 Ventron

T17 1187 B 0.25 0.3k 8.33 u

18 © 1210 8 6.5 1.82 1.8% R

T19 1210 A 1.0 7.6 0.56 #

T20 1200 D 0.25 0.59 6.00 This Lab Ni Cell

*
Metal hydrides magnesium nitride from particulate material sampler.

g
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with an error that was probably less than 10%.

One important question about these data is whether the peaks in the
pressure curves were produced by outgassing. Blank3 observed that when
magnesium nitride was heated at 1130K the vapor pressure was initially
high, but decreased over a period of 600 minutes to a steady lower
value. She attributed this behavior to the evolution of water vapor
from the hydrolysis product on the surface and to carbon monoxide from
the reaction of magnesium oxide with the graphite effusion cell. But
thermodynamic calculations for the reaction MgO + C = Mg(g) + CO(g) showed
that the equilibrium pressure at 1110K was only 1% of the lowest pressures
observed in our experiments and at 1210K was about 15% of the pressure
measured in the Al.0 effusion cell at 2000 minutes (see Fig. 18). Be-
cause the interfacial contact between the magnesium oxide and the graphite
of the cell was low, it was doubtful that equilibrium pressures would be
achieved for the reaction and this source of outgassing was probably
negligible.

The gquadrapole mass filter results--see Table VI--bear on the
question of water vapor outgassing as the source of the peak. It was
found that when hydrolysed magnesium nitride was heated, ammonia vapor
was evolved along with the water vapor:; however at temperatures above
950K ammonia was not detected indicating the completion of water vapor
outgassing before 1130K was reached.

Additionally, when a sample was heated to 1110K without first being
outgassed at 950K, the results were almost identical to those of an

experiment that included outgassing--compare experiments Tl and T2 in
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Figs. 11 and 12. The main difference in the two experiments was that
when outgassing at 950K was omitted, the deflections of the effusion cell
in the first few minutes were very large. But subsequently the pressures
in the two experiments agree within 15%. This result, the thermodynamical
argument and the quadrapole results provide strong evidence that the peak
in each pressure versus time curve for magnésium nitride was due to
vaporization of the nitride.

Another question about the peak is whether the time to reach the
maximum--25 minutes for run TS5 in Fig. 12 which was heated from 310K--
was due to the slowness of heating or to some oﬁher factor. This question
was answered in an experiment in which a B cell was charged with 5.4 grams
of aluminum oxide powder in which a thermocouple was imbedded; Fig. 19
shows the temperature of the probe thermocouple and the thermocouple
in the B cell as a function of time and also shows the difference in
temperature of the two. It is seen in the figure that after 10 minutes
the two thermocouples agree and the temperature of the powder was correctly
measured by the probe thermocouple; thus, the slow rise to a maximum
in pressure could not be attributed entirely to slow heating.

An examination of Fig. 11 shows that for experiments where the
conditions--amount of charge and effusion temperature¥*--were the same,
the vapor pressure varied inversely with the orifice area. For the

experimental situation when the charge in the effusion cell was the

*
In these experiments three different sizes of effusion cells were used

and the same charge was always used in a cell of the same size. Thus a

change in the amount of charge was accompanied by a change in the cross-
sectional area of the effusion cell and in the internal geometry of the

cell. Internal geometry is thought to be of secondary importance; how-

ever, cell cross-sectional area might be more important that the amount

of charge; this question will be discussed in the Discussion section.
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Fig. 19 Rate of heating from 298K for a "B" cell and the probe
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variable, Fig. 13 shows that the pressures observed in the large cell,
BO.5 which contained 5.5 grams of magnesium nitride, was greater than
that in the smaller cell, C0.5 which contained 1.4 grams of magnesium
nitride. Higher pressures were observed for small orifices and for
large charges of magnesium nitride in most of the experiments.

An exception is shown in Fig. 17 where the large effusion cell
(run T20) contained 6.0 grams of magnesium.nitride that was prepared
in this laboratory and the small cell (run T18) contained 1.26 grams of
Ventron magnesium nitride. The pressures in the two experiments were
in fair agreement although the other results would lead to the expec-
tation of higher pressures in run T20. This discrepancy probably arose
because the specific surface area for the magnesium nitride that was pre-
pared in this laboratory was exceptionally low (see Section III-F).

The results in Fig. 4 show that vapor pressures measured after an
interruption in the vaporization process--the temperature was reduced
té 940K for about 10 minutes-- resumed dropping in pressure near the
point of interruption. However, it takes 7 minutes to reheat to 1150K
but 15 minutes elapsed before the maximum pressure was attained--apparently
an induction process was encountered on reheating after the delay of
10 minutes. That experiment T1l0 in the figure was made in a nickel
effusion cell while the vapor pressure measurements were consistent with
those in a graphite cell was a strong indication that side reactions
were not interferring with the experiments.

In Fig. 15 the interesting featﬁre is that run T15 was made at an

oxygen pressure of 1 X lO_7 atm compared to run T11 where the oxygen

—" s z
pressure was 2 X 10 D atm. It is seen that the initial vaporization
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pressures during the oxygen run were higher but that the rate of pres-—
sure drop was unchanged (this is more obvious from the reciprocal
pressure versus logarithm of time treatment of the data that is intro-
duced in the Discussion).

The results of an experiment in an "A" effusion cell where the
magnesium nitride vapor was exhausted at 1210K is presented in Fig. 18.
The last two datum points were lower in pressure than would be expected
from the trend of the preceeding points; this change was attributed to a
substantial reduction in the amount of nitride left in the cell--approx-
imately T70% had been exhausted at 2200 minutes when the accelerated
drop in pressure began.

Since the vapor pressure above the magnesium nitride was nearer to
equilibrium at higher temperature and appeared to be in equilibrium at
temperatures above 1350K (see the transpiration data in the Introduction
and Section III-D); an experiment to measure the equilibrium pressure at
1110K (see Section IV-B3) was conducted by rapidly cooling the effusion
cell from 1390K to 1110K and monitoring the pressure--this was done after
run T6 in Fig. 11 using the same cell and nitride. The results are
shown in Fig. 20; the inflection point in the curve was at 27 minutes
which can be compared to 2C minutes required for cooling to 1110K and
indicated that the equilibrium pressure was about 5.2 X 1o‘u atmospheres
at 1110K. It was also noted that the lowest pressure observed in run
T6 was 1 X lO—h atmospheres compared to the leveling off pressure of
1.9 X lO_h atmospheres for this experiment; this indicated that pre-

heating to 1390K raised the steady state pressure.
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Flg. 20 Inflection in vapor pressure vs time curve for B0.15
effusion cell cooled from 1390K, inflection gives
equilibrium at 1110K.
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D. Pressure Versus Temperature Experiments

Measurements of the vapor pressure as a function of the temper-
ature repeated to see if the anomalous results obtained by eariler
workeral > (Fig. 1) could be duplicated and to provide additional data
for understanding the vaporization of the nitride. Experiments were made
with charge ratios, the ratio of the sample weighﬁ in grams to the
effective orifice area in cmg, ranging from 15,0 in the A2.0 cell to
28,000 in the BO.15a* cell. The enthalpy of vaporization was calculated
by using pressures for which A/D¥¥ was greater than one--Blair and Munir
found a change from molecular flow to transition flowl‘Ll at this value
in their effusion study of calcium nitride.

The results of experiments conducted in the D0.25 cell are shown
in Figs. 21 and 22. Metal Hydrides and Ventron magnesium nitride were
used after outgassing to remove Mg(g) and H20(g); the charge ratio, was
12,000 for both. Each data point is numbered in the order that it was
taken. Figure 21 shows the first and last series of points in the
Metal Hydrides experiment to give an overall indication of how the
magnesium nitride behaved during this type of experiment.

The first points were measured about 10 minutes after the samples
reached the temperatures of appreciable vaporization. It is seen by
following points one to six that the pressure approached the calculated

equilibrium line in the middle of the temperature range while at the

. :
This cell differs from the BQ.15 cell in Table III because of an 2L/D
ratio of 16.7 and an effective orifice area of 1.9 X 10~4 em2.

%
A/D is the ratio of the mean free path of the vapor to the orifice
diameter; it is calculated by usinay%he hard sphere approximation 1 and
the molecular diameter of nitrogen
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ends of the temperature range the pressure hent away from equilibrium;
this was also the case for the Ventron material in points 1 through 10.
After many intervening measurements points 55 through 63 were taken; it
is seen that they had a steeper slope and that at higher temperatures

the pressure approached equilibrium.

> 3

The points in the pressure range of 10 © atm to 10 - atm in Fig. 21
along With all of the other data points that were taken are shown in
Fig. 22. It was seen that at the highest temperatures the ratio of the
highest to the lowest pressures was about 1.4, while at the lowest
temperatures the ratio was 3.5. It was also observed that the enthalpy
of vaporization calculated from each successive series of points has a
greater value with the exception that heating at a temperature above 1180K
prior to determining the slope resulted in a near equilibrium slope--
the enthalpy of vaporization at 1100K is 210 kcal/mole. Thus for the
Metal Hydrides material the first series of points had a near equilibrium
alope of. 211 kcal/mole and the last series had a slope of 321 kcal/mole;
the Ventron material behaved similarly.

Another feature of interest in Fig. 22 was that the pressure could
be raised by 50% at low temperature as a result of heating at high tem-
peratures (see Material Hydrides points 28 and 38). The isothermal exper-
iment involving points 39 through L6 showed that 1000 minutes were required
for the pressures to fall to their former level when the temperature
was 1050K.

The pressures of Fig. 22 ayeraged a factor of 5 greater than the

pressures of Blank and Searcy; however, when the charge ratio was in-

creased by two order of magnitude to charge ratios similar to theirs,
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close agreement with their data was obtained, as shown in Fig. 23. The
Ventron material was heated for 2000 minutes at 1210K prior to making
the measurements (see Fig. 17 for the first part of this period) which
was on a par with Blank and Searcy's procedure of heating at 1280K for
1200 minutes; while the purified material was merely outgassed at low
temperature., As with the previous expefiment it was observed here that
heating at a high temperature (on the order of 1250K) followed by a
pressure measurement at around 1100K gave rise to a datum point that was
much higher in pressure than points not taken in this way--datum point
15 was a result of this procedure.

When the charge ratio was reduced again by almost two orders of
magnitude by using an A2.0 effusion cell the vapor pressures fell con-
siderably below the data of Blank and Searcy as shown in Fig. 24. These
samples were outgassed at low temperatures to drive off H20(g) and Mg(g).
Here it is again noted that the apparent enthalpy of vaporization in-
creased as vaporization progressed and data points for the Metal Hydrides
material used by Blank and Searcy curved away from equilibrium on the
ends of this temperature range. Also, the pressures decreased as the
vaporization progressed as was observed in the experiments with higher
charge ratios.

Figure 25 shows the results of experiments in a B0.1l5a effusion cell
and a B0.25 effusion cell for which the charge ratios were 280 and 220,
about twice that used in the DO0.25 experiments described above. The
Metal Hydrides material was heated for 40 minutes at 1200K and the Ventron
material was heated for 20 minutes at 1200K prior to making vapor pressure

measurements. The main feature of interest in this figure was that pressures



Pressure (atm)

O

o s
B

..59..-

T TTTT]

I

T

FTTTT]

T

|

T TTTTTT

I

[ ! [
Charge Ratio, AH?,
Material gm/cm2 x10°2 k cal/mole

O Ventron 10 354 %
O Purified 14 300

Blank and Searcy 291
* Without points 12,14,15, 18
and 20

i

|

]

Ll

1

Lrlitl

[

Lttt 1

| | |

23

80 9.0 100
/T (°K™)

XBL 7110-7472

Vapor pressure of magnesium nitride in a C0.5 effusion
cell with a 1.3 gm charge of Ventron magnesium nitride

and in a BO.5 effusion cell with a 2.0 gm charge of
purified magnesium nitride.



-3
10 £ T ! N
= Charge Ratio AHy,
= Material gm/cm@x1072 (k cal/mole)-
B \ 03 (Metal 185 |
E o3 A:l; Dw{Hydrides} o.18 {323 1
5 D O!-3 251 T
e
i 087 {Ventron } 0. 18 {327
€ 0 °*H xi-4 Metal 0.15 218 —
= - Hydrides, -
B2 - X4 used by Blank o]
a T Ola X3 and Searcy B
| . - -l
=3
& | = e i
& e[ Os o2 Blank and Searcy
O "l =
- or Xi -
- ‘ _
-6
To) l 1 1
8.0 .0 10.0

/T (k™
XBL7IIO-7475

Fig. 24 Vapor pressure of magnesium nitride in a A2.0 effusion
cell with 0.7 gm charges.



B | Charge Iroﬁg2
3 Material gm/cm2 xI0°
mE @ Ventron 280 7
. ® Metal hydrides 220
2
Top e =
— @2 "
I ]
L X i
- it
s L
- \ -
= 152 Calculated ]
EOE ‘\/equlibrium and ]
e \ error limits -]
5 " ]
E [ \ i
w
» - .
&
0" —
ldsr ]
i _
" Blank and %
- Searcy —
5 | |
(0]
7.0 8.0 9.0

/T k")
XBL 7112 - 4880

Fig. 25 Vapor pressure of magnesium nitride in a B0.25a
effusion cell with & 5.5 gm charge of Ventron magnesium
nitride and in & B0.25 effusion cell with a T.h fexiil
charge ol Metal Hydrides magnesium nitride.



62~

above the calculated equilibrium line were obtained for A/D ratios greater
than and less than one.

With A/D < 1 the measured pressures were a factor of four greater
than the calculated equilibrium pressures at T_l = T.25 X 1o"h K—l;
however, Carlson62’63 has shown that for the effusion of mercury, the
change from molecular flow to hydrodynamical flow)41 caused an increase
in the apparent vapor pressure by a factor of two. Using this factor

1 l

to correct the vapor pressure at T o= 7,25 % 10 K“l gave an estimate
of the equilibrium pressure of 7 X lO—2 atm; this was near the upper
error limit of the calculated vapor pressure. Several points with

A/D < 1l--point 1 for the Ventron run and points 4, 10, and 15 for the

Metal Hydride run--also had pressures near the upper limit suggesting

that the equilibrium vapor pressure is near the upper limit.

E. Langmuir Experiments

The results of experiments using the Langmuir technique are shown
in Fig. 26 with the results of Blank and Searcy shown for comparison.
It is seen that there was order of magnitude agreement between the two
studies; however, the present results were erratic. The datum points
in the figure are numbered to give the order in which they were taken.
The erratic behavior was most apparent in experiments 2 through 5 where
it was observed that the pressure increased at constant temperature and
that the increase often came as an instantaneous Jjump.

Microscopy of the Langmuir surface identified two reasons for the
pressure rise--surface roughening and rupture of a magnesium oxide

protective film. In experiment number 2 all of the nitride was vaporized
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and the film shown in Fig, 27 remained. The increases in pressure in
this experiment can be explained by the rupture and removal of parts of
this film and its pealing away from the surface. Figure 28 shows the
surface of a magnesium nitride Langmuir sample that had not been vaporized
and Fig. 29 shows a sample for which the surface has been abraded to show
the pore structure; the lower micrograph is a close-up of the "T" shaped
pore, Figure 30 shows the Langmuir sample after evaporation experiment
number 3 where it is seen that deep pits were beginning to form in the
sample and there was a coarsening of the surface; the lower micrograph
is a close-~up of the pore in the center. Figure 31 shows the Langmuir
sample after experiment number 5; here the deep pitting has been carried
further and part of the film can be seen covering an area where the
underlining magnesium nitride has evaporated. Figure 32 shows a magnesium
oxide film partially covering the nitride after experiment number L4; it
was estimated that this greyish film covered approximately 25% of the
surface.

The presence of the magnesium oxide film obscured the vapor pressure
measurements since it was not certain what percentage of the surface of
the Langmuir sample was covered. However, the pressures were of the

same order of magnitude as those measured by Blank and Searcy at 1250K,

F. Microscopy of Magnesium Nitride Powders

The pressure versus time studies reported in Section III-C indicated
that the highest vapor pressures are observed in effusion cells that
contain the most magnesium nitride, all other factors being equal. An

exception was seen in Fig. 17; the D0.25 effusion cell contained 6 grams
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XBB T112-5897

Optical micrograph of the magnesium oxide film that remained
after complete evaporation of a magnesium nitride Langmuir
sample. Part of the Langmuir orifice is also shown in the

photograph.
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Fig. 28 Scanning electron micrograph of the surface of a magnesium
nitride Langmuir sample before vaporization.



Fig. 29
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(b) XBB 7112-5899

Scanning electron micrograph of a magnesium nitride
Langmuir sample after polishing to show the pores.

At bottom an enlargement of the "T" shaped pore shown
above.
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34

(b) XBB T112-5896

Fig. 30 Scanning electron micrograph of a vaporized magnesium
nitride Langmuir sample. At bottom an enlargement
of the large pore in the middle of upper micrograph.
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XBB T112-5900

Fig. 31 Optical micrograph of a Langmuir sample after vaporization.



L

XBB 7112-5895

Fig. 32 Scanning electron micrograph of a Langmuir sample after
vaporization, showing partial coverage by a magnesium
oxide film.
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of nitride‘and the CO0.5 effusion cell contained 1.27 grams, but the
pressures measured in the two cells were equal. The difference in these
two experiments that accounted for the result was the specific surface
area of the two samples.

Ventron magnesium nitride was used in the C0.5 effusion cell while
nitride prepared in this laboratory was used in the D0.25 cell. The
Ventron material had the same type of structure as the Metal Hydrides
material that was studied here. Figure 33 is a light micrograph of Metal
Hydrides material showing fibers and fuzzy looking spherical particles.
Figures 34 and 35 show scanning electron micrographs of some of the
spherical particles. At the top of Fig. 34 a broken particle of magnesium
nitride shows that it consists of fibers; the bottom part of the figure
shows a particle that has a part of its outer shell broken indicating
that it is porous. Figure 35 shows two other particles that are fiberous
and porous.

A light micrograph of the magnesium nitride powder prepared in this
laboratory is shown in Fig. 36. The particles are larger and more
angular than the Metal Hydrides particles. Figure 37 is a close-up of
one of the particles; it appeared to have high density--probably 90% as
measured for the Langmuir samples. The average particle was roughly
equivalent to a sphere with a diameter of TO microns while the Metal
Hydrides material was made of fibers that were about 10 microns long
and about 0.5 micron across. The ratio of specific surface areas for

the two was calculated from these dimensions; it was about 30.
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Fig. 33 Light micrograph of Metal Hydrides magnesium nitride powder.
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Fig. 34 Scanning electron micrograph of particles from Metal
Hydrides magnesium nitride.
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Fig. 35 Scanning electron micrograph of particles from Metal
Hydrides magnesium nitride.
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XBB T7112-5903
Fig. 36 Light micrograph of magnesium nitride particles prepared

in this laboratory.
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XBB 7112-5905
Fig. 37 Scanning electron micrograph of magnesium nitride particle
from material prepared in this laboratory.
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IV DISCUSSION
In the Introduétioh thé vapor pressures:for magnesium'nitride_measﬁred
prior to this work were diSéﬁssed; those prgésurés ﬁére lower than preésures
predicted frqm indepeﬁdent thermochemical data, fheir’temperature depén—
dency was ﬁuch gréqter than expected, the pressuresvﬁéasured by different

' ' : oy . 22,2
workers were widely. different and the Motzfeldt-Whitman 23

tregtment of
the data. failed to give the.expected.équilibrium pressurés. Our pressure
versus téﬁperaturé résults——see Séction III—D——ﬁere.consiétent with these
observétiohs and our pressure vérsus time results--see Section-III—Cé—
showed théﬁ the'vapof pressure of magnésium'nitride is‘strongly time

: _dependént at the start of vaporiZainn aﬁd weakly ﬁime dependentiduring
the later stages of vaﬁprization. | |
. ; | 33235

In many Knudsen effusion measurements-_ the vapor in the effusion

cell is at the equilibrium vapor pfessure and'in'sdme studielsb'g_51 the
only difficulty is that the évaporatibn”cbefficient is small; this results
in measufementé thét are’below,the eQuilibrium vapor prESSure.' But, by
conducting experiments with several different orifice areas and by using

' - : . 22,51,52 X ' .
the Motzfeldt-Whitman extrapolation ’ : technique (see Section IV-B)
" equilibrium pressures can be determined. The temperature dependencies
for systems of this type give the enthalpy of vaporiZation.

In two system527’28’53

in addition to magnesium nitride (magnesium
hydroxide'and gallium nitride).there have been dbsefﬁed time dependent
vapor pressure measurements, measurements that werelmuch lowér than

expected, a temperature depéndency for the vapor pressures that was much

greater than expécted and for magnesium hydroxide and magnesium nitride

the Motzfeldt~Whitman extrapolation failed (it was not tried for gallium
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_nitride)*' For all three of these systems the suggestlon has been

made ’3 ets 52

that a surface phenomenon was caus1ng the d1screpanc1es;
Blank and Searcy3 suggested a mechanism forgmagnes1um n1tr1de vapor-
iZation:in-uhich}surface’suhlimation sites were couered hy the.adsorption
of water:vapor or ox&gen5 and Schoonmaker, et al.?Svsuggested a mechanism.
for gallium,nitride vaporiaation in which a ia&erfofegaliiumbbuiit'up
on ‘the surface of the gallium‘nitride and actednas'avdiffusion barrier;,‘
but neitherecould.provide further details to explain-the'discrepancies
mentioned above. By resolv1ng these dlscrepan01es for magnes1um nitride
it is hoped that 1n31ghts w1ll be prov1ded for these and other systems
with unusual vaporlzatlon characterlstlcs.
yTo'see if‘some_of-the disorepanéies.are related to an‘incorreet-"
"identifioation_of the_vaporization:reaction;.we studied‘the vapor‘phase
' ahove magnesium nitrfde‘With a-mass speotrometer-aﬁdsmade an x-18y aif--
fraction study of the solid phase.’:The evidence‘(reported in Section:III-A)
showed Eq. (1) to be the'vaporization.reaction‘(as previous workers'had
assumed)_and afforded no expianation. |
No~ reactlons between the effus1on cell and the magne51um nltrlde
were observed and effu51on cells made of nlckel and of graphlte gave‘
the.same'vaporlzatlonvbehavlor. 'Thus,.;tzls unllkely,that 1nteractlon
with the‘effusion ceii can be useddas an explanation:for the”discrepaneies:h
~To explore other p0351ble explanatrons for the behav1or‘of maéneslum

nltrlde 1t w1ll be helpful to examlne the theory that relates the vapor

pressure w1th other varlables in Knudsen effus1on measurements




&

_79_

A. Motzfeldt-Whitman Equation

22

. Motzfeldt and Whitman23bhave dérivedvan expression which predicts

B’ the evapor-

the relationships among the equilibrium vapor pressure, P
ation coefficient, q; the cfoss-Seétional area of the effusion cell, A,
and its’Clausing factor, W ;.the orifice area of the cell, B, and its

that is

Clausing factor, WB; and the Knudsen effusion préssure,'PK,

"measﬁréd'in-an_experiment. A refinement_by'Rosenblaft21 accounts for

the effective vaporization area of.pofdus powder, A', which he defined as

the area of plahe sample surface which would give rise to the same gross

rate of vaporization_as.the'powder. The refined equation is

A . g
T A o ’
it“assumes that fhé'evaporafion coefficiehf ana:céndenSation coefficient
are equal}
| The equation was déri#ed byvconSiaering:é mésé balance ét steady -
'statevin an éffuéibn cell such as tﬁe onefknoﬁn in:Fig. 38. A simplified
derivatidn‘showiﬁg'the important features of the equaﬁion can be made

by neglecting the cell Clausing/factor and using the reference plane shown

in Fig. 38; in this case the upward flux, u, énd the downward flux, 4, afe

'independeht of the positioning of the reference plane.
At steady state the flow»thfough the orifice in moles pef»uhit fime
must be egual to the net flow across the reference'plahe,

. QA'PE : » S
W_Bu = — - ah'd - o (6)

B G

Where'G'isvthe_factor (QWMRT)I/E'in the:Hertz—Langmuir-Knudsen equation.

15-20
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'The downward flow can be written

Ad = Au - WBu . (7)

and from the Hertz-Langmuir-Knudsen equation the upward:flux, u, can be
expressed as
' . P . .
S |
By usihg Eq. (7) and (8);_d and u in Eq. (6) can be eliminated with

the results:

sy = e o (3 - )
' = ] o =
QA'P, = P | WB + oaar\1 - , (9)
which can be reducedAto _ _
p= B A \ -
s PK[lJ'_A' <ocA' l>} F o)

It is seen that Egs. (5) and (lO) dlffer in the content of the
parenthetlcal factor however, for most Knudsen effus1on experlments this

factor: reduces to A and the equatlons can be wrltten

oAl
o WBB ,
Py = P‘K 1+ =5 _ . (11)
This is the case because vl is usually less than 10 which requires

that the parenthetical factor'have'a value of greater than 10 before a

‘detectable dlfference-—lo7——arlses between P ‘and P thus, in Eq.'(lo)

E K’

omission of the 1lin the parenthetlcal factor causes a small error. » In

the more accurate.Eq. (5), when (ﬁ—-— 2) is omltted_there is much 1ees
‘error since ﬁi is about 2 for most effu31on'cells and. the term is reduced

to nearly zero.

Since the,equilibrium Vapqr-preSSufe, PE’ for magnesium nltrlde was
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known and the Knudsen pressures, P

x> measured in this work were relisble

(as evideﬁced'by the goddiégfeemehtvof our vapéf presSﬁre meésufemehté
oﬁ‘silvef.With ﬁhe values of cher wbrkers), the éxplanation for the.vv
diséfepaﬁcies in mégnésiﬁm nifridéVQaéérlﬁressures must be related'to_

the te:ﬁfWBB/¢A' in Eq. (11). |

One'pbssiblé eXplénation is that WBB the_reduced orifice area used.

in Eq. (11) is:incofreét} To explain the'drop‘iﬁ measured vabor"pressure

with time would require that the'orifice béhdiminished in area By a f
fadto?tof ébout'h’(sée Fig. il)'as the experiment progressed; fhis was
- not observéd,vthus.a meéhanism of this typé is uﬁlikely.
..Thé>diSCrepancieS ih magnesiuﬁ nitriaé:vaporization Wouid_appear»
by précess of elimiﬁéﬁibn‘to bevrelatéd to tﬁé.é§a§¢ratioh coefficient,
o, and,the.effectiﬁevvaporization.areé,:A', in Eq;v(ll).v'These faétors
coﬁld céusé fhe drop in v@pof preséuﬁe with,tiﬁe.by_reducing.the flUx
of:§apor f?bm the powﬂér;. Thislcould‘be acéqmplishéd by'héviqg>a dimin4
'ishinglémount of thévsurféce>area ekposed;and‘liablg to vaporizationLOr,
for's haviﬁg a diffusion barrier that grows thicker with time ana,thereby

reduces the’flux from the powder.

B. Vaporization of-Magneéium Nitride

1. .Motzfeldt—Whitman Extrapplati@n

I£ waé seen in'thellﬁﬁfgduction fhat-the'ﬁeasured vapér'breSSure}
of magnesiﬁm nitride was muéﬁ:ldere—a factor of 3.5 forvSthapitanondal
and a factor of 100 for Hildenbrand and Theard> at 1180K from Fig. 1o
_fhan thé equilibrium Vépofspréééﬁré, fThié”by,itséif:is nqt.unﬁsugl;
Blank3.hés.dbsQr?edviowér-than eéﬁiligriﬁm Knudsen préssurés fér aluminum

s Hoenie . | i viseide Cair]ed0
nitride, as have Hoenig and Se_arcy-53 for beryllium nitride, Co_yl'e5 Tor



-83-

51

cadmium oxide, and Hildenbrand and Hall for aluminum nitride and boron

nitride. However, in all of ihese studies the Motzfeldt-Whitman extra-~

22 95'—1 552

polation technique was used to find the equilibrium pressure

while for magnesium nitride'it failed to give equilibrium pressures.
The technique uses Eq. (11) in the form
W_B

B

g T

.l_='..:.]‘_....+
P_ P

- | (12)

the vabbr ﬁressure‘is thén meaéﬁfedlfbr several orifice Sizes'taking care
that the émoﬁnt of material in the effusion cell is the same‘for each
expériment;“Plotting l/PK yérsus WBBvand extrapolating the curve to

zero orifice area then giveé 1/Pﬁ..

Hildgnbfand and Thearde'used“thié technique for their,magnesium
nitride data and ébtained an éxtrapolation that was a factor of 30 below
the equilibriuﬁ pressure at illOK; To understand the.reason for this
- failure of the quzfeldt;Whitmaﬂ exfrapélation, Figs._39.énd Lo were:
prepared.. These figﬁres present rééipfocal préssuresvversus ofifice
area data at constant wéight.ldss'of magnesium nitride-from the effusion
- cell. The pressure.versus time data in Section IiI—C“wéfe numerically

intergratedSh 15-20

and treated‘by'the Hertz—Langmuir—Knudéen equafion
to give. the Weight loss 6f'nitride as a fﬁnction of timg. The vapor
pressures é% weight lossesvof 5 mg, ldvmg; etc., are presented in thé
figures. |

All of_ﬁhe;experiménﬁs Weré.méde with 5.k grams bf‘Metal Hydrides

 magnesium nitride in a "B" effusion cell and to assure the uniformity

of each Sample, all.of'the material vas seperated by,thé particulate
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materiéi samplef shown in'Fig; 9.

It is éeen in Ebthvfigureg fhét the reciprdcal of the apparent
equilibrium pressuré, which from Eq. (12) is given by the intercept at
zero orificé area, increased (the éreééure lower) for largér weight
lééses; From this fact it wduld'appear'likely'that Hiidenbrand and
Theéfdvéxtfapolatéd'under Cbndifiqn?ﬁofviarge weight losé aﬁd uﬁder
cénditions in whiéh the WeightalGSSes for fhé_diffefénf orifice areas'
o wefe appfoximately eqﬁai§' The fact fhaf the& failed to observe the fime

dependency of the Knudsen preésurésv(reported in Section III-C) also

indicated that large weight losses had occurred when they took their data

siﬁce thé slow1y chénging part'of thé pressure—time cﬁrvé‘occurs after

large Wéight iéﬁses; | . |
’Anothéf»féatﬁre Qf,magheéiﬁm hitride yaﬁpfiZatiOn.that is_séén.in

these figures (aiso-in.the fféssﬁfe—timé cufves iﬂ-Figs.vll—lB) is the

‘increase in l/PK

'wifh.an increése:in Weighf loss; _Thié ihcfeasé-musti.
be more for smaller orifice areaé (at'consfant ﬁeigﬁt.lqss)'to cause the
extrapola£ion to prdgressivély.méve awéy from the équilibriﬁmApressurei
These‘resulté‘indicated that Because the pressure éhanged With timev
there waé no unique_Motzfeldt—Whitman1extrapdlation.- To obtain.a valid'
v extrabolatipn one musﬂ.know the cause of the decrease in aA"with time
and must make extfapolatioﬁs at éoﬁstant dA; aé fequired fo% fhis uSé:'
of Egq. (12), ~Except when measuréménﬁs'are made aftvefy‘short times, ;
after.&abérizétién bécomés sigﬁifiéanf gn.e#trapdlatidn fdils_bécausei

the valué:of 0A' varies with;orifice area as well as with'Weight‘idss.
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2. Scétter'in Previous Vapor Pressure Measurements

Examinétion of Fig., l~-the vépor préssure measurementé'in prévious
studieé_of.magnesium nitridé——shows‘KnudSen Pressures fanging over a
fdctorhdf 30 at 1180K. In our study_KnudSeﬁ preésuies ranged over.a
factof of de afxllSOK depending on the ratio of the orifice area to the
surface ﬁféa of.magneéium nitfide and on the timé of-vaporization‘(seé
Sectién IIi;D). Since previous measurements were made after felatively
' lbng.fimes.of héating when the vériéfiqn with timé was relatively low ,
the Widé scatter in the data was primarily a consequence of differences
. in thevamdunts of nitride and to diffefenées in fhé specific surface
area of the maghesium nitride (i.e.,‘in Fig. 17 it was seen that the
magnésiﬁm,nitride prepared invfﬁis labofaﬁory had a lower vapér pressure

than expectéd_bebausevof its low specific surface area).

3. Equilibrium Vapor Pressﬁfe ovaagnesium Nitride -

vIﬁ‘Fig. 2 Sthapitanohda'sl measuremenfé.of'the‘vapor pressure of
magnésigm'nitridé by thé transpiratién techniqué showed Values near the‘
upper error limit of the éélculated'equilibriﬁmlpressure;’ He expressed
uncertainty about the reliability of the dafa, however, becauée of a
reaétidn bétweeh the oxygen impufity in the nitrogen flow gas ahd the -
magnesium vapor. This would giv¢ high pfeSsgre meaéurementé, however,
the préssures.aré probdbly correét.within d'factor of three aﬁd theyv':
vindicaté thab equiiibfium_is ﬁeéf the upper errorfliﬁit of fhe_pressures
célculated from thermochemicél_dété.

Theré were several indications in the presénf experiments that the
'equiliﬁriﬁm vapor pressure was near the upper efror.limit;‘these are

shown in Fig. 41. The pesk in the pressure versus time curves for the
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BO.15 éffusion cells——these.ruﬁs had the largeét charge ratios, see
Figs; 11 and'l2—5indicated that the equilibrium vapor pressure was above
4.5 x 107" atm at 1110K. | |

The results of the pressure versus temperature experiments in the
B0O.15a effusion Cell.and in the BO.25_efqui6n cell (see_Fig._25) gave
several ﬁoints thét appeafea to bé close to gquilibriﬁm; The points at

1/T of 8.45 x 10"% k™t

L

and T7.65 x lO—h'K_l‘were taken with A/D > 1; the
KL vas in the hydrodynamical flow rangéhl and was

corrected by using'Carlson‘s62’63 factor of two for the apparent difference

 point at T7.25 X 10~
in pressure for change from molecular flow to hydrodynémical flow.

The Motzfeldt—Whitmanvexfrapolafions at 1110K .and 1i8OK for a 5 mg
vweight ipss providéd;a_lOWer liﬁif to thévequilibrium vapor pressure;
these pbints are shown in the figure. Another indication of thevequil— :
ibrium.varor pressure was obfained ffom Fig;'zo; in’this.experiment a
BO.15 effusion cell was héated to 1390K td establish equilibrium con-
ditioné in the Qell and the drop in pressure was monitored.as the tem-
peratur¢ was-abruptly'broughﬁ to'illOK.' An-infléctioh point in the
pressure drop curve was seen at a pressuré of 5.2 x lO-.LL atm. This was
faken to be a leveling off in.the curve at the equilibrium pressure
before the pressure continued to drop.

All_pf these data pqints suggest that the.éQﬁilibrium pressure is
near the ubper error liﬁifjéf the calculated preSsufe. -ASsuminé that
Mitchell's data for the.enthalpy of formatiéﬁ qf m;gneéium>nifride‘5 and
_ thatbthé data of_Hultgren; ef'al.l3 for the enthalpy of vaporizatibn of
magnesiuh are correct, and that the entropy fof magnesium: vapor from

13

Hultgren, et al. and for nitrogen from Stull and Sinkelh are correct
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,_leaves;the entropy of'magnesium nitride to,be adjusted in accountiné: )
for the difference in the calculated pressures and'the‘observed pressures.
Mitchell_estimated‘s'vslue of 22.4 eu for the entropy of magnesium_nitride

at 298K and the JANAF tables’’

list & value of 21 eu. The position of
the measured vapor pressures in‘Fig. ﬁl near the upper error limit in-

dicate a value‘of lT.S_eu for.theientropy of magnesium nitride at:298K.

L. Tempersture Dependehcy of the Vapor Pressure
‘The'temperature'dependehcy of the vapor pressure is commonly used

29 3 however,-

~to determlne the enthalpy of vaporlzatlon for a compound
~ for msgne51um nltrlde the enthalpy calculated from the slope was
35h kcal/mole 1n Flg 23 as opposed to the correct value of 210. kcal/mole'
eat 1100K. . The correct value_ls well~establlshed it was calculated by
summing the enthalpyﬂof formatlon'of magneslum hitrideh—lo'and the ehthalpy
of vaporization.of.magnesium.13 Anotherbstrikiug_feature'of the maghesium
nitride-temperature dependehcy was_seeu in Fig..22 where the slope:lne
creased from 211 kcal/mole to 321 kcal/mole as the vaporlzatlon progressed
| This behav1or suggests that a diffusion barrler was present on the |

’surface of the nltrlde and that the barrler 1ncreased in thlckness as:

the experiment progressed.

C. ~LogsrithminRate Law for Magnesium Nitride Vaporization‘

'The pressure versus time results in Section III-C can be fitted

_with the equation: .

= k) tk, log-t o o ‘(13)

"U!P—'
=
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‘after an'ihduétion periddfwhére PK is the‘Khudsen pressure, t is the
- time measured from'thé sfart:of heating at 950K, énd kl and k2 are con-
stants. Figures L2 through‘hh show the results of plotting the reciprocal
of tﬁe pressufe‘versus the‘logarithm of1the fiﬁevfor some of the pressure
versus time data; plots fér the funs n§£ shown in‘the figures were also
linear. |

Figure théhoﬁs the logafithmic rate law tfeatment of three pressure
:Versus time expefiméntsvat 1110K in each of which 5.4 gfams of Metal
Hydridés ﬁagnesium nitridé was used; 1t was observed that the slopes of
the_éuf?es iﬁcreased.withfincréésing orifice area. In Fig. 13 data’at
.1180K are presented where againIS.h grams of Metal Hydrides magnesium
-nitride was used. These runs, too, showed a dependenée on orifice area;
but when the oxygen pressure wés chanéed frbm_h X lO_lo atm’in run T11
to 1 X lo‘7 atﬁ in.run T15 fhere was no signifiéant changé in the logarithmic
plot; | |

_ In one experiment ﬁhe vaporizafidn was confinued until the effﬁsioﬁ

gell was e#austed,quvapdr;_the result of the logarithmic rate law
treatment of these data is shown in Fig. bb. Here the logrithmic law
is.folldwed until the sample is 70% Vaporized;‘at longer times the
préssure dgcreasea<much‘more'rapidly,’probabiy becauseichanges in particle
suffacé'area withi£ime vere then large enough to have significant inflﬁ—
ence on the total flux.

vThevrésults df the:loéarithmic rate'iéw treatment fof other pressure
versus time experiﬁents are bresented_in‘Table IX. Mosﬁ of thé experiments
presenfed in the fable weré_méde'in ﬁB" éffuéion-cell gontaining_S.h gramé

of Metal Hydrides:magnesium nitride; Some of the experiments, T3, T16

A
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390

Table IX. |
treatment of magnesium nitride vaporization.
Run Temp. Eff. Orif. Area .- Charge . Orif‘ Area¥® ko
" No. °K em® x 1073 gm “em? x 103 atm—t
T1 1110 1.43 5.29" EOA | 0.69
T2 1110 1.43 5.36 EOA 0.58
T3 1110 1.32. ,  1.b 5.3 1.72
TL 1110 1.43 5.5 - E0A 1.66
T5 1110 0.23 5.21 0.27
T6 1110 - 0.23 5.40 0.36
T7 1110 8.3 5.140 1.75
T8 1110 8.31 5.50 2.59
T9 =~ 1150 8.31 - 5.76 EO0A 0.47
T10 1150 0:59 5.5 EOA 0.333
T11 1180 .8.3i*v~' - hlTs EOA 0.48
T12 1180 143 - 5.43 EOA 0.18
T3 1180 8.31 5.55 EOA 0.51
714 1180 1.43 5,68 EOA 0.32
T15 1180 8.31 5,40 " EOA 0.56
T16 1180 39 0.56 390 6.83
T17T 1180 0.34 8.33 0.22 0.048
T18 1210 1.32 1.27 5.3 0.27
T19 1210 6 0.56 76 1.h2
T20 1210 0.59 6.0%% 7.7 0.52
T2l 1210 | 39 0.56 1.31

P -
‘Using 5.4 gm of Metal Hydrldes magne31um as a reference

*%

Magnesium nitride prepared in this laboratory hav1ng 0 03 times the
spec1f1c surface area of Metal Hydrldes materlal

Same as effectlve orlflce area.
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v through T19, and'T2l‘contained a different ameunt of nitride and were
conducted‘in "B", "C", and "A" effusion cells, and experiment T20 was
made inzév"Bﬁ cell using £h¢ magnesium nitride ﬁrepared in this laboratory.
In order'to normalize the'different experimentS'fer comparisen one must <
'_decide ﬁhether the‘cell cress sectionaivarea or thebtotal Surfaee'area

is important'for replenishing tne vapor thaf escapes through the orifice‘

v When thé evaperation.coefficient‘is unity tne cross sectional area

of the effnsion cell is fhe'important parameter;:but When the evaporation
coefficient is. sufficientlj low bthe total surface area of the powder can
‘contribute to replenlshlng the flux that is lost through the orifice.

In the systems ZnO56 and CdO50

the evaporatlon coeff1c1ent was- “about
J.O-_2 and the cell sectional3area appeared to linmit the flux from the»
powder; aneﬁer,’for magnesium-nitride; which hassa lewer evaﬁoration
coefficient, the notal surface areaeof.the‘powder appears to be the |
limiting factor.;.This is indicated‘by the.nehaﬁior_seén~in Fig. 17 vhere
the cell having the larger cell cross sectional area exhibited'the.same
Knudsen:pressure as a sample of higher sneéificvsurface area in a ce;l of
lesser'cresS sectional area.

Thus to compare eXperimenfs in which different'amounts_of magnesinm
nitride were used, one canlnse Eq. (11) tovsee that an,inerease:in.the
effective vaporizing‘area, A', which is-preportional tovthewéharge‘inﬁ . ‘ .
grams, is,equivalenﬁ_te‘aideérease in’the_orifieefarea;‘-Tne equafionf‘
- places all experimentslon fhe.normaiized basis 6f COmparison where%AC

is the corrected orifice ares, AE is the effectlve orlflce area, and M

is the mass of magne51um nltrlde used—-varlatlons of less than 15% from
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the 5.4 grams were'ignored. For run T20 the corrected orifice area was

increased bj a factor of>30 to_acéount for the difference in.specific

surface area of powder from Metal Hydrides.and from this laboratory.

- D. Model and Activation Enthalpy for Magnesium
Nitride Vaporization

There were three steges in the vapqrization,of magnesium'nitride
from an effusion‘eell:' 1) the pressure rose to e,maximum at a rate ﬁhat
lagged’behind temberature equilibration; 2) the pressuie deereased.
according‘to a'logarifhmic law; andIB)‘after 70%.vaporizatien the pressure
decreésea ﬁorebrapidly than thebpredictioh‘of the legerithmic law.

The measurements with;tﬁe;méss'filter proved thaf the maximum is
not azdegassing of impﬁrities, as has probably been assumed by all
previeus iﬁvestigetore. 'Thevfirst etage is thoﬁght to be associated
'with the rupturing of a protective film of magnesium.oxide on the parti-

eles.: A film was observed microseopically on the Langmuir samples (see
Fig. 27, 31, and 32) and_during.the'Langmuir meaeuremente the vapor
preseure.was observed‘to.risevin abrupt steps sﬁggestive of the stages
in the’rtpture andvpealing back of the film. Forvthe:Knudsen experiments
fhere Wefe no abrﬁpt steps dﬁring'the fise in pressuie, but none would
be expepted beCause_the large number ofvparﬁicles in the powder should
cause a smoothing of the rupturihg precess. 'The-thifd stage in the
' veporizationvof magnesium nitridekis theught fo be associated with a
edecrease-in the surface afea of magnesium nitride particlesvsince this
stageietarﬁed efter.TO%'of the powder has vapefized. The secohd stage »
which obéys the empirieal.rete 15w’in_Eq.'(13) is of most intereet‘here;.

The logrithmicvlaw for this stage,‘Eq.'(i3), can be derived by

‘assuming‘that vaporization is limited by'a growing diffusion_barrier
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(see Fig. 45). At a givenvtime,-the'mass flow in moles per unit time
through‘the‘orifice is equal to the mass flow thrqugh the diffusion

barrier; this mass balance can be written

J A = T B, B : - (15)

where Jl»is the flux through the diffﬁsion-barriér; Jg'is the flux at

B

the inside of the'orifiee; B is the-erificé area, and W, is the orifice .

Clausing factor.
An expression for the flux through the diffusion Bérrier,canebe

5T

obtained from Ficks' first law'of.diffusion. : Tﬁe conCentration’grédient

in.the equation is calculated from the differerice between the equilibrium

~ pressure, PE,'which charaéterizeS'the activity of Mg or N,

nesium ﬁitride:side of ﬁhe duffuéion barfier, ahdufhe Knudsen pressure,

‘at the mag-

PK, which characterlzes the act1v1ty on the vapor 51de, divided by the

thlckness, L, of the barrler;lthls ;s_wr;tten
(16)

where D ig the diffusion cqeffiCient. It is assuméd:that L is inde-
pendent_of the masskloss through‘the diffusion barrier, and-thatvthe 
ratevof ihcrease of L is small compared to the Velocityeof diffusion f
jthrough ‘the layer.sg’sg. The flux of Mg(g ) or N (g) through the orifice
bls glven by the Hertz—Langmulr-Knudsen equatlon |

J =P G - ) (;7)

1/2

where G is the factor (2WMRT) M is the molecular Welght R is the ‘gas

_constant,.and T is the absolute;temperature.

-
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- Fig. 45 Model for Xnudsen effusion experiment where

the vaporization of maznesium nitride is
inhibited by a diffusion barrier.
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Substituting Eqs (16) and (17) into (15)

P\ BW. P -P :
k) o' _"E "'k - :
(a—) 7 =D T (18)

which can be'written

BL

S— =t S , (19)
PK PE PEGAD » _

Fbr a logarithmic growth of the barrier layer the thickneSS can be
written

. L=k

, Log (1 .+ t/t) B | (26)

substituting this into (19) gives

11 (Bw3>(4KL) o o S
P "\ 5;5- - Log [1.+ t/t,] : (21)

K E

.rThus if a meéhanism of this type is cgrreCt for mégnesium nitride
k) in Eq;.(l3)iwould b§ associéted with the reciprocal of the equilibrium
pfgséurevand'ké_in that,equation‘wogld'be'assOciated-with the"twé
ﬁérehfhésiZed factors in Eq. (21). The data in Figs. Lo through Ll were
plotted using t instead of_(l.+ t/to) in Eq. (21); this_wduld indicate
that fo is small combared to t. Also, the intéréept was not l/PE as |
predicted by ‘Eq. (21), but this is not unexpeqted since the first stage
of vaporization was:dominétéd‘by the'ruptﬁring of‘magneSiumJoxide fii@s.

By comparing Eq. (13) and Eq. (21)

By (k" v o
_ B _ o o ;
kT "@t&(@) | (22)

whefé thé,parénfhéSiZed'factbrsvare the ones with strbng ﬁemperatufe

dependence. These terms can'bé¢written20
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) | AL , | (AH;; AiVAHD*)

pD A A TP RT

; (23)
P.D

where the A's are the pre-éxponentiaivterms fof the‘respective rate
constants and the AH's are the activation enthalpies.

‘The‘slope of a plot of the iogarithmvdf the constant k

5 versus the

reciprOcalvtemperatufebthus shouldvgiﬁe_the co@bination of these three

enthalpy terms. To make a plot of this sort, the data in Table IX was

‘used in Fig. 46 (the datum points for runs T16, T19, and T2l were moved to

it én_the graph by dividing'k2 and the corrected orifice areé by a

common_factor). The_qurves'for.thé four temperatures were drawn through

the origin as required by Eq. (22).

Data at a constant orifice_afeé of 1of2vcm2 was‘then taken from
this figﬁre and used ianig._MY‘touevaluéte the enthalpy terms in Eq. (23);
an‘enthalpy of activation of‘90.keal/ﬁolefwasvobtained.r The equilibrium
enthalpy of vaporizgtion at theSe 1100K wésAElO kcal/mole of solid; when this
was‘combiﬂgd with the other enthalpy terms in Eq. (23) bne can calcuiate

for AHL:t - AH ¥

p & value of 37.5 kcal/mole. ThiS'iS.fhe activation enthalpy

per mole of vapor for forming the film and for diffusion through it.

E.. Mechanism of Magnesium Nitride Vaporizatidn
Owihg to the'presenqé'of-magnesium oxide in the mggnesium nitfide

as seen in Table IV and to the magneSium oxide £ilm seen on the'Langmuir

samples, it is plauSible to-éonsider the pdssibility'that a ﬁagnésiﬁmv_

oxide protective iayer is formed again at‘high temperature. The most

ébvious path for reforming this layer is by_réaction of magnesium vapor

with the residual water Vapor or oxygen in the system--in keeping with



_Qorrec.‘i'_ed orifice area xlO3 (cmf)
XBL7112-4907

Fz.g 46 ., Slope from loga.rlthnuc rate law versus orlflce area’ for magne51um nitride
Knudsen e}@erlments ' ’
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Temperature (°K)
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v Fig., h?"ActiVation energy for logrithmic rate law vaporization of
' . magnesium nitride. S
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- the assnmpﬁions of the model the layer build-up wouid'then be independent
of weight less.d’The layer would'prbbably.be relatively insensitive to
temperéture, but strongiy dependent on the background gas pressure.

The.feet that the increase of nearlyithree orders of msgnitude in
the oxygen’pressure (see Fig. h3)-has'nevinfluence'on the slope of the
logarithmic plot argues ﬁhat a magnesdnm oxide layer refermed in this
way is th.responsible for the time and~temperatnre:dependent decrease

. in vapordzation rates. - Furthermore, the;magnesium:partial pressure was

s , :

'always'greater than 1 x 1077 atm in the.pressure versus time eXper—

iments in Section III-C while the oxygen pressure was always less than

7 atm--for al; except onegeiperiment less-tnan 10 x 10__lO atm..

1% 10"
As a eonseﬁuence it:would.ne expectedvthat.if the‘évailability»bf oxygén
"were rate‘limiting a linear time‘dependency would resuif.' Becanse many
more magnesium atoms escapedrthan were needed‘to_reacfrwiﬁh all of the.
avedlable”dxygen; the.rate of fornation of‘the magnesium oxideblayer
would.be proportionai to the oxygen pressure and independent. of time.

| is the linear rate eOnstsnt, would

The expression L=k t, were kLI

LIN N

replace Egq. (20), and Eq. (13) would become l/PK =k + k) t; however,

3
this equetion did notdfit the data, Thus, it isvunlikeiy that the berrier
layer would form by this_mechanismf_ | |

It is alse'plausible‘to considerﬂnhe-pessibility-shat'a.magnésiuﬁ
. _oxide pretective layer is fermed by dissolution of'small'emounts of
magnesium oxide frOm the mangesium.nifride 1aﬁticévas the vaporizatiqnv
proceeds (Section III-A admitted'the possiniiity'of up_rovlz of disselved_
.magnesinm oxide). The'thickness of the layer weuid be proportienal fo

the weight loss of the nitride; this violates one of the assumptions in

.
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deriving the modei andvpreéiudes its use in fhis case, - Howe?er, one
can reason that.the;layer thicknessvis.proportional to fhe area under
the préssuie versus timé curve and since it has been sﬁown that the
Knudsen-pfessure is negrly constant ét timeé gfeatéf than MCO minuteé,
one can conclude that at.lqng timeé the layer thickness would increase
linearly. But a linear increase in thickness ﬁas shéwn above to be
inconsistent'wiﬁh the data; fhﬁs this mechanism'too,would seem unlikely.
A dissolution mechanism in which thevoxide protective layer is pre-
vented from growing beyond a.given.thickness by a transformation to &

porous produét is consistent with the data. This has been observed by

3

associated with the intrinsic behavior of magnesium nitride (i.e. a

VaporiZatioh. The mechanism might also be

competition between adjustment of the stoichiometry by diffusion into

'a particle and removal of magnesium vapor and nitrogen from the surface

of a particle; both proceeding at approximately the same rate and cauSihg

a drop in the evaporation coefficient).
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APPENDIX A. DETERMINATION‘OF THE EFFECTIVE PORE AREA

The'effeCtive pore area for a B cell was calculated from the weight
loss of the cell with no.orifice by using the.Hertz—Knudsen equation.
Metal Hydrides magnesiim nitrideb(S.lSSO_grams from the particlate
material sampler) uasvcutgassed.at'69OK-for 180 minutes and 920K for 260
minutestbefcre heating to 1110K for 280 minutes where a loss of 4.2
milligrams was measured; The ueight loss from the graphite crucible
under these conditions was 2.0 mlcrograms'per mdnute; thus, 0.6 milli-
grams uas subtracted and a net of 3.6‘milligrams Was determined for the
weight loss of nitride.' Assuming that the pressure in a cell‘with no orifice
wa.s edual to that in a B0.15 cell*'an'average pressure of 2f3 x lO_LL atm
vas determined for the é80 minute interval and the effective pore area
calculated from these data was 1.k * 10_;h cm2..vThis parameter can also
be ‘calculated” by measurlng the welght loss of a cell with an orlflce
and calculatlng-—from the measured pressures and the orifice ared--the
expected welght loss.' The average-welght;lcss measured fcr three Bl.O
cells and two BOFS cells at llBOK.were respectlvely 1.9% and 8.9% gresater
than the calculated_weight loss. ¥¥* ﬁsing these precentages'with the
reduced orlfice areas for these cells in TableEIII, the effective pore

L

area is calculated to be 1.2 X 10 om® for the BO.5 cell and 1.65 X 107"

cm® for the B1.0 cell. Thus, for the "B" cells the effective pore area

*The calculated weight loss through the orifice—-see next footnote-~for

a B0.15 cell for 280 minutes at 9110K'is 2.4 milligrams compared to a

- 3.6 milligram loss. for a closed: ‘cell. Thus, the effective orifice area of
the B0O.15 cell is only h07 greater and the two cells have nearly the same

pressure.
* %
The welght loss through the orifice is calculated by using the Hertz—

Knudsen equation for each p01nt in the pressure vs time curve--Figs. 11
through,18——to calculate the mass loss rate and numerically 1ntegrat1ng
to determine the'mass loss. :



—l08—

L -

is probably within 20% of 1.k x 107" cm®, For the 0.5 and D0.25

effusion célls tHe same Valué is used in thg absence of experimental

: data;ktﬁis'estimate was probably good for fhé C cell since it was made
'of graphite but méy‘Be in‘érrér for thé D ceil Which;was made of_ﬁickgl.
Forvthé.A‘cells, Weigﬁt‘loss experiments werevmédé atjllBOK for 1300
minute$ and effusion pressures wéré éalculated fo be 7.8 X 10_6 atm for
the 42,0 cell and 2.7 X 107 ' '
pare With.respectivé torsion effusion pressurés at 600 minufes——the
5

_averageipreésure over the 1300 minute time interval--of 1.0 X 10 ° atm

5

and 3.0 X'lOT atm; the good agreément indicates that the effective pore

area is negligible for the A cells.

atm-for the Al.Ovéell.  These pressures com—

»




1.

12'

13.

1k,

15.

~-109-

REFERENCES
Pm”Sthapitanonda Ph. D. -Thesis, Universify.of Wisconsin (1955).
'J R Soulan, P, Sthapltanonda, and J., L. Margrave, J. Phys. Chen.
223 132 (1955).
D L Hlldenbrand and L. P. Theard, ASTIA Uncla351f1ed Report 258410
Aeroneutronlc Report U—l27h (1961). | i _
B. Blank and A. W. Searcy, J. Phys. Chem{mié$>22hl (1968) and B.
Blenk, UCRL 16018 (1965). |

Lebedov and Nefedova, Zhur Fiz. Khim. 32, 819 (1958)

. ‘D W.. Mitchell, Ind. Engr. Chem. hl 2027 (19h9)

E. Neuman C. Kroger, H. Kunz, Z. Anorg. Chem 207, 133 (1932).
Brunner, Z. Elektrochem. 38, 67 (1932).

B Neuman,vC Kroger, and H. Haebler, Z. Anorg, Chem. 30h 90 (1932).

.C, Matlgnon Comp Rend. 154, 1351 (1912);-

L. Moser and R. Herzner, Monatsh Lk, 115 (1923).

F}'R. Bichowski and F. D, Roésini;'The Therm6Chemistry of the Chemical

Substances (Reinhold Publishing Corp., New York 1936) p. 3k1.
Shun-lchl Satoh, Sci. Papers Inst. Phys Chem Research (Tokyo) 3k,
No. 1, 3992 (1938).

R. Hultgren, R. L. Orr, P. D. Anderson and K. K. Kelley, Selected

Values of Thermodynamic Properties of Metals and Alloys (John Wiley

& Sons, Inc., New York, 1963) (Supplement'for Mg Oct. 1966).

D R. Stull and G, C. Sinke, Thermodynamlc Propertles of the Elements

(Amerlcan Chemical Society, Washington, D. C , 1956).

I. Langmuir, Phys. Rev. 2, 329 (1913).



16.

i7.

18.

19.

- 20.

21.

22.

3.

ol

25.

26.

27.
28.
29.
30.

31.

32.

'b,‘Khacke and I. N, Stranski, Prog. Met. Phys. 6, 181 (1956).

_A.’W._Seargy‘in A, W. Searcy, et al. (Ed.) Chemical and Mechanical

G. M. Rosenblatt, J. Electrochem. Soc. 110, 563 (1963).

C. I. Whitman, J. Chem. Phys. 20, 161 (1952).

. D. Cléusihg, Ann. Physik, ;g;(5), 961 (1932).

'E. Kay and N. W. Gregory, J. Phys. Chem. 62, 1079 (1958).
J. R. McGreary and R. J. Thorn, J. Chem. Phys. 50, 3725 (1969).

,_2hd-Edition (McGraw-Hill Book Cbmpany, New York, 1961). : .: ' o

P, Teilhapd de Chardin, . Bernard Wall, Translator, The Phenomenon

=110~

R. C. Paule and J. L. Margrave in J. L. Margrave (Ed.), The

Characﬁerization of High Temperature Vapors, (Wiley, New York, 1967)

°v

Ch. 6. |
H. Hertz, Ann. Phys. (Léipzig) 17, 177_(1882).

M. Knudsen; Ann. Phys. (Leipzig) 47, 697 (1915).

Behavior of Inorganic Materials, (Wiley—Iﬁﬁersciéhce, New York, 1970)

Chg 6.

K. Motzfeldt, J.'Phys,.Chem;'ég, 139 (1955). -

D. A. Schulz and A. W. Searcy, J. Chem. Phys. 36, 3099 (1962).

D. A. Schultz, Ph. D. Thesis, University of California, Berkeley,

1962.

Z. A. Munir and A. W. Searcy, J. Chem. Phys. k2, 4223 (1965).

G. W. Lewis, M. Randall, K. S. Pitzer and L. Brewer, Thermodynamics,

’

o
!

of Man, (Harper'aﬁd'Row, Pbuiishers5 1955).

R. D. Freeman, J. L. Margrave (Ed.), The Characterization of High

Temperature Vapors, (Wiley, New York, 1967) Ch. T.




33.
3k,

35,

36.

37.

38.
'39.
Lo.
41,
Lo,
43,

L,

45,
L6.

k7.

- L8,
k9.

50.

-111-

M, J. Lim and A, Y. Searcy, J. Phys. Chem 70, 1762 (1966)..
R. W. Mar and A. W. Searcy, J. Phys. Chem. 71, 888 (1967).

H. B. Skinner and A. W. Searcy, J. Phys. Chem. 72, 3375 (1968).

"R. D. Freeman and A. W. Searcy, J. Chemn. Phys.'ggj 762 (195L).

R. W. Freeman, ASD-TDR-63-73%4, 1967.

American Petroleum Institute Research Project Number Lk.

-J. W. Otvos and D. P. Stevenson, J. Am. Chem. Soc, ‘78, 564 (1956).

R; 1. Beed, Ion Produc¢tion by Electron Impact,'(Acedemic Press,

New.York 1962).

S. Dushman and J. M. Lafferty, 801ent1flc Foundatlons of Vacuum

 Techn 1gue 2nd Edltlon, (John Wiley and Sons5 Inc., New York, 1962).

J. V. Smith, (Ed.) X-ray Powder Data File (Inorganic), (American

Society for Testing Materials, Philadelphia, 1960).

© B. D. Cullity, Elements of‘X-Ray Diffraction, (Addison—Wesley,

Reading, Mass , 1956), .p 39.

C. W Bunn, Chemical Crystallography, 2nd Edition, (Oxf@md Press
London, 1961).

P. Debye and P. Scherrer, Phys. 7. 17, 227 (l9l6)r

M. E. Straumanis and A..Ieviﬁs, 7. Phys; 98, 461 (1936).

R.. W Weast Edltor in Chelf Handbook of Chemlstry -and Physics,

L6th Ed., (Chemlcal Ruber CO R Cleveland 1965)
R. C. Blair and Z. A. Munir, J. Phys. chem.}zgg_2h3h (1968) .
G. Lewis and C. E. Myers, J. Phys. Chem. 67, 1289 (1963).

R. T. Coyle, M. §, Thesis, University of Missouri (Rolla), (1967).



51.

52,
53.

5k

55..

56.

58.

>9.

60.

61.

62.

63.

-1l12-

D. L. Hildenbrand and W. F. Hall in E. Rutner, et al. (Ed.),

Cpndensation and Evaporatioﬁ of éolidé, (Gérdon ahd'Breach, New
York, 196A). |

C. L. Hoenig and A.'W.'Séarc&, J. Am..Cer.’Soc. 59, 460 (1967).

R. C. Schoonmaker, A. Buhl, and J. Lemléy,.J. Phys. Chem. 69, 3455

(1965). N | | o

P.-R. Bevington, Data Reduction and Error Analysis fbr'thé Phjsicél
Sciences, (McGraw-Hill, New'York,_1969). "

JANAF Thermochemical Tables, DOW‘Chemicavaompany5 USAF Cdnéractp
No. AF33(616)-61L9, 1969.. _ |

R. J. Galluzo, UCRL 20528 (1971), ABC Contfaét Na.-w—7h05-éné4h8.

P. G. Shewmon D1ffus1on in SOlldS, (McGraW—Hlll New York, 1963).

D. Beruto, Prlvate Communlcatlon

J. P. Hirth in Metal Surfaces: Structure, Energetics ahd Kihetiés,

:(Am. Soc. for Metals; Metals Park, Ohio, 1963) p.>20h.

,W W Smeltzer and M. T. Simnad, Acta Met 5, 328 (1957)

D. Beruto and A W. Searcy, to be published.

K. D. Carlson, J. L. Margrave (Ed.), The Characterization of ngh

Temperature Vapors, (Wiley,‘New York, 1967) Ch. 5

K. D. Carlson, P. W. Gilles, and R. J. Thorn, J. Chem, Phys. 38

2725 (1963).

€

¢



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




’;? FE) g"

TECHNICAL INFORMATION DIVISION

LAWRENCE BERKELEY LABORATORY

UNIVERSITY OF CALIFORNIA
' BERKELEY, CALIFORNIA 94720

.f@'



