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ABSTRACT
Tdrsion éffusiOn3§tﬁdiéé-confirm earliér fepqrté that effusion
cell préssurés_forléublimation of ﬁagnésium nitride aré significantly.
":;ower than those calculatéd from thérmochémical data for the.expeéted
subiimation feaction, Mg3N,(s) = 3Mg(g) + Ny(gl évén though usual tests
imply that eqﬁilibrium is obtainéd in the cél;. Free surface sublimation .
rates range‘ffom 2 x 1072 times the measured éffusi@n pressurés at
1000%K to 3 x 1073 tiﬁes the measured effusion pressures at 1250%K.
" Free surface sublimation rates are loﬁered still further by addition of
 'niﬁrogen or argon at.abouﬁvS x 1077 atm pressure. The rate of free
 surface sublimation is apparently limited by édsorption of gases on thé
-sﬁblimaﬁion sites, The rate limiting process in effusion Is probably

different from that for free surface sublimation.
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I. ' INTRODUCTION

Metal nitrides when heated In vacuo decompose to yleld as reaction
-products,_diatomic nitrogen gas, and gaseous metal atoms or solids
depleted ofvnitrogen. The measured rates ofeeeveral of these reactions,
; notebly decoﬁposition of boron nitride and aluminum nitride,; gallium
» nitridez.and beryllium nitrideB_have been proved to.be orders of magnitude B
lower thac the maximum possiblebrates, which can'be calculated from
thermodynamic data, by ﬂse of the Hertz—Langmuir equafion‘

For the reaction Mg3Nz(s) = 3Mg(g) +‘N2(g), Soulen, Sthgpitononds
and Margfaveu have reported Hertz_Knudsen effusion pressures which lie
weli below pressures that they calculated from thermochemical data,
This fact plus an increase ih measured pressures~when_tﬁe effusion
' crifice was decreagsed suggested that magnesium nitride has a kinetic
barrier‘to decomposition; . SBoulen et al, considered that they had too
few data to perﬂit calculation of the equilibrium pressures or evaporation
icoefficient;

A compaﬁy report‘by Hildenbrand and Theerd5 includes a study of

the dependence of measured magnesium nitride dissociatlon pressures on

. c . 6=
- temperature and on effusion orifice area. By application of the equation 9
o _ wa _ :
P =Ry 1+ 7 | (1)

where P, is the equilibrium pressure, P 1is the measured pressure, W Is

' 1 ' o, .
the orifice correction factor,lo’l g 1s the cross sectiongl orifice

. area, o is the evaporatlon coeff101ent and A is the effectlve ssmple

surface area, Hlldenbrand and Theard calculated apparent eqplllbrlum
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v pressures and an \upper llmlt to the evaporat;on coefflcrent of 5.x 1073 .-

" over the experimental temperature range‘ The equrlrbrxum pressures

calculated 1n the study are lower by‘more than a factor of ten than

‘”ff;pressures calculated for the dlssoclation,reaction from dete accepted" o
-'5,éd:1n the JANAF Tables.¥2‘

Hlldenbrand and Theard concluded that either the heat of formation f'”

w»]for MggNz(S) 1s in error, or the rate of vaporlzatlon NN limlted by a

'fi’secondary process whlch leads to false apparent equllibrlum pressures
- ‘when Eq, (l) is applled. They favored the second. explanat;on, largely
e because thermodynamic quantltles calculated from thelr data vere. |

flncon51stent with apparently reliable values' calculated from lndependent o

'ilfthermodynamlc.data. They noted that Kay and Gregory»3 haye‘reportedv,.lﬂla"

"““that use of Eq, (1) forveffusion data for the reaction Mg(QH],(s) = .“'d‘dﬁ’tw“u‘“hf

“Jl»MgO(s) + Hzo(g)_yields apparent equilibrium pressures far lower thanfthe.niif

" known equilibrium pressures. | L E
| Since Eq, (l)‘has come into increasing use for caleulation of -
:’vequilibrium pressures for sutstances withvlow-evaporation.coefficients;';ﬁill“,f
-f}the'indications reported by Kay and Gregory and by Hildenbrgnd and .

' Theard‘that itsiuse may sometimes be iInvalid are of great concern; and

';l?further studies_offsutstances for which the equation may. not be yalid

' “are of particular importance,

" This paper'reports'a torsionweffusion and torsionwLangmuir. study .

o

:lvof magnesium nitride. The torsionnlangmuir study was made both in
‘urvacuo and. in controlled pressures of nitrogen and argon gases, The

tors1on—effuslon study prov1des a dlrect check of the experimental




this laboratory have been previously described
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findings of Hildenbrand and Theard and the torsion-Langmuir study
provides an independent means for calculating the evaporation coefficient

and temperatﬁre dependence and provides evidence on the effects of

~adsorbed gases on the rate of a sublimation reactien,

IT, EXPERIMENTAL

The torsion~effusion and torsion-Langmuir methods as used in

14,15 end only specigl

features of the present study need be described Here,

- That leakage from the effusion cells of National Carbon ZT101

v grade graphite, caused no deflection was demonstrated by heating

magnesium nitride in the cell before effuslon holes were drilled,

Orifice dimensions for the effusion cells and for the graphlte washers

 behind which wafers were mounted in the torsion-Langmuir experiments

and the orifice correction factors used are given in Table I,

Temperatufe'measurements were made by means of a 20 mil Pt - Pt

- 10% Rh thermocouple which was located in a dummy cell that was placed

i

,just.below the torsion cell; To'calibrafe the torsion cell témperatures
against temperatures of the dummy cell, another thérmocouple, which
.L‘u_ héd beén calibrated by negsurement of'the melting points of tin and
 ? silvef Qaé placed’inéide a second cell, This cell was suspended in the
- position where the torsion cell is usually located, and fhe corresponding-
-temperatures‘of the two thermocouples were measured in the experimental

 range.

The vapor pressure of tin was measured as a test of our experimental

. _methods, A value of 72,0 kcel/mole for the heat of sublimation at.
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. - 298°K was bbfsined‘byvthe third law methbdiwhiénlegrees well with the

7j fValue.of'Tl;B‘kcél/mole megsured by Schulzl6'byathewtersion effusion

v method and wlth 72 2 % 0. 5 calculated by Hultgren et al, 17 from results>'};€;}qf;mn
vof earlier studles. W

. For:experiments’on.the effect of gases bnlfhe rate of sublimation;'id‘”

B ffﬂ_nitrogen'or srgon_was admiﬁted into.the furnace chamber by means of a

‘needle valve, -If niﬁrogennwas used directlyufrom the tank, oxygen and'xrfﬂhg:

"f;gvfﬂf',water vapor 1mnuritles in the gas completely conyerted the magnesium

‘fi”nltrlde to magneSLum ox1de. Accordlngly the gases were passed through“'

-ja liquid nitrogen cold trap and sanequently through an oxygen getter df-ﬂ?

}icopper'shavings;'maintained‘at 600°C,  Upon completlon of each sublimation % i

" experiment in a forelgn gas, -the Langmulr pressure in'vacuo was measured _M'}‘g-h‘

wtlte_lnsure that oxldat;on of the sample or other irreverslble changes
‘ryhad not occnrred.‘ In all cases, the Langmuir pressure was restored
~within minutes of the restoration of the wvacuum,

A CVC Phillips. Tonization Gauge was used to measure background

3pressures.‘ The gauge- was callbrated agalnst a McLeod Gauge at the hlgher
‘xnressures for argon atr and nxtrogen.

| | The magneSLum nltrlde pOWder purchased from Metal Hydrrde Inc.;v
1fhad a. guaranteed purlty of 99, 9%,” An x-ray dlffraction trace of thls ;idfv
J,i:material showed only magnesium nitride peaks, A spectrographic analysis
fWe-of the magnesium nitride, provided by American Spectrographic Laboratories;
fflrevealed the-following impurities; Al 0,008%, Si 0,007%, Mn 0,025%, S
fféfbgos%, cﬁ'o}Ooé%; T4 0,08%, Zr 0,1%, Ni 6}02%;_cu'o;0007%, or 0.02%,

" Ba, 0.003%.' Magnesium niltride disks for the torsion-Langmuir specimen5{
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were pressed in a 1/4 in. diametér staiﬁleéa‘steel die at 7 tons total

load, The pellets retained the yellow color of the powder,

IIT, RESULTS
Graphs'df.log Pi vs, 1/T for both Knudsen énd Langmﬁir évaporation
of magnésium nitride, as fouﬁd in thé présént‘and earliér studies, are
giVén iﬁ Fig,“lg Tablé It gives'ﬁeasured tétal‘pressﬁres and calculated.
third—laﬁ heats Qf‘éublimation at 298°K, ’A least éqparés-calculation
of thevdata,fofvevaporation of magnésium nitride to Mg gas ana'Nz gas
from -cells of 1 mm dismeter orifice (néar equilibrium) gives for log

PT and'log K vs. temperature between 1000° and 1250°K: -
log K vs. . - and

| = ~ o é91.38(;:8.5if 103
log Keq =1 log Pr - 0,978 = _v{ 576 } .

+ 37,16(* 1,61)

'nTﬁe_qﬁéfea erfofs aré the sténdard deviations~froﬁ the least squares
S fit, The.Secondflaw_enthalpies corrected to 298°K ‘are 239,1 * 16,5,
- 265.8 ¢ 18.1 and 218.7 t i2.9 kcal/mole‘Mg3N2 fof llmﬁi,_zvﬁmlldigmeter .
orifices'and”Langmﬁir evaporation, réSpectively;  AppIic&tion of Eq. (1)
to our data yieldé‘an'apparent equilibrium pressure that differs insig-
. nificantly from oux nmessurements with the 1mm orifices, probably.l
Lbecause ﬁhe effective area of our magnesium nitridé powder 1s higher
than that of Hildenbrand and Theard,

When thé background pressure of thé system ‘was raiséd by as much

as a factor of 10 over the normal background pressure of about 1070



6o - | o , AR ‘UCRL—16018—ReVi

ihétm byvintr§d;9£ion.ofeithéf'ﬁitrqgen or:argonvtheféfﬁaS'no measurab1e_H”x

—effect én fhe»z;at_e of evaporation of ma,gne_s:f;um. -nitrideidislks‘ ' At S

vhigher‘pfessufésgvhowévér, éither gas réducéd subltmation.rates markedlyv |

;  ’(Fig.'é)} .Nitrogen;appearéd to ha&e‘a s;iéhﬁly'greaté}\¢etarding effectf1 f‘
-than aréon.on the>eyapora£ibﬁ. The.fractional Tedﬁctioﬁ in pressure -

,‘[  that fésulted from & givén pféssuré of éifher gQS'incféaséd with increasiﬁg{;:: _;f,

.v_temperature; -

tr&; DISCUSSTON
:Ouruéffﬁsiqh Pféssuré&méasuréméntS-aré'in 8ood_agréémént with the |
‘ € ﬁééSuremén£s @f_Souién‘etnal.%.and with the’:8~13P334I':el’1‘»t équilibrium pressﬁréé;;
”.'.éé}culated by Hildenbrand and Theard’ (Fig; 1), And the range of: |
' C:1evaporati§nvcoeffiéients, 2 x 1072 at 1000°K to 3 x 1073 at 1250°K,
s ftcalculatéd from thé'ratio of our Langmuir p;essures to our Knudsen
’ifpreésufés'has éﬁ avefage near the value'which Hildenbrand.and Theard
:; Lcalculated by means of Eq. (l)- | .
| The good agreeﬁépt obtained for both the app&rénﬁ eqUIiibrium” .
\Hifpfeé;ures and the éverage:e§aporati0n coefficient by tW° soméwhat
_1ifdifferent meﬁhods WOﬁld‘no?mally be consideréd to imply that these

- quantities are'réliably established, However, neither thermochemical -

.eg_data from other sources nor the rélative température dgpendences of.}@f;.;;
KffliﬁérsionwLangmuirvand torsionfeffuéion date support the 6onclusion‘tha£j;fi
nﬁf:equilibrium pfeséureé and valid evaporation cqéfficientsvhéve been
'{?-measufed.

The heat of sublimation at 298°K calculated by the tHird law methody " .

242.3 kcal/mole Mg3N> ,and Hildenbrand and'Theard“s~value%$f 23 ,5£0,5 -
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kcal/moie Mg3N23are‘in.mafked‘diSagreement wiﬁh.215.2'kbal/mole calculated‘
,from‘thermochemiéal da,ta,l2 -
It is very doubtfui thét thevréportéd thérmochémical date are
in error by 27‘K¢alf 'Furthérmore, thé heaté.of'sublimatién calculated
- by the fhird lanméthod_iﬁ'ﬁoth,éffusion studiés faillﬁo_show the
tempéraﬁure*indepéndénce éxpectéd for équiliﬁrigm'méasuréménts. In
%hié study thé valgéé range from an,avéfégé of 2h9vkcal at 1050°K to
‘é38 at 1250°K; This variation is far higher than can be explained by
‘ féasonabie éSﬁimates'of probablé éxpériméntal errors, Neither the apparatué
-:used in this invéstigation nor that of Hiidénbﬁand and'Théérd'has yiélded :
'suéh sharp tréndg in.studies.of'acvariéty of other materials, Errorsv
~in supporting heat capaclty of.éntropy data couid scarcely account for
iv.thve disérepéncy.either. 'Forvéxample, the entropy ofﬁsubliﬁation would
| have to Ee about 50 eu éer mole of MgalNsp gréater than the acceptgd
" value to eXplain‘the obsefvéd inconsistency on the basis of an entropy. -
.error'alone. _ .
,;Agreement bétweén evaporation coefficients calculated from comparison -
of torsion—Léngmuir to effusion rates and evaporation coeffictlents
-  calculat§d by Hildeﬁbrand and Theard from reactlon 1 may well bé_
fortuitoﬁs. _The élopes'of free surface and effusion plots in Fig, 1 :
éuggest that different surface‘steps are rate-determining under frée

surface sublimation and effusion conditlons, It has been demonstrated -

‘ ":theoretically that 1If effuslon and free surface sublimation rates are

controlled by the same slow step and if the effusion pressures yary more

steeply with temperature than do equilibrium pressures, than the free



-8- L ' UCRL-16018-Rev. =~

f:sufface éublimation'pressures should vary still more steeply than the

' ‘effusion pressures with temperature.l8 The_predicted behavior is found

in beryllium nitridebsublimation, " But for magnesium nitride sublimatioﬁ ;
the effusion preésurés Vary more steeply with_temperature than do
either the pressurés calculated from thermochemical data or the free

., surface sublimation pressures,

S ». 1 The rate of free surfage sublimation isﬂyrobably limited by,adsorptionv. i§ng

o

' ﬂf;;* A;JZOf‘gas moleculés‘oh‘Surface:sublimatiOn sites, Both the lower sublimation
'f;atés'and thé_steéper témpefature dependéncés of pféssures that result
' ﬂtlfr§mfaddi£ions of either.nitrogensor argoﬁ (Fig. 2)'are consistent with
) ;tﬁié:hypbﬁhésis.  Since argon has nearly as marked an effect as nitrogen ;'f_*

on the sublimation fate, and since argon would not be expected to strqnglyf>?;5

adsorb at the températurés of study, it is probable that water or oxygen,'?fﬁ ;" f‘%

- pfesént déspite efforts to purify the gas stream, may be the principal

N

. adsorbing species in the argon experiments and pérhaps in- the nitrogen™:

experiments as well,
Nominally the backgrownd pressure in frec 'éui*?ace-‘sublimation studies.
‘I ;fﬁ;s;increased about & factor bf 50 before significant effeéts of backgrbuna,fﬁ
H;;“vgas were thed,l H°*¢V6¥» the true pressures, particularlY‘Of,impurities, ;f
' in thé.regioﬁ ofthe cells are difficuit to_éyaluate,"Consequently, |
.xiitvié a strong possibllity that preséures in the hot ZOQé werévhigher'.l.‘f;“  :€5 f
Vﬁhén.récorded; and that if the‘free.surface‘sublimation were méasured P R
TTQ;Sundér.impfoved vacuum higher sublimation.ratés would be measured,

The present study reveals serious gaps in our understanding of

* .sublimation reactions, and suggests the need for more careful evaluation
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of experimentaljparametérs fof such reactions, We pian to make in our
laboratory deﬁéiled studies of the effects of adsorbed gases on rates of
sﬁblimatioh féactibns. We also plan a stﬁdy of the effects of dissolved
impurities and introduced gases on thg rate of effusion of magnesium
nitride from gells iﬂ an effort to find an explanétion for the apparently

false equilibrium'pressuresiyielded for'this solid by effusicen data,
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: 1 mm. diam orifice
) . iae
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cm

7.85 x 1073
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related information

Yy %
cm &cm
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'Tabié"-Ii.51."'§_Mé.grié"'siU1ﬁ nitride vapor pr_essui‘é, log Ké o
Co + and. thirds=law enthalpies of vaporization q_

", . Temperatire . ..:- Total Pressure .  Apparent Heat of Reaction
r o mmm) eee

= - T - L —r —r
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1101

L1

1026

~A3-
Table IT, Continued

1125 1.9k 2Lh6,6

1105 9,06 x 1078 249.0

1096 7.22 - 248,71

1063 - 3.51 - 2h7.,3
1052 1.85- 250,k

2 mm diam_orificé'. f

1206 Sk x 107 238.6 keal/mole Mg,N,
© 1190 2,33 237.1

1164 197 2336

1110 1.33 x 1075 246.8

1067 - 3.22 x 1076 oL, b
100k 73 2L7.,7

f_3.o6 x 1075 28,1

1151 5.90. o 248,12

1171 2,3k x 107% 2h6,2
" 1204 2.36 . | 239.7
1212 2,47 240.8

1181 1.98 , 236.9
1125 1.25 x 1075 250.6

1107- ST | 2472

Typical Langmuir e&époration data _

1254 ‘ 3,30 x 1076 | 292.0
1000 1.36 , 293.3
119 C 7.4 x 1077 292,

3.56 286.3
1122 1,94 237,1
o106k 9,79 x 1078 278.3.

1305 9,16 x 1076 293,0

1293 16,20 29k

1258 L ho - 290,0.

1110 1.09 x 1077 289,2

1068 6.08 x 1078 233.3

3.1k . 277.8




UCRL-16018-Rev.’ .

RN

1
a

]

1

IJ;llljll

1 lllllll

llllllll

1

! 111111'

T 75 8.5 9.5 10.5 .15

(1/7) x10% . (°k

Fig. 1

MU .35558




15-

‘'UCRL-~-16018-Rev.

|

Lt L

1

} Iilllll

1

ul Ll lLlII

8.0

(1/T) x10*
Fig 2

9.0
(°k ™"

10.0

MU.35559



HVapcrjpressure'of megnesium nitrideqﬁff
l.ltleffusion diam“l mm : v,,tf _qui 'j-ujil

v A Effusion diam 2 mm

l—L— - Equllibrium calculated from thermal data

aanngmuir vaporization of magnesium'nitride in vacuo,

o O . "in vacuo 10—8' atm s
A 5x10 on |
l.e‘l5vx 10
. A_’7_xllQ—7 atm argon

S0 6.5 % 10”7 atm nitrogen

-6~

' -FIGURE CAPTIONS. . .i-

O Langmuir vaporization 1 li f;

o-o-o- Hlldenbrand and Theard calculated equilibrium pressure
e Soulen et eLl.LL Knudsen measurements,:
argoﬁ;,

and nitfogen.

'YQatm argour

atm nltrogen
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A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. - Assumes any liabilities with respect to the use of,
. or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in

this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.









