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ABSTRACT

Thbe‘kineti.c_s of vaporization of aluminﬁm nitride and magnesium
n_itride to metal gas atoms and ni:trogen gas was studiecﬁ, both in vacuﬁm_
and in gaseous atmespheres of argon and nitrogen. An equation for
log Keq' and the equilibrium tlotal pressure of AIN snblimation as a

function of temperature was found to be: : | B

145.516 = 9.429) 10*
~45. 76 T

3
'log K-eq = zlog Py - 0.3150 = -
‘ + 11.277+ 1.270.

' The. third-law and secend—law enthalpies fer'the sublirﬁation of aluminum
 nitride are 153. 2 and 150.4 + 9.4 kcal/mole, respectively. The ‘chird- :
law and second-law enthalples of activation (AH 8) are 175. 9 and
- 150.8 % 12,1 kecal/mole, r-espectively.' The second-law entropy and
,entfopy of activation are 58. 44 and 44.' 96 "ca,1/°Kv/mole'A‘lN, ‘respec-
tively. | _ | |

The log Keq and total pressure of the decempos.ition of Mg3N2
to Mg gas atoms and N2 gas can be expreésed as a functien of tempera-

ture by the following equation:

[ 245.979 + 16.'64) 104

1og Keq'= 4 log P - 0. 97.80‘=- —( £5.78 T

T

|+ 28.733 % 3.162.
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The AHEQS = 242. 3 by the third-law method, and 23.9. 1+ 16.5kcal/mole

by the second-law method. The Aﬁ29’8 (third law) = 286. 3kcal/mole,

and 218.7 £ 12. 9kcal/mole by the second-law method. The second-law
298 298

formation of MggNo calculated from our approximate equilibrium data

and AS are 121,56 and 66 35 eu, re"spectiflelyt The heat of
is -136. 8 kcal/mole.

Evaporation of Mg3N2 in atmospheres Qf.argon and nitrogen of
pressures, which are of the order of magnitude of the sublimation pres.sure
or g.reater., decreases the rate of evaporation. Nitrogen reduces the
evaporation rate vby about an ord‘e'i' of magnitude moré {han does argon at

the same background pressures.
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I. INTRODUCTION - S
‘Mletal nitrides are of commerical importance as refractory containers, -

reactor heat exchangers and as components of abrasives and of heat and

impact resistant enamels. Thermodynamic prdperties of nitrides are

desired in order to allow the prediction of conditions under which they are
S,
stable with respect to reaction, when used in these and other commercial

- applications. A convenient way to obtain thermodynamic stability as a

fuﬁction of temperature is to measure dissociation pressures, which are .
. | i .

related to the free energy of the dissociation reaction by the equation

AF° = R T 4nKeq, where AF° ‘is the standard free enérgy, R the gas

constant, T the temperature in degrees Kelvin, and Keq the equilibrium -

- constant for the reaction.

Certain metal nitrides are of theoretical as well as practical interest

because their high temperature decomposition to nitrogen molecules and

. metal gas atoms is characterized by a slow reaction step. " This slow step

is manifested in a low evaporation coefficient; a the ratio of the méasured
Langmuir pressure1 to the‘equili‘briumA pressﬁre.‘_ Thé evaporétion co-

éffiéients of most Jmetallhali’des are nearly one, the maximum ﬁheofetical
value. 2 The few oXides_;'-for which méésurement_s are available appear to

[»]

be between 0. 0‘1 and 1, while for several nitrides, Valqes of @ of 1077 or
less have been r.eport_e’d. 3, 4’ 5 _6 The reason for thé ldw rates of subii— .
mation vof the nitrides are not yet established; ;and,' in faét, few reliable
measurelments onﬁ which to base theéry-are available. |

The torsion effusion and closely related torsion Langmuir methods:

for vapor pressure determinations have been demonstrated to provide

‘

effective means ofvobta‘ining thermodynémic and kinetic data. 3 In the

!
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present study, the torsmn effus1on and tors1on Langmmr methods have . B
-been used to study the thermodynamlcs and klnetlcs of evaporatlon of
alummum nitride and madnesmm nltrlde in vacuo and the effect of argon
and nltrogen atmospheres on the free_.surface Vaporlzatlon”of magnesmm.
~ nitride. | | |
| The sublimationvof aluminum nitride was first investigated by Hock}
and Wh:lte4 in graphite Knudsen cells(by weight loss methods. ’l‘hey found |
o anlevaporation coefficient of approximatel_y_lo—qt by measu_ring the change
in apparent pressure as a function of the ratio‘of the area of the et‘fusion_,_r
hole to the'area of the sample.. Dreger, Dadape» and MargraVe5 studied
the Landmulr lr‘ree surface evaporation rate for aluminum nltrlde in the -
temperature range 1450° - 1870°K by Welght loss techmques Their |
Langmulr third law heat of vsubllmatlon was 369.4 = 2. 8kcal/mole N2 ,
184.7 £ 1.4 kcal/mole AIN. By taking the ratio of their Langmulr pressux;es‘
‘ to the equilibrium vapor pressure, they calculated an evaporation coeffi_c'ientl_»‘ ,
of 2. ‘32 X 10_3, (Talcitly assumed to be lndependent of ‘temperat’ure). .

Hildenbrand and Theard6 made some preliminary studies on aluminum
nitrlde byl the torsion efl“usiora meth‘od. .From the dependence of apparent
' "pressuxfe on orifice .area they calculated an evaporatlon coefflclent of
2 x '10;3, derlved equlllbrlum pressures, and calculated the heat of for -
mation of the solld at 298°K to be -73 & 2kecal/mole AlN. Of these studle_si- |
of the vapor.ization of aluminum nitride, Ohly the work of Derger et al. has
appeared in the general literature. None of these studies incorporated
'both Knudsen and Langn—lu‘ir experiments. | S -; :

The evaporatlon studles for aluminum hltrlde are supplemented by

related Lhermochemlcal studles Margrave and Neugebauer have measuredf

B OO U St )% S UUVUR U S



value for AH?S |

nitride by the torsmn effusion method between 1100° and 1260°K,

the standard heat of formation of aluminum nitride by direct nitridation
of aluminum in a bomb ‘and obtained a standard heat of formation of

-76.5 kcal/mole. A. D. Mah et al. 8 repbrted'_the heat ofv formation to

 be -75.6 kcal/mole AIN, in good agreement. These recent, closely

‘agreeing values for AI—if AIN contrast with earlier results of Neumann -

298°K

et al., e who reported -57. 4 kcal/mole, of Fichter and Jenney (71. 5

'_Rcal/mole), and of Schissel and Williams '(-63 kcal/mole). The true

¢ AqN @Ppears to be -76 £ 1 kcal/mole.

298K
The equilibriu.m products of magnesium nitride évaporation under
most conditions are Mg(g) and Nz(g), although Soulen, Sthapitanonda,

and Margrave, 12 in vexamining the absorption spectra of the vapor from
| 13

, | ‘1200-1400° C, found some bands which have beeh attributed ™" to Mgz(g):

In a recent study by Ditchburn and Marr14 of Mg vapor, Mg2 spectra
Were not obtained because they studied the vapor at pressufes lower
than 1.3 mm Hg,. Wvlflere'l\/lg2 would be.diss‘ociéted. In our study of the

dissociation of MgSNz, the pressures were believed to be below the

range of stablllty of Mgz(g).‘

!

Soulen et al. 12 studied the. jvapor:’tzation of magne'sium nitride in
MgO cells by both effusion welght loss methods and by the transport

method, using N, as the carrier gas.

Hildenbrand and Theard6 studied thé vapdrization of magnesium

usmd three dlfferent orlflce areas. Use of the equatlon

- ca\ - . o
Pe‘Pt<1+a“p:"> S 6

where c is the Clausing factor, a is the orifice area, « is the condensation



'coeffi‘cient, and‘A is the.effective ev-apor_'ating‘ surfaee ai‘ea, gave them a}l .
- condensation coefficient of 5x 10_3.;. Thveequi.lvibr‘iﬁm bre'ss.urves'measured
in th.eirvstudy is .lewer by more"chan a factor of 10 ;chah‘pressures .c'a\tlc_u-
'lated.for tk}e dissociation of I\H/IgSNZ(g)Z_—» SMglg) + Nz(g) from vdavta R
accepted in the compilation of the JANAF Tables. > By the third-law

method, Hildenbrand and Theard found AH298°K to be 243.5+ 0.5 kcal

/mole MgBN2 and-309 kcal/mole by the second-law method. They calculated

the heat of formation of magnesium nitride(s) .to be -136 kcal/mole as

compared with 110 2% 1kcal/mole given bin the JANAF Tables, ° Wﬁieh

accepted the r,esulte of Mitehell'saj work. Other’ values that have been

| _reported7 for the aHy of magnesium nitride, -116.00 % 0. 02 kcal/mole

- =115.18 kcal/mole and -119.70 kcal/mole are only in llttle better agree-

ment with the vaporization study results, ‘ ' o
Thus, the study of Hildenbrand and Theard suggests magnesium

'nitride to have a higher thermodynamic sta,bility than indicated from-

| various calorifnefric stﬁdies and to have a loxlzw evaporafion’ coefficient.

i The reliabilitj of the extrapolation vt_echnique used by Hildenbraﬁd and -

_ Theefd to calculate tiie evaporation 'coefficient has net_been c{leerly

established and has been subJect to some questlon 8 Free surface

evaporatlon studles to estabhsh the evaporatlon coeff1c1ent as a functlon :

of temperature are therefore hmhly ae51rable and redetermmatlon of

equilibrium.pressures to verify Hlldenbrand and T_heard"s thermodynamic-

- results is of considerable interest.

-



II. EXPERIMENTAL

The torsion effusion method has been described in. severa.llpublvi-
cations. 9-21 Schulz22 used an appara'tus similar to the one used in this
work to make a critical study of this method. Nc' extensive experimental
detalls Wlll be presented here. |

Flcrure 1 shows a scnematlc dlagram of the torsion apparatus
while Fig. 2 shows a photograph of the. apparatus The main vacuum
chamber is a steel cylinder about 14 in. in dlam_eter and 18 in. high.
Situated in the center of this chamber is a 3 in. diam cylindrical heating
element made of 20 mil tantalum sheet. Several layers of dimpled radiation
shields are wrapped around the heating element. A glass tube of approm—
mately 4 in. diameter and 3 ft.length rises vertically from the main
vacuum chamber, At the top of this tube is a speciaily designed gonibmeter.
‘ "A 1/4 in. alurhinurn rod that is attached to the gohiometer enters the top |
of the glass tube through an O-ring joint, and a 2 mil diam tungsten torsion
wire 14 in. long is fastened to the lower end of the rod; From the tungsten
.wire a second 1/4 in. aluminum rod is suspended.  To this rod is glued a
1/2 in. diam circular mirrorwh)ich' hangs directly behind an opticatly flat
window in the verttcal glass tube. .The lower part of the suspension sys‘tem
is a 3/16 in. tantalum rod- which is joihed {0 the aluminum rod below the
mirror. The torsion cell is fastenecl to the lovrer end of this'rcd. During
a run, the cell hangs free in the center of the heating ‘elem‘ents, |

A cell of new design was used in this.v\./vork‘ i(Fig.' 3). Advantages of
this cell.ar-e: sirhplicity'of machining, flat walls where the effusion holes
are drilledf and large sample capacity. The cover of the cell is carefully"' '

' machined tcv the body of the cell which is held in place by friction. Each
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Schematic diagram of torsion apparatus.
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Photograph of torsion apparatus.
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Torsion cell.

Fig. 3.
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cell used was tested for leakage before ité effusion hole‘s wére driiled,
by heating the _s'ubstancesawhose: vapor pfessures were to be studied, in
the cldsed cell and notin.g 'the‘deflection. In all cases; no deflection Was.
observéd over the entir'elexperiments_temperatur’e range. Orifice areas
"and wall thicknesses at the orifices are givenf in.the Appendix.

Anguiar deflections resulting from the force of the effusing vapor
were determiﬂed- by refurning the suspeﬁsion system to its original (nulﬂ
position. To facilitate adjustﬁent to the null plosition, a light with 'a- |
sharply focused filameﬁt imége‘m}as beamed into the éircular mirror which
reflected the image onto a millimeter scale placed directly above the light.
Déflectiofl angles could be read from the goniometer to the nearest
0.01 degree. |

Vacuum was mainta.inedv by a duoseal forepump; an MCF-300 'oi.l,
diffusion pump with 300 liter/sec capacity and al liguid nitrogen cold trap
| ple‘xced above the diffusion pumio.- A pfessﬁre of less than 1‘0-5 mm Hg was
ma_intaihed in t‘ne‘chamber. | |

| A 10V secondary of a 30K VA transformer supplied pbwer to the
tanltalu__m heating e_lement. Water -cooled, heavy'—walied, 1/4 in. copper
tubing carried power to the heating element through CGB connectors.
| Tem‘perature‘measurementsw&ere made by means of a 20 mil Pt-Pt

10% R‘n_thermocoﬁple which was located in a dumr;ny céil’thét wa‘s blaéed
. Jjust below the torsion cell._‘ To calibrate torsion cell fgmperatures again'st
temperatures of the’dummy celi, .another‘ thermocouplé, jwhic.h had been :

| calibrated by measurement of the melting ﬁ)oints of gold, tiﬁ, -énd silver:
"_Waé plaéed-inside a second cell;_,' This cell was"susperided ih the position

: Where the fcofsion cell .is' usually{loc_ated.' Figure 4 is a graphv of t'emperatﬁre '

of the permanent dummy cell vs tempefature of the second cell.
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Fig. 4. Comparative thermocouple readings.of dummy
cell and effusion cell.
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The vapor pressure of tin was measured as a check on our experi-
mental methods. Figure5 gives a graph of our’'values of the vapor

1 . : : . 3
pressure of tin vs :I‘ as compared with value from the literature. A

of 7T1. 95kca1/mole was obtained, which agrees closely
22

th}rd laW AH298

with the value 71.8kcal/mole measured by Schulz ““by the torsion effusion
method and reasonably well with 72. 2+ 0.5 calculated by Hultgren et al. 23
from results of earlier SLU.dleS. | |
For certain ei:periments, nitrogen or argon was admitted into the
'furnace chamber by means of a needle valve. The ‘g'ases Were introduced
. tbreﬁgh a liquid nitrogen cold ’crap' and subsequently through an oxygen
getter of copper shavings maintained at 600°C. When the nitrogen was
used directly frqm the tank without passing through the cold trap and oxygen
getter, the oxygen impurity in the gas completely converted the magﬁesiurn
nitride disks to magnesium oxide; and no further deflection was observed,
even on strong heating in a vacuum. Upon complerion of each sublimation
experiment in a foreign gas, the Langrnuir vapor‘preseure in vacuo was
cheeked te insure against oxidation of the sandple or to note any irreversible
effects. In all cases, the Langmuir pressure was restored within minutes
of the restoration of the vacuums.:
- A CVC Phillips Ionization Gauge was used to measure pressure.
- Figure 6 gives the calibration of this gauge adamst a McLeod Gauge at the
higher pressures for argon, air, and nltrogen |
The aluminum nitride powder, purchased from Alcoa, had a queted
© minimum purity of: 0. 08% Si, and less than 0. Odl% Mg,\ F'e, Cu, Ce,- Na,
and Mn. The .al.u‘minum nitride disks"dsed for Langrriuir evaporation |

studies were cut from the bottom of a sintered crucible (binder free) made
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Fig. 5. Vapor pressure of tin.

o this work
A Hultgren et al.



54

Philips gauge reading (mm Hg)
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Fig. 6. Phillips Gauge calibration.
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. before and after, evaporatlon

of thé same powder. An x-ray diffraction trace of this material showed

only AIN peaks. A spectrograohic analysis of the alumihum hitride per-; :
T &
formed by American ‘Spe.c.tro raphic Laboratorles detected the following

" impurities: Mg 0. 04% 81’ 0. 1%, re 0.01%, Cu 0.002%, Ni 0. o~ 07 and_”

&

Ca 0.006%. Flgure 7 shows photomlcrovraphs of thc pellet surfaces

-
. ol

50

The magnesium nll.l"lde oowder purchased from Metal Hydrlde Inc.

[P R

had a guaranteeo purlty of 99. 9/0 ,’ An x- ray dlffractlon trace of this

materials showed only madnesmm mtrlce peaks A spectrocrapmc analysls _

‘s Cove

of the magnesium nit rlde done by Amerlcan Spectrovraphlc Laboratorles

B -vdetected the following 1mpur1t1es Al 0. 008%, Si 0. 007%, Mn O 025/0,
- Fe 0 Oo%, Cu 0. 003%, Ti 0. 08% Zr 0. 1%, N1 0. 02%, Ca 0. OOO:%,
Cr O. 02%,‘ Ba 0. 003%.‘ "Vlagnesmm mtrlde-dlsks were pressed ina 1/4 in..
- diam stainless steel die, at 7 tons total load The bpell'ets retained the
.Ayellow color. of the powder.‘ Figure. 8. shows plctures of the surfaces of

these pressed pellets

~Iman attempt to obtam d1s s of lower poros1ty, some madnesmm A )
nitride powder was pressed at 106pSl The pellets that resulted were very

brittle a*m flew apart when the pressure was released These pellets were

dark grey, apparently because hydrolys1s and pernaps contammatlon from.

#...

the steel die, occurred during pressing.
The matevrials were stored in a vacuum desiccator to prevent them
from hydrolyzing If sllgnt surface’ hydroly51s occurred c-he hydrolyzed

layer was removed by driving off Water by heatmd in vacuo and by reactlon

’,of Lhe olede with graphite. Figure 9 shows the vapor pressure of surface— .

hydrolyzed magnesium mtrlde powder ina graphlte cell VS tlme of hcatmd
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Fig. 7. Photographs of the aluminum nitride surface.
a. before evaporation
b. and c. after evaporation
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Fig. 8. Photographs of magnesium nitride pellet surfaces.
a. and c. before evaporation
b. and d. after evaporation
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He'_ated strongly to = 1000 °CH
Heated strongly

Fig. 9.

300 600 900
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2

Dehydration of hydrated magnesium nitride

MU.35556

powder.
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~ The equilibrium pressure is reack_ied after heating for about 10 h. Our,

materials were heated at+high temperature to insure the removal of any

oxidized material before data were taken.

»

LS

Loy
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III. RESULTS -

Vapor pressures were calculated from the torsion effusion data
2D ¢

| (qya;fy + qua;fp)

sure in atmospheres, D is the torsion constant of the wire in dyn-cm,

vby means of the equation P = ., where P is the pres- |
¢ is the angle of deflection of the suspension in radians, g; and q;g_ are’
perpendicular distances from the center of the effusion holes of the axis
of rotation (cm), a, and a, ére areas of the effusion holeé (sz)’v and
I, and fy are Freeman and Searcy's force correction factors.

IFigure 10 gives plots of log P vs ;/T for the Langmuir and
Knudsen evaporation bf aluminum nitride from our experiments a.nd
from experirdents of Dreger and of Hoch and White. Table I gives the
témperature, total pressure, log Keq’ and the third-law énthalpy of
sublimation of aluminum nitride. Data for the thermodynamic calcula- |

‘tion were obtained for nitrlogen and for aluminum nitride from the JANAF
15 23

Tables™ > and for aluminum from Hultgren.

A least squares fit of the data for 1 mil diam orifices gives an
equation for log Keq at any temperature between 1450 and 1750°K for
the reaction AIN(s) - Allg) + = Ny(g):

145,516+ 9,429 ) 104
' 45.776 i T

-
log K = 5 log PT - 0.3150 = -

eq
+ 11.277%x 1,270, |
, 'whebre'PT is the total pressure. The errors are.thbe s%téndar‘d deviations
Irom the leést squares fit. The 2 mil orifice data yield a véry nearly
parallel line, déspite the rather high degree of scatter in the data. .
Equiiibrium pressures Wefe éalculated from the least squares
plots for 1 mil and 2 mil orifice daté by substitufion in Eq. (1) descrvibed

in the introduction.

»



Table I. Aluminum nitride vapor pressures, log K -

- 20 -

and third-law enthalpies of vaporization- -vveq’ z
T °K - P “log K AHY g o
, ‘]
1 mil diam orifice v =
1706 2.08%107° '~ 7.3380 153. 2 keal/mole ALN
1855 134X 10°° | 7.6243 150.9 j
1631 7.52% 1078 8. 0007 S 1515 j
1611 4,99 8. 2679 151.7" |
1581 2. 02 8.8571 153. 2.
1579 - 1.475 ©9.0620 154.5 |
1561 103 9.3134 ‘154.5 “ o
1619 4.90 08.2799 . 152.5 %
1675 122X 107° ©7.6856° . 153.1 |
1689 1.55%107° 7.5296 154.4 |
1536 1.08‘X‘1o'5 | - 9. 2649 151.8 " '§
1584 3. 55 8.4897 | 150:8 s
1621 5.13 §.2499 © . 152.5 1
1652 7.83 17,9745 153.3 |
1670 1.07x 1070 7.7711 153.4 | ]
1713 1,475, 7.5620  155.86 |
‘1668 8.55x 107° 7.9172 154. 3" X
1598 234 8. 7366 153. 9
1641 4.32 - 8.3618 155.2
1626 3,72 ©8.4593 154.5 - |
1606 2.43 1 8.7366 154.7 3
1579 1,44 9.0776 . 154.6 . ;
1561 . . 1.26 19,1646 153.5 B
2 mil diam orifice - | s
1678 7.5% 107° 8.0024  155.8 .
1676 71 . 8.0380 - 155.9° 0
. 1657 4. 34 18.3589 .. 156.6
1638 2. 87 8.6283 156. 9
1615 1.89 8.9004 - 156.7



- 921 -

Table I. (continued)

T °K , Pr | -log Keq AH%qg

2 mil diam orifice (continued)

Y

1582 9.82X 107" 9. 3269  156.7 kcal/mole AIN
1552 4.16 | 9. 8865 157. 7 :
1516 2. 63 . 10.1852 156. 2
1486 1.18 10.7228 . 156.8
11685 4.83% 107° 8.2892 ' 158.7
1665 3.51 8. 4971 158. 4
1643 2. 30 8. 7725 158. 4
1624 1.65 8. 9889 158. 3
1687 4.34 8. 3589 159. 4
1636 1,91 3. 8935 158. 7
1600 1.06° 9.2771 158. 1 )
1575 7.66% 107 9.4887  157.2 ‘
1547 . 5.10 ' 9.7537 156. 3
1698 5.72% 107° 8. 1791 S 159.0
1672 3. 59 5.4825 . 159.0
1637 2.08 8. 8380 158. 4
1597 1,10 : 9. 2531 157. 6
1589 9.43% 107" 9.3533 157.5
1562 7.07X 107" 9.5409  156.3
1543 6.29 9. 6171 . 154.9
1457 1,96 . 11.4236  158.5
1493 3.93% 1070 10. 4432 o 152.7
1677 7.13%x 1078 8.0355 156.0
1692 9.78 | 7.82906 . 155.8
1670 4.84 8.2878 . 157.3
1650 3.07 8.5865 157.7.
1622 1. 60 9. 0089 158.2
1590 7.15%X 107" 9.5336 - 159.0
1564 4.36 . 9.8559 158.7
3.42 10. 0122  156.4

11530
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Table I. - ('continkued)

L1740

T °K P, logK AHY g )
' Langmuir evaporation

1632 1,47 % 1078 12.0641 . 182.0kcal/mole AIN -
1683 6.26 11.1201 £ 180.3 :
1719 2.59x 107" 10. 1963 176. 8

1745 5,17 9. 7448 175. 9

1757 6.51 9.5946, 175. 8

1683 ' 1.54 10.5338 175.8

1719 4,04 9.9054 174.5

1728 4,12 | 9.8927 .. 175.3

5.54 9.6998 175. 0

1752 6.75 9.5711 - 175. 2 :
1668 8. 23 10. 9419 177, 4
1645 1.57 12.0221 183.1
1637 2.60% 1078 " 11.6928 1179.8
1668 1.06 X 107" 10.7783 176. 1

1682 .36 | 10. 6148 176. 3

1690 1.86 10,4108 175. 6

1665 9,44 1078 10. 8525 176.4

1648 7.29 | 11.0210 175. 9

1631 6. 17 ' 11.1296_ 17409

1613 9.69 X 107" 12.3356 . 181.9
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Fig. 10. Vapor pressure of aluminum nitride.

v
0
®
o

® Hoch and White? (P_,)

This work (extrapolation to zero orifice)
This work (effusion diam 1 mm)
This work (effusion diam 2 mm)
This work Langmuir evaporation
Dreger et al,
Equilibrium1®

q



o+

L

- 24:_

The ‘second- law hea* and entropy were obtalned from a plOL of -

S =-Ry4nK__+AhasnT+ .—L}P—T A'C? vs 1/T, whe*eAa Ab, and
, eq 5T |

._:

Ac are the differences of the constants in the heat capac1ty equation
for the products and the reactants. 1 Now = = AH° I, Where Ah° and
Iare constants so that iho slope of the ploL is equal to AH% and Lhe

o

mtercept to I. The value of Ahf’r could then be calculated from AHI ’
- from the expre.ssioh AHR = OHS +pa T + —A-z—b T + }él,c, and Lhe ngQnd- ,
law entr.opy could be calculated from:: AS° =Aa +AbT + Aha ﬂnT |

| Ac T -2 _ I |

, The secoﬁd-law he.a"c of sublimation for aiuminum'ﬁitride is

150.4 + 9.4 %cal/mole for 1 mil diam orifice, 150. 12+ 4. 6 for a 2 mil =
. orifice, and 150. 811_15, 1kcal/mole AIN for the Langfnuir vapofi%éticn_. o
The second-law entfopies are 58.?4, 55.6, and. 45. Ocal/v°K/'mole_AlNl

| for 1 mil, 2 mil diam ori"’ices and: Lano‘muir evanbration respeétively.
Plots of log P Vs l/T for both Knudsen and Langmulr evaporatlon of
magnes ium ni Lrlde, as found in the present and earller studies, are

» ~given in -Flg. 11. Table II gives T, PT’ log Keq for vaporlzatlon of
magnesiqm nitride, and calculated third—law heats of sublimation at

2’986KV. A least scipares calculation of vthe d'vata‘for.the evaporation' of

{ magnesium nitz;ide to Mg gas and N, gas 'ff/om'cellls of -1».mil- diam.

orlf)ce {(near equilibrium) gives the followmo equatlon J.OI' log PT and

'losK eq vs temperature between 1000° and 1200"2{‘.

/245.979:&16.64> 105 S

logKeq=4logP - 0. 978= =\ I T

T .
& 98 733 % 3.162 L e
The quoLeo errors are the standard deviations ffom Lhe least squares '

it The secona,—law enuhaLples at -298°K are 209. 1+ 16.5, ‘?6:3 8 + 18. 1
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Table II. Magnesium nitride vapor pressure, log K

..9096

and third-law enthalpies of vaporization eq’
T K Pr “log Ko AHYgg
1 mil diam orifice
1056 1.98 % 107° 23.7916 250. 8 keal/mole Mg,N,
1122 1.98% 107° 19.7916  245.8 ‘
1169 7.56 17. 4640 243.4
1193 1.42x 1074 16. 3692 242, 3
1211 2. 62 15. 3048 240. 0
1257 4.77% 107% 14, 2640 239. 2
1202 1.86 15. 9000 241.6
1181 1.07 16. 8656 242, 7
1159 5.05 18. 1652 245, 1
1178 1.62% 10 % 16. 1456 238. 2
1231 . 4.68 14. 2972 238. 2 ’
1036 3.06x 107° 23,0352 242, 7
. 1162 8.84 X 107° 17.1924 ©240. 6
1212 S 2.78x 1074 15. 2020 1 239.7
1087 1.15X 1072 20. 7356 9243.0
1252 7.04% 1072 13. 5880 238. 1
1231 4.18 14,4936 239. 3
1223 3.57 14.7676 238+1
1221 3. 14 ., 14,9904 240, 2
1168 8.72x 107° 17.2160, 241. 9
1105 2.70%107° 19. 2560 239. 5
1213 2.51% 1072 15,3796 240. 8
1193 1.40 % 107* 16. 3936 242.5
1182 1.03 16. 9268 243, 2
1166 6.48X 1072 17. 7320 244, 3
1161 5. 40 15. 0488 244.9
1146 .3.72 18.6960 245.2
1125 1. 94 | 19.8268  246.6
1105 9.06 X 1078 21,1496 249.0
1096 7.22 21.5440 248, 7
1063 3.51 22.7968 247, 3
1052 1.85 23 250.4
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Table II.'l (continued)

s

i

1026

2717,

TeK P log K o AHYgq
2 mil diam orifice
1206 2.74%107* 15.2272 238. 6 kcal/mole MgN, -~
1190 2.33 . 15.5088 937, 1 C
1164 1.97 15. 8020 233. 6
1110 1.33% 107° 20. 4892 246. 8
1067 3.22% 1070 22. 9468 249. 4
1004 1.73 . 25.7320 247, 7
1101 5.06% 107> 21. 1400 248. 1
1151 o 5.90 19.0352 248.1
1171 2.3ax 1074 17,8948 246. 2
1204 2.36 | 15. 4864 ' 239.7
1212 2.47 15,4076 240.8 .
1181 - 1.98 o 15.7916 236.9
1125 1.25 X 107° 20. 5904 1250. 6
1107 .17 20. 7056 247.2
Langmuir evaporatioﬁ }
1254 3.30% 107° 22. 9040 292.0
1222 1.36 24. 4440 293.3
1194 7.44% 107" 25,4920 292.4 .
. 1141 3.56 26,7724 286.3
1122 1.94 27.8316 - 287. 1
1064 9.79%x 1078 29,0152 '278. 3
1305 9.16 x10°% 21,1308 293.0°
1293 6. 20 21.8088. 294, 4
1258 4,49 22. 3964 290.0
1110 1.09x 1077 28. 8316 289. 2
1068 . 6.08X10°° 29. 8424 283. 3
- 3.14 " 730.9904 8.

e e amrmnn s pm e s
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Fig. 11. Vapor pressure of magnesium nitride.
0 Effusion diam 1 mm
A  Effusion diam 2 mm
o Langmuir vaporization
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and 218.7 % 12. 9 kcal/mole Mg3\2 for 1 mll 2 mil _diafn orifices and
Langmuir evaporation, i:espeetively; and the corresponding'entropies -

“of vaporization are 121.6, 14/'. 4, and 66.4 cal/?’K/molei\/JIgﬁN2 The

1

heat of formation of solid magnesium nitride calculated from our 1 mll

2

the 2 mil orifice agree with those obtained with the 1 mil orifice near

orifice data is -136. 8 kcal/ﬁole Mg3N . Pressures measured Wl’ch

the upper end .o.f our temperature range, but appear to deviate system- "

atically toward lower pressures at low t_efnperatures. The de\/;iations

appear too close to our random seatter;to warrant use of Eq. (1) for _ |

extrapolation to obtain equilibriurh pressures or values‘of @ .
Background pressures of 10 - atm of either argon or.n‘fit‘ro‘gen

had no m}easurable/ef/fect on the rate of evapor’a‘cien of magnesium -

nitride disks. In vone-atmosphere of argoa or nitrogen, the torciue

produced by,evaporati‘on became immeasurable even When the rear

"face of each nitride disk was not vented upward (the pracfice_was to

" vent the rear face in normal Langmuir sublimation studies) but fitted

flat against a graphite surface. Plots of log P vs 1/T for free surface

! . . .
evaporation of magnesium nitride in nitrogen and argon atmospheres .\

are shown in Fig. 12. NltrOGen aopeared to have a greater retarding
eff‘ect than argon on the evaporatlon. The apparent thlrd law and
second—law enthalpies of sublimation and the apparent 'second—law
entroples of sublimation for madnesmm nitride in Landmulr experlments

in vacuo and in nltrogen and argon atmOSpheres are summarlzed below:
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Fig. 12. Langmuir vaporization of magnesium nitride in vacuo,
argon, and nitrogen,
0 in vacuo 107° atm
A 5X10-7 atm argon
o 5X10~7 atm nitrogen
A 7X10-7 atm argon
O 6.5%X10"7 atm nitrogen
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2nd law AH AS‘;%

S

. 3rd law A:I998 % 598 °K
kcal/mole Mg,N, kcal/mole Mg,N, - cal/ x(/mole;__jv
Vacuum 1070 atm 286. 3 218.74 12,9 66.
Areon ax 107" 295. 1 193. 0+ 54. 38,
 Nitrogen 3.5 X 1077 297. 6 259.8+ 6. 92.
Argon  .1Xx 107" 316.3 252.2 + 14. 73,
Nitrogen 6.5 X 107" 338. 377.5 % 65 150.

B



varied from 3% 10 2 to 8% 107°.
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IV. DISCUSSION OF RESULTS

#

The evaporation coefficient ¢ measured for aluminum nitride

a

The power s‘upply to the furnace,

which provided a maximum temperature of 1460°C, limited the range

in which reproducible Langmuir measurements could be obtained.

a

Cepprat s . e _ -3
Within experimental error, a constant value of @ =5X 10 7 can be

assigned, although on theoretical grounds « can be expected sometimes
' 5 . ' :

to be temperature-dependent. Dreger et al. ™ measured Langmuir

pressures that were a factor of 3 to 5 lower than those that were found

in this work. Unless pore-free surfaces are used—and we were unable

to obtain pore-free material, Langmuir studies can lead only to upper

limits to the valuel of @ . But the difference between Dreger's resﬁ"lts
and ours probably reflects a layer of hydration product (A1203) on -
Dreger's samples which would servevto lbwer the appérent pressure.
Our highly sintered pelle{s being less porous than Dreger's comp.res’sed B
powder wafers would show a lower Langmuir vapor pressure if the
differenvce observed were a porosity effect.

Our Knudsen results, which require only a relatively short
extrapolation using Eq. (1), yield AHZ i 500 = 153.2 keal/mole AIN
which is in close agreement with 155.1 %+ 12.5 kcal reported by Dreger

et al.,5 who used an o = 2.32 X 1‘0—'3 to correct his Langmuir pressures

- to equilibrium pressures. Since the calculation of Dreger et al. involved

-the choice of o to force agreement between the Langmuir and equilibrium

4

data, this agreement only demonstrates agreement between our data and

the thermochemically calculated heat of sublimation.



‘ varies from 2% 10~

‘Hildenbrand's evapl'oration coefficient 5 X .10—3 obtained by usé of Eq ’(1) o ;

...32-.

The heat of formation at 298 °K for aluminum nitride calculated

by the third-law method from our data extrapolated to zero orifice area

T

is -73.3 kcal/mole AIN compared to -73 reported by Hildenbrand and .
Theard as a preliminary result and 71,9 k_cal/mole that we calculate

from measurements of Hoch and White. These values are all in reason-

able agreemenf Wit‘nv the average of the two apparently most reliable

e . : 7,8 ,
~calorimetric measurements 76 £ 1 kcal/mole. °* Furthermore, there

is good agreement between the second-law enthalpy of sublimation,

150.4, and the {hird—law enthalpy, 153.2 kcarl/mole. The close agree-

ment between the heat of activation for evaporation and the heat of the e

equilibrium reaction indicates that the rate of evaporation is controlled

by a low rate of transmission of atoms from crystal sites from which

“evaporation occurs, rather than by the passage of atoms over an energy

barrier that exceeds the energy change in the equilibrium reaction.
The rate-determining step thus appears different from that in gallium
nitride sublimation for which Munir and Searcy” found the heat of activa-

, 1 , e
tion for GalN(s) = Gal(g) + = Ny (g) to exceed the heat of the equilibrium

reaction by 45. 6 keal/mole.

The evaporation coefficient of magnesium nitride apparently

. e ' .
2 2t 1000°K to 3 X 1075 at 1250°K if our Langmuir

data are compared to the pressures measured with the.1 mil orifice.

‘

: 1 - o
Hildenbrand and Theard'ss and Soulen's“z equilibrium pressure curves

are in good agreement with ours as can be seen from Fig. 13; and

2 3

to 3 X 1079).

falls in the middle of our range (2X 10~
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Fig. 13. Comparison of magnesium nitride data.
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. lated from the accepted heaL of formatwon of magnesium mtrlde

Very good agreement was obtained between our average value

a

" calculated for the heat of sublimation at 298°K by.the third-law method

242.3 kcal/mole and Hildenbrand's value 243.5 %0. kcal/mole T\fgSNz

Figure 13 shows a comparison of our data with Hiidenbrand's and Soulen s -

ong with the equilibrium pressure calculated from data in the JANAF

-

Tables. 15 " A comparison of our;bbecond -law AH‘;% = 239._1 +16.5 shows .

satisfactory égreement between the second- and third-law methods.

We confirm, therefore, Hildenbrand and Theard's conclusion

that direct determinations yield apparent equilibrium pressures that

. are.-i'nore than an order of magnitude below dissocfation pressure calcu-

15,16

23.
and from the weh known heat of sublimation of madnesmm .

The heat of formation calcula‘ted from our 1 mil orifice data'is ©

-136. 8 kcal/mole using heats of vaporization of magnesium from

P : , , _
Hultgren's Tables. ‘_2° This value agrees closely with the heat of forma-

-tion calculated by Hildenbrand and Theard, .~136 kcal/moie and disagrées '

ser;ously with ’che value ~110. 240 O 275 adcépted in the JANAF Tables.

I—flldenbraqd and Theard6 speculated that the alscrepancy between meas-

.ured and calculated pressures could result either from establishment of

a metastable equilibrium in the Knudsen cell (such an effect has been

hypothesized by Kay and (}J:'egoryzfi to explain the anomalous evaporation -

- behavior of Mg(OH) 2}, or from errors in the calorimetric measurements.

A possible metastable equilibrium might be that for the reaction

'\/IgsNz(s) — Mgl(g) + Mgz(g) + N (g). This hypothesis is'consistent

with the report of Soulen et al., l“ that the broadenmcr of the magnesium

line in the optical spectra of the vapor of magnesium nitride indicates

<
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the presence of Mgz(g); However, if this reaction were the case, the
log vapor pressure vs 1/T curve expected from the calculated dissocia-
tion pr.essure of Mg2(g) would be approximately four orders of magni-
tude below the observed Knudsen vapor pressure with é slope less

steep than even’the calculated equilibrium dissociation to Mg(g) and
Nz(g) shown on Fig. 11.

Experiments designed to provide further insight are clearly
desirable. Mr. E. G. King of the Pacific Experimental Station of the
U. S. Bureau of Mines intends to investigate the heat of formation of
magnesium nitride by direct nitridation in a bomb. For aluminum
nitride the heat of formation which was meésured from the heat of
solution has been shown to be considerably less.negative than the h'eat
of formation measured by direct nitriding of aluminum, while the direct
ni"criding expeﬁ::ii;hents yielded results that agreed closely with that
calculéted from effusion pressﬁre ndea'_surements. -

- To determine whether or not vapor species other than magnesium

1

atoms and nitrogen molecules may coniribute significantly to the pres-

sures observed in the Knudsen cell experiments, a mass spectrometer -

investigation of the vapor species will be made.

Somorjai and Jepsen% ha.ve.investigated the éffects of beams of
sulfur and Cd of various intensities on the rate of sublimation of cad—.
mium s‘ulfide single cfystals. They founa that sulfur vapor at low im—"
pingement rates had no observable effeét, but' when the impingement
rate became of the same'order,‘ of magnitude as that of the evaporation
rate of CdS, the sulfur beam 1oWers the evaporation rate. For high ‘

sulfur flux the evaporation rate of CdS was inversely proportiorial to
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the square root of the S, impingement rate. . As far as we are aware, -
no other investigation of the effect of gas pressure on the kinetics of

sublimation of a substance that displays a low evaporation coefficient

~has been reported.

In the present study the influence of both nitrogen gas and argon

gas at known pressures was -investigated. When argon or nitrogen

“that had not been carefully dried and purified of oxygen, an oxide layer

formed that greatly reduced the evaporation rate. The layer was not

ES

removed even by heating for long periods in vacuo. However, the

effects of the purified nitrogen and argon gases were rever51ble, the

nLandmqu pressure ibat was characteristic uﬁder vacuum bemg re-

established Within m‘mutes of re~establishment of the vacuum.
We found that the nitrogen and argon had no apparent retarding
effect on evaporation unless their pressures were the same order of

*naganule as the evapo ting species or higher, but the fractional

reduction in pressure that resulted from a given pressure of either

- gas was somewhat greater at low temperatures than at higher tempera-

tures.

The retardation of evaporatlon might be a consequence of elther

-

the decreased mean free path that results from ‘che presence_ of a back-
gro_und'gas or of the adsofptioﬁ of imolecﬁles of'the gas on theact"ive
sites of the surface. We think that'adsorptien was respensible for most
of the retardation, because a relatively Iar(fe decrease in rate of’

evaporation occurred cn int oducmg the background gas at lovels Wthh

i

should proauce nedllolble chandes in the measured pressures i decrease

in mean free path was responsible. The marked reduction in evaporation

i
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rate in the presence of argon must arise from inhibition of a surface
step of the evaporation reaction that results from occupancy by argon

of surface sites. Nitrogen had a retarding effect an order of magnitude
7

greater than that of argon at background pressures of 7X 10 = atm.

The difference, while marked, may simply reflect greater physical
adsorption of nitrogen in comparison to argon to reduce by a factor of
ten the surface sites available for a critical reaction step. One way to
distinguish between this possibility and the possibility that nitrogen gas
acts in a more specific manner t‘o reverse a reaction step may be to
investigate the effects of additional iﬁert gases In order to see if the
inhibition of the reaction by these gases in comparison with nitrogen
can be correlated with their expected degrees of adsorption. We hope

to carry out such an investigation.



ACKNOWLEDGMENTS

+

to express her sincere thanks to Professor

O]

The author wishe
Alan W. Searcy for his kind supervision of this work. Also, appre-' T
ciation is extended to Stuart Blank, Dr. D. J. Meschi, and Dr. G. Bl_ue_

for their many helpful suggestions and discussions.

'

This work Was done undef the éuspices of the U. S. Atomic o

Energy Commission.



APPENDIX

-

A. Cell Measurements and Related Information,

Qo

a; (= ay) G 1
Method cm? cm cm L/r f
Torsion-effusion
1 mil diafn orifice 7,85 X 10_3 1.05 1.086 3 0.47203
2 mil diam orifice = 3. 14 X 10~2 1.57 1.59 1.5 0.64260
Langmuir L 625 X 1072 1. 34 1; 35 0 1

B. Calibration of Torsion Wire

Annealed wires of fungsten with 2 mil diam were calibrated to

obtain a 'torsion constant. The torsion constant D is calculated (from

the period t, of the suspension system alone, and the period tW, with a

weight of known moment of inertia IW added to the system) with the aid

of the following equation:

D2 mil wire used = 2. 74.
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