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An a tt e mpt was made to e li minate surface de ple ti on effect s in th e vaporization of a luminum car· 
bide (AI.C:,) b y carrying out measure me nts in a Knudsen ce ll rotating at an angle of 45 deg from the 
ve rti ea l. Res ult s s lwwt' d th a t tilt' s urfact' deple tion e fre c ts en countered with th is material a re due 
to fo rm a tion of laye rs of graphit e ove r individual partic les of a lu minum carbid e rathe r than to for· 
mation of a m ac roscopic laye r of gra phit e ove r the sample. In orde r to achi eve near-equi librium pres· 
sures , va pori zati on expe rim ents we re carri ed out in whic h th e sample was ground prior to eac h e xpe ri· 
me nt a nd the a mount of a luminum va porized during eac h e xpe rim e nt minimized . Third law treatme nt 
of these data yie ld ed !1HO("298 ) of 91.6 kea l mol - I (383.3 kJ mol - ' ) for th e deco mpos ition of '/4AI., C3 

to fo rm AI(g) and 3/ 4C(C). in good ag ree me nt with da ta based on ca lorim e tri c s tudies. 

Key Word s : Aluminum carbide, di ssoc iati on press ure , hea t of d ecompos ition, rotating Knudse n 
ce ll , surface de pl eti on. 

1. Introduction 

The Knudse n method is widely used in obtainin g 
vapor pressure data and heats and entropies of vapori
zation of inorganic mate rial s . The equilibrium vapor 
pressure of a univariant sys te m is a fun ction of te m
perature I only; howe ve r , s ince the Knudse n effu sion 
method is a dynami c process, departure from equi
librium is possible. 

The inorganic materials which undergo univariant 
vaporization can be divided into two classes, those 
which vaporize congruently and those which vaporize 
incongruently. Frequently , it is diffic ult to achieve 
equilibrium or near-equilibrium conditions with those 
materials which vaporize in congrue ntly. 

The pressure versus time c urve for such materials 
at constant temperature typically shows an initial 
region in which the pressure decreases rapidly by a 
factor of 2 to 4, followed. by a region in which the pres
sure appears to have achi eved a constant value within 
experime ntal error. Among the examples of incon
gruent vaporization reaction s for which this type of 
vaporization behavior h as been reported are 

(a) the decomposition of M03Ge to Mo(c) and Ge(g) 
r eported by Peavler and Searcy [1],2 

(b) the decomposition of TiC to Ti(g) + C(c) and 
Cr3 C2 to Cr(g) + C(c) reported by Fujishiro and Gokcen 
[2, 3] , 

I AlIl empcra tlires in Ihis pa pe r a re based on the 1948 IPTS. 
2 Figures in bracke ts indicate the lit e ratu re refe rences a t the e nd of thi s pape r. 
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(c) the decomposition of Mg(OH)z reported by 
Gregory and Ka y [41; and 

(d) th e decomposition of A1 4C3 , and SiC re ported 
by Meschi and Searcy [51 and Davis, Anthrop , and 
Searcy [61. 

Variou s explanations have bee n advan ced to account 
for the press ure variation with time. Among these 
are that the vaporizin g s pecies has a low evaporation 
coeffi cient on the surface in qu es tion, i. e. , that the 
rate of e vaporation is much slower than the rate at 
which molecules collide with the s urface unde r the 
equilibrium pressure, or that the formation of a non
volatile surface layer (the sol id decomposition product) 
impedes the rate of transfer of vapor from the eva
porant to the effusion space sufficiently so th at near
equilibrium pressures cannot be maintained. In 
the event that surface depletion effects are important , 
one can distinguish between two cases. In one case, 
a macroscopic layer of the nonvolatile deco mposition 
product can be formed over the s urface of the sample 
in the Knudsen cell a nd the transfer of material through 
this layer is rate determining. In the second case, 
the nonvolatile decomposition product can form a 
layer over each particle of the vaporizing ma terial. 
In conformance with the previous usage of Davis, 
Anthrop, and Searc y [6] , these two types of s urface 
depletion will be r eferred to as macrolayering and 
microlayering effects , respectively. In the even t that 
macrolayer effects are responsible for the dec rease 
in pressure with time, rotation of a crucible making 
an angle of abo ut 45 ° from the vertical during the meas
urements should prevent formation of macrolayers a nd 
enable one to ob ta in near-eq uilibrium pressures. 



2. Experimental Method 

Measurements were carried out in a conventional 
oil-pumped vacuum system_ A graphite Knudsen 
cell was attached to a 1.27 cm O_D_ stainless steel 
center shaft by three 0_16 cm diam tungsten legs_ 
The center shaft was mounted on two precision stain
less steel ball bearing assemblies which fitted snugly 
ingo the vacuum housing. A commercially available 
rotary feed through, modified for this work and using 
a magnetic coupling through the vacuum wall was 
connected to the center shaft by a pair of beveled 
gears and allowed the center shaft to be rotated at 
approximately 7 rpm. A rotatable flange connected 
the part of the vacuum system containing the rotation 
axis to the trap and diffusion pump. For experiments 
in which the crucible was rotated, this flange was 
rotated to about 45° from the vertical. It was con
cluded from visu~l inspection of a rotating lidless 
Knudsen cell containing an aluminum carbide sample 
at room temperature that sufficient mixing of the 
sample would take place to prevent the formation 
of macrolayers of graphite over the aluminum carbide 
sample. 

The vacuum system could be used with a conven
tional Vycor effusion apparatus utilizing collection of 
a known fraction of the vapor on fused silica or plati
num targets. This technique allows one to obtain 
pressure-time data without opening the system to the 
atmosphere and is advantageous in the case of alumi
num carbide because it is hydrolyzed by moist air. 
However, preliminary data indicated that rotation of 
the crucible failed to prevent a decrease in the vola
tility with time and because of the relatively poor 
precision obtained by this method when target weight 
gains were determined on a microbalance , this method 
was abandoned and further experiments carried out 
using the weight loss method. In these latter experi
ments, a conventional water cooled Vycor condenser 
connected to the vacuum system by a ground glass to 
stainless steel joint sealed with Apiezon W sealant 
completed the system. 

The Knudsen cell was fabricated from a special 
grade of graphite obtained from Chance-Vought Cor
poration. The cell was 2.5 cm high by 1.9 cm O.D. 
with 0.32 cm thick sidewalls and an effusion hole and 
assumed blackbody hole of 0.1 cm diameter. The 
blackbody hole had a depth of 0.6 cm. Heating was 
accomplished by induction at 450 kHz. Temperatures 
as measured with an NBS calibrated optical pyrometer 
sighted on the blackbody hole corrected for reflection 
of light by a window and mirror were accepted. 

No radiation shields were used on the crucible. 
Temperature uniformity of the crucible could be 
achieved by careful positioning .of the induction coil 
which was mounted on a rigid Plexiglas frame . The 
position of the work coil was reproduced relative to 
that of the crucible within a few mm. Good tem
perature uniformity was inferred from the observation 
that in a typical experimental series, the crucible 
lid, which constituted about 40 percent of the internal 
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surface area of the crucible, gained about 3 mg and 
the crucible bottom gained 2 mg, while 106 mg of Al 
was vaporized. 

Choice of aluminum carbide as a test substance for 
the rotating effusion cell apparatus was made because 
measurements, since published, were in progress 
to determine reliable heat of formation [7] and heat 
capacity data [8] at NBS. In addition, mass s pectro
metric data [9] indicated that within the temperature 
range of interest , the vapor is almost pure Al(g) and 
previous effusion measurements [5] indicated that 
nonequilibrium effects might be due to the formation 
of a graphite macrolayer over the Al4 C3 within the 
Knudsen cell. 

The aluminum carbide sample used in thi s work 
was a portion of that previously used at NBS by 
King and Armstrong for combustion experime nts [7] 
and by Furukawa et al. [8] , for heat capacity meas ure
ments. The result s of chemical analysis of portions 
of this material have previou sly been re ported in detail 
[7, 8]. These data showed major impuriti es to be 
approximately 1 percent free AI, 1 percent free C, 
1.3 percent AIN and 2.0 percent Ah03. It was as
sumed that nitrogen determined by the Ke hldahl 
method was present as AIN and that aluminum not 
accounted for as AI, A14 C3, or AIN was present as 
AbO;). X-ray analysis carri ed out during the course 
of the present work s howed that the sample as received 
contained minor phases of C(gr) and Al(c) besides 
AI4 C;). After vaporization of about 30 percent of th e 
aluminum in a sample the Al peak disappeared as 
expec ted. Failure to detect either Ab03 or AIN in 
the x-ray patterns may indicate that oxygen and 
nitrogen were present in the sample in solid solution 
or as complicated carbonitrides [10] or oxycarbides 
[11]. However , the amounts of these materials present 
in the sample would be close to the limits of detec tion 
and it was not possible to establi sh the nature of the 
oxygen or nitrogen impurities on the basis of the 
x-ray data. On the basis of previous data [12] , one 
would expect the CO pressure above an aluminum 
oxycarbide or Ab03-C mixture to be sufficiently 
high so that oxygen would be prefere ntially lost from 
the Knudsen cell as CO during the vacuum vaporiza
tion measurements while any AIN or carbonitride 
would be concentrated in the condensed phase. 

The procedure followed in obtaining pressure data 
consisted of slowly heating the crucible to a tempera
ture of about 1500 OK, allowing the background pres
sure to decrease to about 10- 5 torr then rapidly 
increasing the power to the predetermined setting. 
The duration of the experiment was measured from 
the time the predetermined power level was reached 
to the time the oscillator was turned off. Hence, the 
initial defi ciency in vaporized aluminum caused by the 
fact that the Knudsen cell is not at temperature at 
t = 0 is approximately compensated by the excess of 
aluminum vaporized after the oscillator is turned off. 

Weight changes were determined by weighing the 
crucible to the nearest 0.1 mg before and after an 
experiment. During exposure to the atmosphere 



while in the Knudsen cell, the specimen gained weight 
initi ally at the rate of approximately 0.6 mg per hour. 
Weight pic k up during grinding was undoubtedly 
greater than this but no simple method of correc ting 
for thi s effect could be made. Total time exposure 
to air during experiments where grinding was neces
sary was 10 to 15 min and shorter for other experi
ments. Leakage between the lid and crucible 
junc tion was judged to be negli gible on the basis of 
vi sual inspection of the Vycor condenser surroundin g 
the crucible. 

3. Data and Thermodynamic Treatment 

Vapor press ures wer e calculated usin g th e equa
.tion 3 ; 

p=~ (27TRDl /2 
ka t M } 

where m is the mass of aluminum vapori zed, t is the 
duration of the experime nt , a is the area of the effu sion 
hole, k is the Clausing correc tion, T is th e absolute 
temperature, R is the gas cons tant , and M is the atomi c 
weight of the vaporizing s pecies, Al(g). The area of 
the effusion hole calculated from its measured diameter 
was in creased by 2 pe rcent to correc t for the rm al 
expansion. 

The Claus i ng fac tor k correc ts for th e fact th at the 
orifi ce has finit e de pth and was ta ke n from the tab u
lation in Dushm an [13]. For our crucible th e le ngth 
to radius ra tio was 3.14 a nd k = 0.410. 

The heat and e ntropy c hange for the reac tion 

(1) 

were evaluated by th e leas t squares so lution of the 
approximate integrated form of the Cla us ius-Clapey ron 
equation 

6.HO 6.5° 
InP(atm) =- - +RT R (2) 

where 6.HO and 6.5° are the heat and entropy changes 
for r eaction (1) at the ave rage te mpe rature. 

In addition, third law heats for reaction (1) were 
calculated usin g the equation 

(Gr- W198) . . where T IS the free energy functIOn and the 

subscripts Rand P refer to reactants and products. 
Since free e nergy fun c tions for AI4C3(c), AI(g), and 
C(c) are well es tablished, the average third law heat of 

sublimation is more reliable than the second law heat 
provided dissociation pressures close to equilibrium 
have been obtained. 

4. Results 

Experime ntal results of two types were obtained in 
this s tud y. In the firs t type of experime nt, apparent 
press ures vers us time or frac tion of aluminum vapor· 
ized were obtained to try to de te rmine the shape of 
these c urves and the ex te nt of de parture from equi
librium pressures based on thermoche mi cal data. 

These experiments showed that rotation of th e cruci
ble had no de tectable effect on the apparent vapor 
press ure which continually decreased as the frac tion 
of aluminum vaporized from the sample increased . 
Figure 1 shows some typical volatility data expressed 
as weight loss/unit time versus fraction of Al vaporized 
fro m the sample. As is us ual with thi s type of ex peri
me nt , a n initi all y rapi d decrease in volatility is followed 
by a region in whic h the volatility a ppears to be esse n
tially constant. This be havior is illus trated by the 
firs t six data points of the IV-62 data ob tained at about 
1870 OK shown in fi gure 1. On ra is ing the te mpera· 
ture to 1970 OK, th e same type of be havior is observed 
for the nex t se ven points and whe n th e te mperature 
is again lowered to 1870 OK with abo ut 0.49 of the avail
able aluminum vaporized from th e sample , the volatility 
is found to be only abo ut 1/4 of its pre vious "s teady
s ta te" value a t thi s te mperat ure. After grinding the 
sample, th e last three points of the IV-62 data were 
obtained at about 1870 OK. These points s how the 
same type of behavior as those obtai ned a t the begin . 
nin g of the se ri es exce pt th at the rate of decrease of 
volatility is slower th a n was observed initi ally. This is 
probably due to the smaller particle s izes present in 
the latter measure ments. Although the IV-62 data 
are e ntirely consis tent with the idea that the volatilit y 
of aluminum carbide decreased co ntinually with the 
fraction vaporized, the seri es V- 44 data were take n 
in order to study this process at a co nstant te mpe ra
ture . This seri es of data clearly s hows that at about 
1915 OK, no ste ad y s tate pressure is ever achieved. 
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FIGU RE 1. Vo latility as a Junction oj fraction oj aluminum vapor· 
3 Values of constant s used in the ca lc ulations were R = 8.3 143 1 mol- 1 0 K- l or 1.98717 cal izedJrom ALe;l_ 

mol - 1 0 K - I;" a tomic weight of a luminulll 26.98: one standa rd at mus phere= 101.325 N Ill - ~. (a) Origin al sa mple we ights were 198 mg for series IV--62 and 134 mg for series V- 44. 
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On the bas is of these measurements, we conclude 
that in order to obtain apparent pressures anywhere 
near equ ilibrium one must take advantage of every 
possible factor which increases the degree of satura
tion within the Knudsen cell. These factors require 
that the sample be ground before each experiment to 
break up the graphite on the sample particles, and that 
the amount of aluminum vaporized from the sample 
during any experiment be kept as small as possible. 

TABLE 1. Decomposition pressures and heats oj decomposition of 
aluminum carbide" 

Temp. Duration Weight h Decomposition 6In298) 
of run loss press ure 

OK sec mt( aIm X 104 kcal/mol AI (g) 
l705 9600 6.3 0.341 92.5 
1706 9600 3.1 . 168 94.9' 
1924 600 12.6 11.6 90.6 
1889 900 10.2 6.20 91.3 
1835 1800 8.8 2.64 91.9 
1783 3600 8.6 1.27 92.0 
1810 2400 9.0 2.01 91.7 
1651 14400 4.9 0.174 91.8 
l757 3600 5.8 .850 92.1 
l730 5400 6.8 .659 91.5 
1863 14400 13.3 5.02 90.9 
1676 8100 4. 1 0.261 91.8 

Mean .6.HO(298) and standard e rror ..... 91.6 ± O.2 kcal/mol AI 
Estimated ove rall uncerta inty .. ..................... 0.6 kc al/mul Al 

a In exper imental sequence. 
hOrifice area at room temperature= 8.2S X 10- 3 cm- 2 • clausi ng fac lor = 0.410. initial 

sample weight = 30 I mg. 

" >-« 

cThi s point was not included in the analysis. 
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F\GFRE 2. Clausius-Clapeyron plot of aluminum carbide dis
sociation pressure data. 

(a ) Triangular point was omitt ed from the leas t squares analysis. All point s shown 
W('ff' obtained in thi s work. 

(b) LS is least squares line of our data. 
(e) A is le a s t squares c urve re ported by Searcy and Meschi . 
(d ) B is the vapor pressure curve based on the heal of form a tion reported by King and 

Armstrong [71. and thermal data report e d by JA NAF. 
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Measurements carried out in this way in an attempt to 
obtain equilibrium pressures are listed in table 1 and 
shown in figure 2. These data yield a third law heat of 
decomposition, using JANAF [14] free energy func
tions, of llHo (298) for reaction (1) of 91.6 kcal mol - I 
(383.3 kJ mol - I) of Al and a standard error of 0.17 
kcal mol - I (0.71 kJ mol - I). Second law treatment of 
the same data gives a llHO(298) of 99.1 kcal mol - I 
(414.6 kJ mol - I) and a standard error of 2.5 kcal 
mol - I (l0.5 kJ mol - I) of AI. These values are com
pared in table 2 with the values obtained from the 
data of Searcy and Meschi who studied the decomposi
tion of Al4 C3 by both the torque-Knudsen and weight 
loss method and with the most recent thermochemical 
data. Since Searcy and Meschi did not report their 
data in detail, the value listed in table 2 was based on 
their reported average pressure of 4.2 X 10- 6 atm at 
1600 oK. 

TABLE 2. Heat oj decomposition oj 1/4Al'C3 

I Jlvest iga tor t.W (298) 3d La w Ove rall un certa int y t.W (298) 2d La w S tandard error 
kcal/mol Al kcal/ mol AI kcal/rnol AI kcal/mol AI 
(kJ / mol AI) (kJ /mol AI) (kJ /mol AI ) (kJ/mol AI) 

This work 91.6 0.6 99.1 2.5 
(383 .3) (2.5) (4 14.6) (105) 

Meschi and 
Scarcy 93.7 3.0' 90.9 3.0' 

(392.0) (12.6), (380.3) (12.6)" 

King and 
Arms trong 90.4h 1.5' 

(378.2)" (6.3f 

Mah 91.4" 1.4' 
(382.4)" (5.9f 

3These errors. reported by the authors, appear to be overall uncertainty es timates . 
bDeri vf' d from beat of formati o n of A I~C.1 report ed by these authors and heat offormation 

of Alig) at 298 OK of 78.0 kcal mol -' . 
c For desc ription of the derivation of these uncertaint y estimates. see tex t. 

The overall uncertainty in the third law heat for the 
decomposition reaction was estimated as the sum of 
the squares of the uncertainties resulting from random 
errors (0.51 kcal), pyrometer calibration uncertainty 
(0.20 kcal), and window and prism uncertainty (0.15 
kcal). These errors are based on three standard 
errors except for the pyrometer calibration uncer
tainty which was estimated from the uncertainties 
quoted on the NBS calibration certificate. It is not 
possible to make a reliable estimate of the error aris
ing from nonequilibrium effects. Hopefully , part of 
this error will cancel because of vaporization of im
purities or excess loss of vapor from the joint between 
the bottom and top of the crucible. The difference 
between the second law heat and the third law heat of 
about 7 kcal may be due to a progressively greater 
evaporation of impurities at the higher temperatures 
although other sources of systematic error are also 
possible. 

The heat for the decomposition of Al4C3 can also 
be calculated on the basis- of the recent combustion 
studies of King and Armstrong [7] who reported 
llHj(298.15)=-49.7 ± 1.2 kcal and Mah [15] who 
reported dH;(298 .15) =- 53.4 ± 2.0 kcal. These 



J values lead to the heats of decomposition shown in 
table 2 when combined with the heat of sublimation 
of Al of 78.0 ± 0.4 kcal tabulated by JANAF. How
e ver , the errors quoted by JANAF and King and 
Armstrong were multiplied by 3 and that reported by 
Mah multiplied by 3/2 in order that all the uncer
taintie s would be based on three s tandard de viations 

~ in the mean. These results indicate that th e meas
ured decomposition pressures of A14C3 are consistent 
with the decomposition press ures predic ted on the 
basis of heats of combusti on and heat content data. 

5. Discussion 

One of the principal differences be tween our work 
and the results reported by Searcy and Meschi is that 
at no time did we observe any segregation within the 
crucible into macrola ye rs of graphite and aluminum 
carbide. Our results indicate that for the ALCl- C 
syste m, the formation of gr aphite over individual 
particles is respon sible for the decrease in volatility 
as the sample is vaporized. It is possible, however , 
that macrolayering effec ts might become important if 
the sample depth is sufficiently great. 

At 1700 oK, our average di ssocia tion press ure of 
aluminum carbide is about 60 perce nt great er than 
the average pressure a t 1700 oK re ported by Mesc hi 
and Searcy. Thi s is consis te nt with th e observation 
that the vola tilit y of AI4 C;) decreased with th e fr ac tion 
of the sample va porized (provid ed th e sample is not 
di sturbed by grindin g) a nd is ta ke n to indi cate th at 
Meschi a nd Searcy obtained pressure data aft e r havin g 
va porized a large r fr action of the sa m pIe tha n we had 
in the present s tud y. It is also co ns is te nt with the 
fac t that Meschi and Searcy were able to obta in pres
sures in torsion ex perim ents as hi gh as those obtain ed 
in weight loss ex perime nt s des pite a less fa vorable 
ra tio of ori fl ce area to sam pIe surface area. The a p
proximate press ure of Al over AI4 C;) (6 X 10- 4 at 
2100 OK) re ported by C hupka e t al. [9] , lower than the 
es timated equilibrium Al press ure by about a fac tor 
of te n is also co nsistent with these observa ti ons. 

For th e type of vaporizati on process under considera
tion here at least three different regions of a volatility
time plot c an be imagined. In the initial region , the 
surface area of the material undergoin g decomposi
tion mi ght be s ufficie ntly large so that equilibrium 
pressures are obtained, in the second region the vol
atility will decrease as the decomposin g s urface area 
decreases, and in the third region the rate of vapori
zation will be diffu s ion controlled. 

For an y partic ular study, the importance of these 
three regions will de pe nd on the sample size , the aver
age particle size, the sample s urface area and the 
amount of mat e rial whic h has va porized from the 
Knudsen cell, although for most s tudies the firs t two 
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regions will prob ably be traversed so qui ckly that they 
will be of no experimental significance. Hole size 
correlati ons based on Motzfeldt's [16] or similar rela
tion s will be s ubject to indefinite error because of the 
vari a tion in th e press ure with time_ In general, one 
can expec t tha t th e ra te of decrease of volatility with 
frac tion of sample vaporized will de pe nd on tempera
ture although for th e limited te mpe rature ran ges used 
in mos t hi gh temperature s tudi es , s uc h an effect may 
be of only seco nd ary importa nce_ One additional 
co mpli cating fac tor is that rupture or o penin g of fi s 
s ures in individual particles of the sample may take 
place becau se of the differe nce in de nsiti es of the 
solid product and the reactant. 

In view of these many complexities , de velopme nt of 
a method to eliminate various kine ti c effects is des ir
able and rotation of the Knud sen cell has bee n our 
first att e mpt in thi s direction. This study has shown 
that mi crolayering is an important cau se of decrease 
in the volatility of aluminum carbide. Work on oth er 
carbides is in progress to determin e if thi s is a ge neral 
property of carbid es a nd if so, to a tt e mpt to develop 
a mean s of preventing formation of mi crolayerin g. 
Mecha ni cally grindin g the s pecim e n within the 
Knudse n cell while ex perim ents a re in progress is a 
possibility whi ch may hold promi se if s uffi cie nt 
grindin g can be obta in ed and th e materi al proble m 
is not too grea t. 
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