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INTRODUCTION 

The purpose of the 1nve.stigations reported here was 

-t·wo-:f uld: first, the construction of a high temperature 

electron bombardment furnace suitable for vapor pressure 

stu_dies via the Knudsen method (16); se.cond, the deter­

mination of the v~por pressure of gold with subsequent 
0 

ealeulation of its beat of sublimation at 298.15 K. 

Tb.e author hopes that an aecurate description of che 

furnace and of the vapor pressure studies resulting from 

this work will prove useful in some positive manner to 

those whose concern is the investigation of systems at 

elevated temperatures. 

l 
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PART II 

APPARATUS 

Heating by electron bombardment involves the accelera-

tion of electrons through a potential field to a targeto 

The bombarding electrons usually are obtained from the sur= 

face of a filament as the result of thermionic emissiono The 

target of the bombardment current can be heated to e.xtremely 

high temperatures if a sufficient driving force (the paten= 

tial field) is availableo 

To assure a bombardment current composed of high energy 

electrons~ or~ which is effectively the same~ to prevent the 

electrons from colliding with gas molecules and producing a 

gaseous discharge~ electron bombardment heating must be done 

in vacuumo 

Heating in vacuum also lessens the oxidation of furnace 

components 9 especially the refractory metals such as tung= 

sten~ molybdenum~ and tantalumo Suitable vacuum conditions 

for bombardment heating are discussed in the section describ­

ing the vacuum system. 

2 
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A power supply, constructed by Dawson (4), provides 

3o0 KVA with output variable over the ranges 0-3000 VDC and 

0-1000 mao The filament is heated by low voltage A. Co cur­

rent to temperatures sufficient for thermionic emissiono 

Dawson's power supply was found to function satisfac­

torily for this work, and his circuit diagram requires no 

change except for the following detail: the circuitry of 

Relay-2, page 5, Dawson's thesis (4), has been altered as 

shown in Figure 1, in which Dawson's notation is retainedo 

The Electron Bombardment Furnace. 

Figure 2 gives a non-detailed drawing of the electron 

bombardment furnace, in which the component materials and 

their relative geometry are emphasizeda Descriptions of the 

components in detail followsa 

The cell-block assemblyo The cell-block, A in Figure 3, 

consists of a cylindrical molybde.num block L 375-ino high and 

1. 21-ino outside diame te.r, with .a concentric cylindrical 

cavity 1-in. in diameter and 0.875-ino deep. Three 0.125=ino 

diameter molybdenum rods screw into tapped holes in the bot= 

tom of the cell-block. Steel set screws hold the rods tight­

ly in holes of the stee.l "crow's foot'' Go The "crow's foot" 

is mounted on a ceramic ring D, which has an outside diamet­

e.r of 4-in., an inside diameter of 3a 5-in,,, and is o .. 25-ino 

thick~ Special ceramic spacers E, 1.0-ina in height and 

about 0.275-in. in diameter, connect the ceramic ring to 
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the base plateo Radiation shielding (not shown in Figure 3) 

protects the base plate from the high temperatures of the 

cell~block regiono 

.A cylindrical graphi ta shell F lines the cavity of the 

cell-block~ and the graphite Knudsen cell~' which contains 

the sample~ is located within the graphite linero A thin 

graphite disc H~ covered with 00003-inch thick molybdenum i~ 
serves as the top of the cell=block and is held in place by 

molybdenum nuts K. Lid li is not the lid of the Knudsen cell, 

which is represented by L rather its purpose is to elim-

inate as much as possible the uneven heating which occurs 

because of the opening in the top of the cell-blocko The 

lid H has in its canter a tapered hole of sufficient diamet­

er to preclude interaction with the lid of species effusing 

from the Knudsen cello 

The Knudsen Cell..:.a. Knudsen cells of the same type de~ 

scribed by Heydman (12) were employed for all vapor pressure 

measurementso Only graphite cells were employedo Initially 

it was assumed that gold and graphite are mutually inert at 

temperatures of 1:nterest to this work.. Howevers, it has been 

established that this is not true~ Observations regarding 

the effect of the interaction of gold and graphite on the 

vapor pressure of gold are discussed within the experiment= 

al sectiono 

Dimensions and constants for all Knudsen cells used in 

this work appear in Table Ii in which Dis the cell orifice 

diameter; Aj the cross=sectional area of the channel hole; 
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TABLE I 

.KNUDSEN CELL CONSTANTS 

Cell D i_c,,ml LID 2 -2 l'l =-= -~.m..zlQ_:l 
1 OalOl 1 .. 711 0.801 0.391 

2 0.157 00710 >+.496 0~594 

3 00259 Oo 1+45 5 .. 271 0.716 

>+ 00101 "'! '1 h1 
~.:.,Q - ·-·· •. ~...,. Oo802 0.,1+8C; 

5 o. 051 " 5 2o Lf.4· 0.206 0.313 

6 0.233 \ "l 0.4-i 0 Lr· .. 280 o.685 



1, the length of the channel hole; and w, t he Clausing 

Factor which is discussed in the section on calculations. 

The filament 2 The filament is formed from a 100-em. 

length of 00030-in. diameter tantalum wiree It is sinu­

soidal in shape and supported so as to enclose the cell­

block cylindrieally. A typical filament is 6-cm. high and 

5-emo in diametero These dimensions are not critical; they 

result from the size of the cell-bloek, 1.eo, the filament 

must be separated from the cell-block sufficiently to pre­

vent arcing, and should exten,~ above and below the cell­

block far enough to assure uniform heatingo The filament 

9 

is supported at each bend by either o.050~1n. diameter tung­

sten or 0.060-ino diameter molybdenum wire. The two ends of 

the filament are connected to 0 .. 125-in. diameter molybdenum 

rods which serve as supports and as current leadso 

All filament supports are suspended from a eeramie ring 

of special design, which was fabrieated by tha M,~, anal Re­

fractory Porcelain Coo~ Beaver Falls, Pennsylvania e This 

e:z,ocial component of tb.e .furnace is shown, with the method 

of securing the supports~ in Figure ~s 

The system of supports described above forms essentially 

a rigid structure~ and the replacement of one filament by 

another o.f the same dimensions is accomplished by simply 

"threading" the wire over the supportso The ductility of 

0.030~ino diameter tantalum wire makes this threading pos­

sible; such technique is not suecessf ul vi th tungsten wira c 

In order to approximate the length of a given size of 
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wire which would provide the proper characteristics as a 

filament, the Dushman equation (5) was employecl, 

J = A?26 - t'kT: 
' 

11 

in which J is the saturation current density at the filament 

su:r•f :,,(:e., .A is a constant characteristic of the metal, A is 

the Bol tzman.n constant, and ..£. is the work function of the 

filament metal. Since l has dimensions of current per unit 

area, and since the maximum emission current in our case is 

fixed by the. power supply design (see page 3), a knowledge 

of the work function I, and the constant A, both unique for a 

given metal at a specified temperature, allows calculation 

of the length of wire (of given cross-sectional area), which 

is necessary to supply 1.0 amp emission current at a given 

temperature. Calculations were. made. only ~s approximations, 

but the.y were found to be accurate within .:!:.10 per cent. The 

data re.quired for the above mentioned calculations were ob-

tatned from the 11 teraturs (11) (14-) (17)"' 

Radiq::tt1.q_.J'.L9hielgj.p_g_,,._ Figttl'B 5 shows the arrangement of 

the radiation shielding about the cell-block. All shielding 

components ware fabricated from 0.003-in. molybdenum sheet. 

Three cylinders!, la, .Q. are grouped concentrically about the 

.::.:ell-block; these eylinde.rs are. supported by ·t;hree circular 

shields Q which, with the circular shields Q, complete the 

shielding at the bottom of the furnace. The shields Qare 

attached directly to the cell-block supports by notching the 

supports and twisting molybdenum wire to form a pin at eaeh 

notch. The shields Gare thus at the same potential as the 
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cell-block and must be insulated accordingly. The shields D 

are supported by ceramic sp::wer.s J and by a 00015-in. diamet­

er molybdenum wire stretched tautly about the steel rods K. 

The result of this arrangement is, at the bottom and the 

sides, a closed container as far as the radiation emitted 

cell-block is concerned, i.e., no radiation es-

c~ape.s travelinE; a s aight line from the cell-block. 

The situation is not as satisfactory at the topa Hera, 

much less shielding E, Eis feasible because of the space 

required for the filament supports~ The result is a rather 

large aperture, slightly larger than the diameter of the 

filament, through which radiation can escape directly from 

the cell-block. This is not a desirable feature, but it is 

inhere.nt with the type of filament described., 

:m~.:.."'J?_:_L.§.9-_trical leads,~ All electrical leads to the fil­

ament and ce.11-block e.nter the vacuum chamber through the 

bottom. The type of coupling described by Heydman (12) was 

d; the lead-in is a ttr1 ched by a Kovar Seal to a 29/Li-2 

s ndard ed joint. American Standard Gage no. 5 

s ed copper wire (7 strands} completes the filament cur-

i'.'et1t c::1reu::i.t thin the vacuum chamber --- Ame.rican Standard 

C ,:1ge no.. 10 copper ·wire, the high voltage. circuit. The. two 

filament current leads, and one of the high voltage leads, 

mina te at molybdenum mounts on the upper ceramic ring, ~rs 

Figura 4G The other high voltage lead is fastened by a 

set screw to the steel "crow's foot" which is connected to 

the cell-block via the cell-block supports. No serious dif-



ficulty was encountered in the use of copper wire to make 

these connections, though the wires did become hot enough 

to make soft solder unsuitable for tb.e connections at the 
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Kovar lead-ins; these connections were made with silver sol­

der .. A miner difficulty was the loosening of set serews 

due to repeated thermal expansion and contraction:,\' 

The observatioa 1>ort and t.he shutter meeba1ism, The 

observation portll which is directly above the c,1J. .. bloeki 

;J.s described by Heydman (12) o Init~al,11, P,rex pprt win ... 

dows were employed, bttt after sever.al of th,se cracked while 

tb.e furnace was in operation (_presumably- from thermal sboek), 

they were replaced ~Y quart~ windows ,~.2;-ino thick and 2=1n~ 

in diametero No further difficulties we~e encountered. . .... ',· ', 

A 2a1=im~ diame~~r by 0~~03~1n? thick melybdenum shut~ 

terj operated by a solenoid~ proteat, the pert window from 

thermal r~diation and the excessive accumulation of eonden= 

satee Tb.a solenoid is mounted in close thermal contact with 

the underside of the vaeuu.m chamber lid~ wb:ich is eocled by 

water circulating through Oo 25=ini; copper tubing soldere<il 
··, 

onto the 011tside:of'the lidQ The shutter is attack&~ to a 

molybdeaum rod~ 6=ino long ~na 0.,12, .... ino in diameterj which 

is fixe<J to the underside of the lid by a pivot ~in, from 

the center of the shuttero The solenoid arm is connected 

to the p:ivot at right angles to the shutter arm. ·A'steel 

spring returns the·-snutter to the ~losed position wnen the 

solenoid is de-activatedo 

Electrical leads to the solenoid enter the vacuum sys .. 
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tam through a ceramie connector soldered into the top 0f the 

lid. An eleetrieal soeket, mounted on the otttside of the 

11111, allows the connect.ion to be broken when the lid is re­

moved. 

Tll.'9 va.9ugm system, A detailed qeseription of the vac­

uum system employed in this work is given loy Heydman (12), 

and only the essential features will be mentioned bare. 

The vacuum chamber consists o:f a section .. of e9,l,a~rolled 

steel pipe, 12-in;;; inside diameter and 12-in. long, "with 

0~75-in. thick steel flanges welded on the top and bottom. 

The top flange bas J)~ring grooves; the bottom flange is flat 

and seats on 0-rffigs in the base plate of the e·hamber. The 

valve arrangement'aliows the vacuum chamber to be i~olated 

from the rest of the vacuum system; thus the vacuum chamber 

ean be opened to the atmosphere without shutting off the 

diffusion pump. 

The steel vacuum. lines de.scribed by Heydman were re­

placed by 1.5-in.·inside diameter copper tubing. To mini­

mize. vi.brations, which shortened the useful life of ·the tung­

sten filaments initially used in the furnace, the mechanical 

pump wa.s boltecit through rubber stoppers to the eoncre.te 

floor~ and a flexible. brass bellows was installed between 

the mechanical pump and the remainder of the. vacuum system. 

The one other modification of Heydman•s system was the 

installation of a thermistor in the vacuum line, with neces­

sary connections to permit its use as a leak de'tector. The 

leak deteetor cireuit, constructed in this laboratory, will 



be described by Jo G. Edwards in bis Pho D. thesis, 

The lowest pressure observed for this syste.m was less 

than lxlo-6 Torr; operating pre.ssures of less than 3xl0-5 

Torr were easily maintained for temperatures up to about 
0 1800 c. The system would pump down from atmospheric pres~ 

16 

sure. co 2-3xlo ... 6 Torr in about three hours. Pressures down 
-2 to a bout lxlO Torr we.re measured with a Ha stings Gage, 

type 6V-3RS; a Phillips Discharge Gage, type PHG-27, was 
-2 -6 used to rnea sure. pressures from lxlO to lxlO Torr. The 

Phillips gage was adjusted to agree with a Veeco heated 

cathode gage, . type RG-2A. 

Discµssion. Perhaps the most obvious choice for the 

geometry of a filament for the furnace. described above is 

the helix. Helical filaments, made initially from 0.030-

in. diameter tungsten wire. and later :t;rom 0.030-in. and 

o.040-in. diameter tantalum wire, were the first type em­

ployed. The. ease of fabrication and the assura·nce of a high 

degre.e of symmetry make such filaments attractive for use. 

They have. the serious shortcoming, however, of be.ing ex­

tremely susceptible to distortion at high temperatures. 

Disto:ct,ion of the. filament can re.sult in uneven heating of 

the. cell-block and can re.duce (or e.ven close) the gap be­

tiA,;een the filament and the cell-block, which are normally 

separated by vacuum. Several times, distortion of helical 

filaments occurred to such an extent that an electrical 

short resulted between the filament and the cell-block. 

Thermal distortion, a mechanical property of the fil-
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ame.nt material, would be expected to depe.nd largely on the 

diameter of the helix. Rocco and Sears (19) successfully 

used a helical ;filament of 0.020-in. diamete.r tungste.n wire. 

Their filament had five turns, but the diamete.r- of the helix 

was only o.25-in. They reported no difficulty due to dis­

tortion. Such a relatively small filament is impractical 

for the furnace described here<> Efforts were made to sup­

port t;be necessarily large filament. But the procedure of 

adding more and more support to the filament did not pre­

vent distortion completely; furthermore, the cold spots 

produced at the points of support are as undesirable as the 

distortion i ·tse,lf'. 

Sinusoidal filaments of tungsten tend to distort in 

spite of' seemingly adequate support, though this tendency 

is not as marked as in the case of the helix. The brittle~ 

ness of once-heated tungste.n wire. precludes the reshaping 

of a distorted filament; hence, supporting the filament as 

much as is practical, and then accepting the distortion 

which occurs, works best. This is similar to the technique 

of Gb.upka (2) and others, who use a filament consisting of 

t·wo loops in series, made from a single piece o:f wire. The 

filamer.t is supported in place and allowed. to distort, uni­

form beating being assured by the interposition of a cylin­

drical target between the filament and the cell. 

Initially, the cell-block was suspended from a ceramic 

ring, as shown in Figure 6a. The filament was located as 

shown with respect to the top of the cell-block. Seve.ral 



vapor pressure determinations on gold were made with this 

geometry; these measurements showed ineonsi$tr:mcies well 

outside the experimental error of the method.,· Examina·tion 

of tha Knudsen cell revealed that gold had condensed in the 

cell orifice; thi$ clearly indicated a temperat~re gradient 

with a cold spot in the vicinity of the cell orifiese The 

elimination of this temperat~:re gradient involved. three oon­

siderat;ions, all suggested in Figure 6a: (l) Tb.a top ot the 

eelh .. block; is primarily graphite., wh;J.le the sides anQ bottom 

.are of molybdenum(> The d1ff$rence in the emissivity of 

grapb.1 te and molybdenu.m and the thinness of the lid conipar­

ed to tbs sides and bottom ~ould result in a relatively oqld 

top., (2) Support of the filament oee~rs at points wb.ieb. are 

roughly in the. same plane as the orif iee~ and colcl spots oc .... 

eur at;. points of support dtae to heat loss by conduction» 

Cold spots result in lowered emission current f:rom the af-

f acted segme;nt.s of the :t'ilamento (3) The supports of the 

eell='blo~k& loaated at the top, could easily receive an in..., 

ordinate portion of the bombardment current, tht:ts partially 

shielding the lid of the cell•Pbloek .. 

Moaif'ications resulting. f1°om the above considerations 

appear in F::i.gure 6be Here, the filament supports are eon-~ 

s:iderably above the plane of the eell orifice, the cell­

block is suppOl"ted :fr,com the bott091, and 0.,003..,i.n/;; thick m~­

lybdenum sheet has been added to the top of the graphi-te 

cell-block lid., Later~ it was founo that the extra bends in 

the filament are unnecessary~ if the filament axtenc;'is f'ar 
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(a) 

J 

j 

Figure 6. Cell-block Geometries. 



enough above the cell-block to remove the cold spots at 

points of support from the plane of the cell orifice. These 

changes eliminated the temperature gradient, at least to the 

extent that no subsequent condensation of goia in the eell 

orifice was detected. 

The availability of component materials and the con-

venience of fabrication largely determined the dimensions 

of the furnace described above. The author feels that re-

auction of the furnace dimensions by a factor of two or 

three would constitute a definite improvement of the system. 

With~ smaller system, the aperture in the radiation shield­

ing could be greatly reduced. .Also, the problem of filament 

distortion would decrease; accordingly, less filament sup­

port would be required, and uniform heating of the smaller 

cell-block would be enhanced. A minor advantage of the sug­

gested smaller system would be the decrease in ti~e required 

for evacuation. 

A.rudllar;y Apparatus .. 

~rsi:t..g;re me.a surement1 All temperature. measurements 

were performed with a Leeds and Northrup Model 8622-c op­

tical pyrometer, serial number 1313042, which was calibrated 

by comparison with one of the same type which has been cal­

ibrated by the National Bureau of Standards. Temperatures 

measured with the working pyrometer required no corrections, 

agreement with the N. B. s. calibrated instrument being 
0 

within the smallest scale division (5 on the g scale and 

·oo ) 1 on the~ scale. 



Wei£)1t measgrements, Weight losse.s were clete.rmined 

to the nearest 0.01mg by we.ighing the Knudsen cell be.fore 

and after each run on a Sartarius-Werke. semi-micro balance, 

Model SM 10/100 g~ 

.~r;tJne mea su:r.~rne.nts~ Time mea surement~s we.re made. with a 

Running 'J:ime. Meter, type 640E, manufactured by the Gramer 

21 

Controls Corporat;ion. ml 11" tJ• DlP'" L c: -· .:: .. 1. ' incorporated into the pow-

er supply control panel, measures time. in one second counts. 

Measurements _s.n.g observations via microscopet A trav-

eling microscope, manuf acture.d by David W .. Mann Precision 

Instruments, serial number 28327, was very valuable in this 

work. Diameters of the Knudsen cell orifices were determin ... 

ed to the ne,arest o. 0001-in. with the. instrument. The micro-

scope was also used to inspect the cell orifices for gold 

condensation and to examine the gold samples for graphite 

contaminationo 



PART III 

EXPERI11ENTAL 

]'erf ormance of the. Furnace. 

The. be.st procedure for operating the furnace was found 

to be the following: 

lg The vacuum chamber was evacuated to less than lxlo-5 

Torr. 

2. Filament current was increased slowly until the 

filame.nt became hot enough for thermionic emission. 

3. Potential was applied between the filament and the 

cell-block. After some experience., the te.mperature of the 

cell-block and the. rate of temperature ;increase could be es­

ti.mated from the control settings and the rate of increase 

of the. bombardment curre.nt, Consequently, the approach to 

the desired t;e.mperature could be made on the basis of con-

trol panel obse.1'vations alone, fine.r adjustments being gov-

erned by optic:al pyrome te.r sightings. 

4-" Once the de.sired temperature was attained, the ser-

vo mechanism for controlling the bombardment current was en-

ergized., 

From this point on, the temperature should not vary 

more than 2 or 3 degrees. However, in many of eve.n the most 

well~beha·iTed runs, subsequent adjustments of the control 

settings were. necessary. This was usually because of a 

22 
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drifting increase in the temperature of the cell-block, 

thought to be due to the large he.at capacity of the cell­

block and its surroundings. Thermal feedback from the cell­

block to the filament compounds the problem: A slow ap­

proach of the cell-block temperature to equilibrium because 

of large heat capacity produces a gradual increase in emis­

sion current, which causes a further incre.ase in cell~-block 

temperature, etc. 

Heating curves. Soma typical time vs. temperature 

plots appear in Figure 7. From the curves shown, it is ap­

parent that for a well-behaved run the temperature remains 

constant within the accuracy of the optical pyrometer. The 

irre~ular heating curves for some of the runs shown are due 

to adjustme.nt, while heating, of the power supply in order 

to attain a desired temperature. It is also apparent that 

the time required to reach run temperature and the cooling 

time are generally much less than the time of the run. 

Di.scussion.,_ The measure of success of a furnace de­

signed for vapor pressure studies is the degree to which it 

will maintain a desired temperature for a necessary time. 

The temperature control for this system is based on the as­

sumption that a constant bombardment current will result in 

a constant temperature. Fluctuations in the bombardment cur­

rent are counteract.ad as described by Dawson (4); however, 

there are several factors which should be mentioned in a 

qualifying sense. In this system a control signal, obtained 

by passing the bombardment current through a precision re-
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sistor, is fed into a servo-amplifier. The output of the 

amplifier operates a servo-motor so as to counteract bom­

bardment current fluctuations, i.e., a control value for the 
' 

bombardment current is preset, and the servo-motor reduces 

thE.' filament heating current if the bombardment current ex-

eeeds the control value, and vice versa. 

The extrema sensitivity of the bombardment current to 

very small changes in the filament temperature presents the 

most serious difficulty to the above method of temperature 

control. The effects of this sensitivity appear in Table II, 

in which the heating current I supplied to the filament is a 

measure of the filament temperature,~ is the bombardment 

current, and I is the potential between the filament and the 

cell-block. For the data in Table II, the cell-block temp­

erature 'Varied from about 1000°c to above 1800°c. Thus a 

change of 2 amp in this case has increased the bombardment 

cu~,:o:r.'ent by about 900 ma, causing the. cell-block temperature 
0 tci :inc:rease more than 800 • Difficulty in controlling these. 

Vci :J .. cibles manually has contribute.a, probably more than any 

ot;har i' actor, to the relative obscurity of electron bom­

~:.ardmen.t heating for vapor pressure studies .. 

The main difficulty actually experienced with the temp­

erature control resulted from a tendency of the servo-motor 

to oscillate when st1bjected to bombardment current fluctua­

tions of greater than about 20 ma. Oscillations, once begun, 

occurred across the. control value of the bombardment current; 

left unchecked, the output of the Variac operated by the ser­

vo-motor would oscillate between zero and the full 115 volts. 



TABLE II 

TYPIC.AL CONTROL VALUES 

,1 (@Pl B (mtl V (de) 

20 120 3000 

21 .... 240 3000 

!~ 
1000 

22 >1000 2'750 >1800 
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between the effusing species and the surf c1ee of the channel 

hole through which they effuse~ for any hole of finite 

length., The theoret:1.cal evaluation of W is based primarily 

on the work of Clausing (2)o However~ the reader is refer­

red to ·the work of Freeman (6) for information concerning 

nthe veritable melange of ·theories~ equations~ correction 

f actorssi etc .. ll pertinent to measurement of vapor pressures 

by the etfusion method so ti For this workj values for ! were 

obtained by interpolation of those given by Heydman (12) 1> 

wb.o has tabulated Jd, values i.n terms of L/D, the ratio of the 

length of the channel hole to its diamatero 

IDMt co:r~t1.illl~- If any information 1.s available re.­

gai•ding the vapor pressure of the substance being studied 9 a 

cor·rection is possible for the time involved in heat:'Lng the 

Knudsen cttll to the tempe.ra tura and cooling it from the. 

temperature of the run.. One. way to set up this correction 

is in terms o.f the we:ight loss as followso 

Let I O be the waigh·ted average of the temperatures ob&· 

served while heating 'for ~:tu seconds to the actual run temper,~ 

ature~ Io The corresponding Knudsen equation is 

_pa.. \ti .~ •• (anfi. T u' 1/ 2 
. WA.t V \ M j 

Now assumi.n.g a valu.e for the vapor pressure ~ at 1:;i the 

equation 

can be. written. Solving these two equatJ..ons for a' and g 

re spec-ti vel;:r~ a:o.d equating the results gives the time 1 ne~~ 



g ,.. WA tP (J.L_. ) l/ 2 
2 RT 

Corre.ctions 

for cooling are analogouso Typieal corrections amount to­

q bout 3% of tha total ru.n time., 
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.~~tl.ll:.§_..Q.OZ:.1:..§.ffiOilS9.. Temperature measurements re ... 

quired correction because of ·the condensation of effusing 

gold on the quartz w:indow; this correction was determ:i.ned 

by viewing a tungste.n filament lamp with the optieal pyro= 

meter ·~ f i1°st; through the. coated quartz 1,lfindmv9 and then. 

with thE! window absent., The difference between the two 

temperature.s obtai.ned in this manner is the correction f o:r 

the. depos:tt on the qu.art:z window and the window itself,, 

Vapor pressure- data for gold from this work appear ln 

Table IIIo These data$) and those obtained by Heydmansi are 

presents.a in Figure 8 :l.n the <~ustomary log P VSo l/T ploto 

The numbers within the cell symbols denote the chronological 

order of the ruruiiQ 

!t!,)~C\:li!.§.lQ!l!l. Ini.tially~, it was assu.med that gold and 

graphite are mutually inert 9 and that g1°aphi te should be a 

suitable. material from wh:ich to construct the Knudsen cells 

for contain.:lng the gold t~ample. at high temperatures.. Hansen 

(8) reports negligj __ ble :i.nteractton 1Jet~1een gold and graphite 

at temperatures up to the boiling point of goldo Hansen 

quotes from the work of Moissan (18)z 0 At its boiling point 
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TABLE III 

VAPOR PRESSURE OF GOLD 

~~ °A,_ Ge_ll t, sec g, mg2 ~ atm X 105 

178;;s .. ,.... -.... l 3'730 20.73 12. 

1:793 1 2930 13 .. 38 10. 

1B10 l 1690 8.28 llo 

-:in .-e 
.LO) ".J 1 1.313 16.,50 28 .. 

1900 1 1900 29.89 7~6 .,. . 
19l'7 l 1898 27.65 34., 

1968 1 1810 19 .. 18 L,1 

1663 2 391+7 17.14 "'I 4 
..L" 

1683 2 3715 ")f" 06 c..u. - 2.7 

1742 2 1280 13 .. 56 0.76 

1748 2 3120 9o 29 4.3 
·1 ,...,~ -, 
.:..1 '-<:> 2 1830 32,,49 3.9 

1763 2 2185 33.14· 1..3 

1763 2 2410 12.06 1.2 

"l n(,f.1 .J..../ ·,../;,... 2 ;)6 :)() - -- .,-, 12.07 4.7 

..,7fi8 J. .. i.;:_. .. I 2 J.9L1-8 35.42 3 .. 6 

2 1 P50 .J.,. .. ;_ • 25.40 2 .. 5 

lB:38 2 1 r:::.·7" ') u ~ 5 l ''> .l.. • .c: ()~ 29 

15··9:> 3 2050 :;i 39 s-e 
.. q 
l.. ,, 

16ci8 ..i.~ . / 3 2048 22.04 8,,9 

1800 4 "5765 ., . 18 .. 90 11 • 

1811 4 4850 29.15 120 

1817 4 2505 17.47 12., 

1833 4 2790 18095 20 .. 



TABLE III (CDNTINUED) 
0 105 T K ~ t, sec g,mg. P, atm X 
~ 

1859 4 2265 27.52 20. 

1863 4 1905 14. l+l+ 14. 

1873 4 1605 23. 24 26. 

1890 4 2210 30.91 25. 

1893 4 2220 29.64 2L1-. 

1893 4 1350 14.07 19. 

1898 4 2200 21.26 18. 

1900 4 1650 14. 20 16 .. 

1936 4 2100 44.40 39. 

1943 4 2000 23.12 21. 

1955 l.1-- 1795 .53. 80 55. 

2016 4 1510 101.33 120. 

1918 5 1800 l.0.44 64. 

1923 5 2260 20.45 100. 

1931 5 2490 21.80 97. 

1.978 5 1665 18.46 124. 

1816 6 2210 10.,64 0.77 

1820 6 3715 9.36 o.4o 
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(approximately 2970°c), gold dissolves carbon, which crys­

tallizes on cooling in the form of graphite."; the work of 

Hempel (10), where. the solubility is reported as about 0.3,% 

by wt.; and that of Ruff (20), in which the solubility is 

given as "traces or un11'leighably small amounts .. " However, the 

results of this work show that graphite. is only conditional-

ly suitable as a container ~atsrial for gold; the suitabil~ 

of graphite for this purpose depends simply on the total 

time of he.a ting. 

After prolonged heating, the interaction between gold 

and graphite p:i;'oduees a drastic re.auction in the rate of 

weight loss of gold from the. Knudsen cell, and once this ef­

fect appears, it be.comes increasingly worse with subsequent 

heatings. The behavior of cell 2 in Figure 8 shows this ef .... 

feet of graphite contamination on the measured vapor pres­

stu·e of gold., Cell 2 is one of the cells which was also 

used by Heydman. It is estimated that this cell was heated 

for at least 14. 5 hrs. at an average temperature of 1700°K 

t1.p to run 13. After run 13, visual examination showed the 

gold sample from the cell to be. coated with a graphite lay­

er. Runs 14, 15, 16, 17 were each followed by examination 

of the sample under a microscope; the graphite coating in­

creased with each run. 

The sample from cell 2 was then placed in cell 6 (a new 

cell) and runs 1 and 2 were made with this cell, after which 

the graphite coating on the sample completely obscured the 

gold. The vapor pressure ealcu.lated for run 2, cell 6, is 
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low by a factor of twenty. 

In order to check the time dependence of the effect 

mentioned above, runs were made with cell 4 until the total 

time of heating was approximately 7.4 hrs. at an average 
. . .. 0 

temperature of 1880 K, i.e .• , runs .l through 11. A.f ter run 

11, the. cell was heated for 3 hrs. at 1948-1973°K; run 12 

was then made. .After run 12, the cell was again heated for 

about 3 hrs. at 1948-J.973°K. Examination of the sample 

through a microscope after each heating showed the graphite 

contamination to be increasing. Af te.r run 12, the. total 

time of hea.t;Lng for cell 4 was about 13.4 hrs., whieh cor­

responds approximate.ly to the s.tat;e of ce.11 2 after run 12. 

Runs 13, 141 15, 17, 18 for cell 4 show the same general 

behavior as the corre.sponding runs for cell 2, although the 

average tempera'tu:re at which cell 4 was heated is eons:tde.r­

ably higher than that for cell 2. Thus, the time required 

for the interaction to be.come appreciable apparently is not 

determined by the cell temperature, although the e.xtei:rt of 

interaction, as measured by depression of the vapor pressure 

apparently does depend on temperature. 

Examination af the sample from cell 5, run 2, gave in­

f o:r.mation on the early stages of the. growth of the graphite 

coating on the gold sample. After run 2 the graphite was 

only faintly visible on the. gold surface. The gold in the. 

Knudsen ce.11, on cooling, solid if ie.s into a nugget with a 

flat bottom and a vertical cross-sectional profile which 

is convex upwara. Examination of this nugget under a micro-



scope revealed very beautiful patterns on the curved surfaceo 

The flat underside of the nugget, on which no grapbi te was 

visible, showed no such formations but appeared as a bed of 

small spheres (typical diameter of about 0 .. 0028-in .. )o · 

Sketches from microscopic examinations appear in Figure lOe 

The basic feature ··of··. these patterns is an orthogonal orien ... 

tation~ These patterns b&came 1ess pronotlllead after run 3~ 

cell 5, while the graphite coating increased in thicknesso 

After ru.n 4~ cell 5') the· patterns were obscured eomplatelyf 

and the underside of the nugget was also covered with graph-

1 teo 

The appearanee of the patterns on the surface of the 

nugget suggests a change of phase\) and if they are due to 

graphite~ this would be interpreted as the crysts:J..liza:tion 

of dissolved carbon from the molten gold on coolingo 

Wi ,~h a copper x,=ray source~ a 1140 59 mm diameter 

Philips Debye Scherrer Type No., 5'2056=B Powder Camera, a~d 

a nickel filters x=ray diffraction patterns were obtained 

for the f ollow:1.ng samples~ 

1~ Gold, 99095% plU$o 

2. Pure graphite from the stock which was used to eon­

. struet the Knudsen cell.so 

}., ,A scraping from the surf ace of a gr a phi te-contamin~ 

ated nugget,. 

l+o A filing' from the interior of a graphite=contamin= 

atad nuggeto 

The diffraction pattern results bring out the following 
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Figure 9o Ske.tch of Patterns Observ~d on the 
surface of Gold Sample. 
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facts: 

1. The lines due to gold in the sample from the surface 

of the nugget are. the. same as those for pure gold. 

2. The lines due presumably to graphite in sample 3 

above are not the same as those of pure graphite of sample 2~ 

Efforts to find known. diffraction patterns of graphite with 

which to compare these lines were unsuccessful. 

3e The sample from the interior of the nugget revealed 

only three very faint lines other than those lines attribut­

able to pure gold~ These three lines also appear on the pat­

tern from the surface of the nugget. 

D-value.s from the. Bragg equation (1) are tabulate.a in 

Table IV, with details of the. powder diffraction patte.rns. 

From these data, and from the observations of the prece.ding 

discussion, the primary interaction between gold and graph­

ite. appears to be a surf ace phe.nome.non. Howe.var, this con­

clusion is re.ached solely by examination of the sample af te.r 

solidification, and does not necessarily apply to the mol­

ten statee For example, the "freezing-out" of dissolved 

carbon on cooling the sample would be expected to give rise 

to the. same data which are. pre.sente.d he.re,, but whe.the.r this 

s actually the case is indeterminable from these data. A 

study of the Au-er system in the 11101 ten state is ne.e.ded to 

describe the full extent of the interaction reported here. 

Figure 10 shows the vapor pressure data for gold which 

were obtained before the contamination effect appeared; the 

data of Heydman (12) are included. These combined data es-
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TABLE IV 

4-RAY DIFFRACTION DAT.A 

Interior of Nugget Surfaee of Nugget 
(6 hr s , , 3 5l(V, 20ma) (6 hrs., 35KV, 20ma l 
Line;.. No,* d Intensi t:z Line No,* d Intensi t;z 

1 4.1486 l 1 4.1678 1 

2 3. 735'1+ 3 2 3. 7509 3 

3 1.9877 2 3 2.8289 v.w. 

4 1. 9959 2 

5 1. 73~- v.w. 

6 1.5813 v.v.w. 

Graphite Used in Knudsen Cell 
. (6 1/2 hrs,, 35:K;V, 20ma) 

Line No, d Intensity 

l 3.3482 4 

2 2.8115 v.w. 

3 2.4-402 v.w. 

4 2.3247 v.w. 

5 2.1016 l 

6 1.9918 5 

7 1.8294 2 

8 1.7384 6 

9 1.11-847 v.w. 

10 1.2858 2 1/2 

11 1.1019 2 1/2 

12 1.0627 3 

*.All lines attributable to pure gold omitte~. 
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· tablish not the expected single straight line, but two lines: 

part of the data from this work agrees with the lower line 

established by Heydman, while the remainder of the data in­

dicates a somewhat higher vapor pressure. The data from this 

work which comprise the lower vapor pressure curve yield a 

least squares equation of logP = 5.8810 - 18118/T, which 

compares excellently with Heydman's least squares equation, 

logP = 5.9083 - 18224/it'. The data :from this work which 

comprise the higher vapor pressure curve in Figure 10 yield 

a least squares equation of logP = 5.4453 - 17000/T • 

. All of the data from this work which agree with the. 

vapor pressure of Heydman were obtained by using the same 

Knudsen cells used by Heydman, while the data which comprise 

the upper curve of Ftgure 10 were obtained with new Knudsen 

cells. The apparent discrepancy in these data may be ex­

plained in terms of the difference in the orifice dimensions 

of the Knudsen cells, given in Table I. 

In the de.rivation of the. Knudsen equation, the assump­

tion is made in effect that the. equilibrium vapor pressure. 

of a species in a closed container is not disturbed by the 

removal of a small cross-sectional area from the container 

wall to form an orifice. The accuracy of this assumption 

depends on the size of the cross-section removed. That this 

is true may be seen by considering that the equilibrium 

state depends on the rate of evaporation being equal to the 

rate of condensation. .Any hole in the container de.cre.ases 

the. ;rate of condensation; accordingly, the smaller the hole, 
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the smaller the displacement from equilibrium, and the more 

accurate the original assumption. Actually, the orifice 

size alone does not determine the shift from true equilibri­

um in the cell, rather the ratio of the orifice cross-

sectional area to the effective vaporizing area of the sam­

ple. But in our case the Knudsen cells are the same size; 

hence, the area of the sample is the same for all cells, 

provided the molten sample covers the bottom of the cell. 

Thus it is correct to c.onsider the shift in measured vapor 

pressure to be a function of only the orifice cross-section. 

Conclusion, On the basis of the preceding discussion, 

the higher vapor pressure curve in Figure 10 gives the vapor 

pressure of gold more accurately than the lower curve. The 

four runs with cell 5, Figure 8, indicate that the vapor 

pressure. of gold may be slightly highe.r than that given by 

the upper line of Figure 10; in any case, the upper line of 

Figure 10 establishes a lower limit for the vapor pressure 

of gold. 

Figure 11 presents a graphical summary of vapor pre.s­

sure. data for gold available at the. time of this work. 

Heats of sublimation calculated from the experimental 

vapor pre.ssure data appear in Table V. From the.se data, the 
a best value for the heat of sublimation of gold at 298.15 K, 

obtained by averaging only those runs which establish the 

higher vapor press~re curve in Figure 10, is 86.67 Kcal per 

mole, with an average deviation of Oo50 Kcal. The free 

energy functions necessary for these calcu~1:1tions were taken 
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TABLE V 

HEAT OF SUBLIMATION OF GOLD 

T °K AF 0 /T. L'':. (F0 • H0 298) /11J g - 0 0 
AH~98/T 

0 L-(F - H 298)/T_71 ~ 

1783 17.94 47.88 18.03 47.79 85. 21 

1793 18.31 47.90 18.07 ~8.14 86.32 

1800 l8.53 47.91 18.10 48.34 87.01 

1810 18.11 47 o 9L1- 18.14 4'7.91 86 ;-; ,., •I<. 

1811 18.11 47.94 18.ll+ 47.91 86.76 

1817 17.94 47.95 18.16 47.73 86.72 

1833 17.94 47.98 18.24 1+7. 68 8'7 .. 40 

1858 16.26 48. 05 18.34 L1-7 .. 95 85 .. 41 

1859 16.92 48.05 18.34 46.65 86.72 

1873 16.40 48.08 18.39 46.09 86,33 

1890 16.48 48.12 18.46 46.14 87.20 

1893 16.56 48.13 18.48 46.20 87.46 

1900 15.76 48.14 18.50 45.40 86.26 

1917 15.87 48.18 18.57 45.48 87.18 

1936 15.60 '+8. 22 18.63 45.19 87.49 

1955 14.92 48.26 18.71 44.47 86.94 

2016 13.36 48.38 18.92 42.82 86.,32 
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from Stull and Sinke (21). Tabla VI summarizes the various 

values for the heat of sublimation of gold at 298.15°K. The 

value from Kelley's compilation (15) is based on the vapor 

pressure data of Harteek (9), while that from Stulle and 

Sinke (21) is based on the work of Hall (7)e Hildenbrand's 

value was calculated from Hildenbrand 1 s vapor pressure data 

(13) by this author with the use of the third law technique 

and free energy functions from Stulle and Sinke (21). 
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TABLB VI 

SUMMARY GF .6H~98 FOR GOLD 

.§ource hH~9a (Kelii! per mole) 

Heydman (12) 8.8"'4 

Hildenbrand (13) 86,5 

Kelly (15') 90o5 

St.ulle an:d Sinke · (21) 84a 7 

This work · 86~ "7 
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