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The Inert Gas Effect on the Rate of Evaporation 
of Zinc and Cadmium 

P. C. S. WU, T. J. O'KEEFE, AND F. KISSLINGER 

An e x p e r i m e n t a l  study has been made to inves t iga te  the effect of a rgon  and he l ium on the 
ra te  of evapora t ion  of zinc and cadmium under  one a tmosphe re  p r e s s u r e  at t e m p e r a t u r e s  
ranging f rom 500 to 850~ The e x p e r i m e n t a l  r e s u l t s  were  compared  with the m a x i m u m  
ra tes  ca lcula ted  using the effusion fo rmula  as  well  as with va lues  obtained using two dif-  
fe rent  types of equat ions based  on kinet ic  theory,  diffusion theory,  and e m p i r i c a l  data .  
Equat ions have been der ived  for exp res s ing  the ra te  of evapora t ion  of zinc and cadmium 
in both a rgon  and he l ium as funct ions of t e m p e r a t u r e  of the l iquid zinc and cadmium.  It 
was found that the r a t e s  of evapora t ion  of z inc and cadmium were higher in he l ium than 
in argon,  with the di f ference i nc r ea s ing  with i nc r ea s ing  t e m p e r a t u r e .  It was a lso  found 
that the e x p e r i m e n t a l  r e s u l t s  obtained in a rgon  agree  with the ca lcula ted  va lues  be t t e r  
than those obtained in he l ium.  

T H E  max imum ra te  at which molecu les  of a vapor  can 
leave the sur face  of a l iquid dur ing evapora t ion  is g iven 
by the effusion formuIa ,  der ived  f rom the kinet ic  theory  
of gases  :1 

W o = P o ( M / 2 I I R T )  1/~ [ l ]  

where : 

W o is the ra te  of evapora t ion  in g m / c m 2 - s ,  
Po  is the vapor  p r e s s u r e  of the liquid at t e m p e r a t u r e  

T in d y n e s / c m  ~, 
M is the mo lecu l a r  weight of the liquid, in g, 
R is  the gas constant ,  in c a l / m o l - d e g r e e  Kelvin,  and 
T is  the absolute  t e m p e r a t u r e ,  in deg rees  Kelvin .  

The max imum evapora t ion  ra te  would be obtained if a 
per fec t  vacuum could be main ta ined  over  the l iquid.  
However,  in o rder  to account  for the p robab i l i ty  that 
some of the molecu les  a re  " r e f l e c t e d "  dur ing  evapo-  
ra t ion ,  Knudsen 2 has i n se r t ed  alpha,  the " evapo ra t i on  
coef f i c ien t "  into Eq.  [1]. Since zinc and cadmium evap-  
ora te  as monatomic  gases ,  it is r ea sonab le  to a s s u m e  
that the evapora t ion  coeff ic ients  a re  uni ty in the p r e s -  
ent inves t iga t ion .  

Evapora t ion  in the p r e s e n c e  of a fore ign gas has been 
d i s cus sed  in a n u m b e r  of pape r s .  3'4 Under  these  c i r -  
cums tances  the phase t r a n s i t i o n  is followed by diffusion 
into the fore ign gas .  In the case of s t e ady - s t a t e  condi -  
t ions  both p r o c e s s e s ,  the phase t r a n s i t i o n  and the d i f -  
fusion,  occur at the same  r a t e .  

Luchak and Langs t ro th  3'4 have der ived  an equat ion 
giving the ra te  of evapora t ion  of a subs tance  f rom a 
l iquid sur face  when a i r  is p r e sen t  (assuming  no oxida-  
t ion of the l iquid sur face)  as :  

We : (9.60)(10) -4 (Po) ( M D / X T )  [2] 

where :  

W2 is the Luchak ra te  of evapora t ion  of a subs tance ,  
in g / c m 2 - m i n ,  
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Po  is the vapor  p r e s s u r e  of the l iquid at t e m p e r a t u r e  
T, in mm Hg, 

M is the mo lecu l a r  weight of the subs tance  being 
evapora ted  in g, 

D is the di f fus ivi ty  of the subs tance ,  in cm2/s ,  
T is  the absolute  t e m p e r a t u r e ,  in de g r e e s  Kelvin,  

and 
X is the d i s tance  be tween the evapora t ing  and con-  

dens ing  su r f a c e s ,  in cm.  

Diffus ivi ty ,  D, may be ca lcu la ted  f r o m  the following 
equat ion which has been  der ived  by Maxwel l  4 f rom the 
kinet ic  theory  of ga se s :  

where 

D 
k 

MA 
MB 

P 
T 
vA 

kT  s/2 ( l I M A  + l I M B )  1/2 
D : [~] 

p ( g A  1/a + V B 1 / 3 )  e 

is  the di f fus ivi ty  in the gas ,  cm2/s ,  
is  the cons tan t ,  r ang ing  f rom 0.0038 to 0.0047 
(Ref. 5), 
is the mo l e c u l a r  weight of the meta l  A, in g, 
is  the mo lecu l a r  weight of the r e s i d u a l  gas B, 
in g, 
is the to ta l  p r e s s u r e ,  in a im,  
is the absolute temperature, in degrees Kelvin, 
is the molal volume of the metal A in liquid state 
at its normal boiling point, in cm3/g-mol, and 

V B is the molal volume of the residual gas B, in liq- 
uid state at its normal boiling point, in cm3/g - 
tool. 

According to the Maxwell-Stefan 6 law of molecular 
diffusion, the rate of diffusion of the metal A through a 
residual gas B is given as follows: 

(60)(P)(D)(PA1 -- PA2) (MA)  

Wz = (X)(R)(TA1 _ T A 2 ) ( P B M  ) 
[4] 

where :  

W3 

P 
D 

is  the Maxwell  r a t e  of diffusion of the meta l  A, 
in a s tagnant  gas  B, in g / c m 2 - m i n ,  
is the tota l  p r e s s u r e  in a im,  
is  the di f fus ivi ty  of the meta l  A in a s tagnant  
gas B, in cm2/s, 
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PAt is the p a r t i a l  p r e s s u r e  of the meta l  A at the 
evapora t ing  su r face  for a given t e m p e r a t u r e  
TA1 , in arm, 

M A is  the mo lecu l a r  weight of the meta l  A, in g, 
X is  the d i s tance  be tween the evapora t ing  and 

condens ing  su r face ,  in am, 
R is the gas cons tant ,  0.082 ( 1 - a t m ) / m o l - d e g r e e  

Kelvin,  
TA1 is  the absolute  t e m p e r a t u r e  of the meta l  A at 

at the evapora t ing  sur face ,  in degree  Kelvin,  
TA2 is  the absolute  t e m p e r a t u r e  of meta l  A at the 

condens ing  sur face ,  in degree  Kelvin,  
PBM is the log mean  p a r t i a l  p r e s s u r e  of the r e s i d u a l  

gas B, that is,  (PB2 -- PB1)ln(PB2/PB1), where 
PB1 and PBe a re  the pa r t i a l  p r e s s u r e s  of the 
r e s i d u a l  gas B at evapora t ing  and condensing 
su r face  r e spec t ive ly ,  in arm.  

Most p rev ious  s tudies  of evapora t ion  phenomena  were  
c a r r i e d  out under  vacuum.  In this  inves t iga t ion  the 
evapora t ion  of l iquid zinc and cadmium was s tudied un-  
der  one arm p r e s s u r e  of a rgon  and he l ium at t e m p e r a -  
t u r e s  ranging f rom 500 to 850~ The purpose  of this  
inves t iga t ion  was to study the effect of a rgon and he l ium 
on the evapora t ion  of l iquid me ta l s .  P r e v i o u s  work by 
Su 7 indicated that the r a t e  of evapora t ion  could be af-  
fected by the na tu re  of the r e s i d u a l  gas used .  Since his 
work included reduc ing  gases ,  it was n e c e s s a r y  to e va l -  
uate the phenomena  by compar ing  r e s u l t s  in only i ne r t  
ga se s .  Aside  f rom gaining more  insight  into e v a p o r a -  
t ion m e c h a n i s m s ,  there  is  a lso  the poss ib i l i t y  of d e r i v -  
ing p r a c t i c a l  benef i t s .  If the ra te  is  t ru ly  dependent  on 
such things as mass  or s ize  of r e s i d u a l  gas,  and this  
effect d i f fers  for va r ious  me ta l s ,  then it might be pos -  
s ible  to se lec t ive ly  re f ine  ce r t a i n  meta l  combina t ions  
by vary ing  the r e s i d u a l  gas  a tmosphe re  and p r e s s u r e .  

EXPERIMENTAL AND RESULTS 

A series of evaporation experiments was made to de- 
termine the rates of evaporation of zinc and cadmium 
in argon and helium atmosphere at temperatures rang- 
ing from 500 to 850~ The apparatus used in this in- 
vestigation consisted of three major components: 
I) resistance furnace and temperature controller, 
2) evaporation unit-boiler and condenser, and 3) gas 
purifying ~ystem. The schematic diagram of the ap- 
paratus is shown in Fig. I. Blank runs were made to 
determine the amount evaporated during heating and 
cooling at each temperature, and the evaporation rates 
were calculated by subtracting the appropriate blank 
from the amount evaporated in the experiment and di- 
viding this difference by the product of the time and 
the evaporating surface area of 11.4 cm 2. The weight 
of the graphite crucible did not change from run to 
run. Therefore, it did not affect the rate of evapora- 
tion. In addition, it was observed that the rate of evap- 
oration was essentially independent of the length of the 
run. 

Nine measurements were made at a given tempera- 
ture, and the average observed evaporation rates along 
with the calculated values based on Eqs. [i], [2], and 
[4] are plotted as Arrhenius curves ha Fig. 2 for Zn. 
The experimental results obtained on Cd are plotted 
in Fig. 3. The relative standard deviation for the evap- 
oration rates was less than 5 pct in most cases. 
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Fig. 1 -Schematic of the experimental apparatus. 
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Fig. 2- Comparison of the observed and calculated rate of zinc evap- 
oration. 

Analytical expressions were derived, by using the 
least squares analysis, for the evaporation of zinc in 
helium and argon as Eqs. [5] and [6], respectively: 

6 5 5 5  
log WZn(He) - T + 3.793 [5] 

6 0 0 5  
log WZn(Ar) - T + 3.175 [6] 
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Fig. 3-The observed rate of evaporation of cadmium in argon and 
helium. 

Since t he r e  were  only two t e m p e r a t u r e s  s tudied in 
the case  of cadmium,  the leas t  s q u a r e s  method was not 
used  to d e r i v e  ana ly t i ca l  e x p r e s s i o n s .  The  s ign i f i cance  
of the Mope of the A r r h e n i u s  c u r v e s  and the r e a s o n  for  
the h igher  evapora t ion  r a t e  in he l ium a t m o s p h e r e  a r e  
d i s c u s s e d  in the next  sec t ion .  

DISCUSSION 

In plot t ing the ra te  of evapora t ion  v s  r e c i p r o c a l  t e m -  
p e r a t u r e ,  as  shown in F ig .  2, a s t r a igh t  l ine is obtained.  
F r o m  the s lope of the s t r a igh t  l ine the ac t iva t ion  en-  
ergy of evapora t ion  can be ca lcu la ted .  The  A r r h e n i u s  
equation is of the f o r m :  

AQ 1 
log W - 2.303R T + C [7] 

where  : 

W is  the evapora t ion  ra te ,  in g / c m 2 - m i n ,  
T i s  the absolute  t e m p e r a t u r e ,  in d e g r e e s  Kelvin,  
AQ is the ac t iva t ion  ene rgy  of evapora t ion ,  in k c a l /  

tool,  
R is  the gas  constant ,  c a l / m o l - d e g  Kelvin,  and 
C is  an in tegra t ion  cons tant .  

By compar ing  Eqs .  [5] and [7] we get  AQ for  zinc in 
he l ium to be 30.1 k c a l / m o l .  S imi l a r ly ,  by compar ing  
Eqs .  [6] and [7]~ the AQ for  zinc in a rgon  is obtained 
to be 27.5 k c a l / m o l .  

The m a x i m u m  ra t e  of evapora t ion  of z inc  can be c a l -  
cula ted ba sed  on Eq.  [1] and the vapor  p r e s s u r e  data  
r e p o r t e d  by B a k e r .  8 The l ine of bes t  fit  for  the max i -  
mum r a t e s  is  a l so  ca l cu la t ed  by the l eas t  s q u a r e s  
method and is of the f o r m :  

5900 
log WZn(max ) - T + 7.801 [8] 

By compar ing  E q s .  [7] and [8] one ge t s  the apparen t  AQ 
for  zinc in v a c u u m  for  the t e m p e r a t u r e  r ange  650 to 
850~ to be 27.06 k c a l / m o l .  

The above ac t iva t ion  e n e r g i e s  d i f fe r  f r o m  each  other  
in the expec ted  m anne r .  That  is,  the s lope of the t heo -  
r e t i c a l  cu rve  is l e s s  than those  of the o b s e r v e d  c u r v e s .  
Th is  was d i s c u s s e d  in connect ion  with the heat  of evap-  
o ra t ion  which can be obtained f r o m  these  data .  9 The  
d i f f e r ence  in ac t iva t ion  e n e r g i e s  is not be l i eved  to in-  
d ica te  a d i f f e r ence  in m e c h a n i s m  for  the evapora t ion  
p r o c e s s e s .  L o w e ' s  l~ work  shows that  AQ is f ixed for  
the evapo ra t i on  of sol id  s i l v e r  in oxygen, n i t rogen ,  and 
vacuum.  That  AQHe, AQAr, and AQVac a re  not exac t ly  
the s a m e  can be jus t i f i ed  as fo l lows:  

1. Contamina t ion  ~ of the evapora t ing  su r f ace  by an 
oxide f i lm .  

2. The  p r e s e n c e  of abso rbed  r e s i d u a l  gas  on the l i q -  
uid su r f ace  might  af fec t  the loca l  e q u i l i b r i u m  in the 
ac t iva ted  s t a t e ,  l~ 

3. Changes  in the a c c o m m o d a t i o n  coe f f i c i en t s  of the 
r e s i d u a l  g a s e s  with tempera ture .~2 

4. Changes in the heat  conduct iv i ty  of the r e s i d u a l  
gas  with t e m p e r a t u r e s .  

5. The data  may be too few to r educe  the e r r o r  suf -  
f i c i en t ly .  

Although a thin oxide f i lm  was found on the s ample  
su r f ace  at r o o m  t e m p e r a t u r e ,  i ts  p r e s e n c e  above the 
mel t ing  point i s  unl ikely  and, t h e r e f o r e ,  should have no 
ef fec t  on the m e a s u r e m e n t s .  

H i r t h  and Pound 11 noted that  i ne r t  g a s e s  may be ab-  
so rbed  at the l i qu id -vapo r  i n t e r f ace  and slow the k i -  
ne t i c s  of e v a p o r a t i o n .  Since a rgon  m~d h e l i u m  w e r e  
used in this  inves t iga t ion ,  the changes  of the ac t iva t ion  
energies of evaporation of zinc and cadmium are pos- 
sible. 

Smoluchowski ~2 found that in some gases, particu- 
larly hydrogen and helium, the amount of heat given up 
to the gas by the solid was only a fraction of that which 
should be delivered if each molecule striking the sur- 
face reached thermal equilibrium with it before leav- 
ing. T h i s  f r a c t i o n  was ca l l ed  the a c c o m m o d a t i o n  c o e f -  
f ic ien t  by Knudson. ~2 He a l so  o b s e r v e d  that  the a c c o m -  
modat ion coe f f i c i en t s  for  h e a v i e r  g a s e s ,  such as 
n i t rogen ,  ca rbon  dioxide w e r e  s e v e r a l  t i m e s  l a r g e r  
than those  for  l igh te r  g a s e s .  Soddy and B e r r y  13 in a 
study of the heat  conduct iv i ty  of g a s e s ,  found that  the 
a c c o m m o d a t i o n  coef f ic ien t  for a rgon  showed an a v e r -  
age va lue  of 0.85 ove r  a r e l a t i v e l y  wide t e m p e r a t u r e  
range ;  while  the coef f ic ien t  for  he l i um was 0.37 at 
150~ but b e c a m e  lower  at h igher  t e m p e r a t u r e s .  
T h e s e  v a r i a t i o n s  of a c c o m m o d a t i o n  coe f f i c i en t  a r e  
r e c o g n i z e d  in the f ie ld  of heat  t r a n s f e r  as  ment ioned  
p rev ious ly ,  and a r e  d i s c u s s e d  below in connec t ion  with 
the heat  of e v a p o r a t i o n .  In th is  inves t iga t ion ,  becaus e  
of the lower  a c c o m m o d a t i o n  coef f i c i en t  of he l ium e s p e -  
c ia l ly  at h ighe r  t e m p e r a t u r e s ,  l e s s  heat  is t r a n s f e r r e d  
f r o m  the l iquid  to the he l i um than to a rgon ,  and the 
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surface temperature of the liquid metal should be 
higher in a helium atmosphere than in argon. There- 
fore, it is reasonable to believe that the metal was 
actually evaporating at a higher temperature in the 
helium atmosphere than in the argon atmosphere even 
though the chromel-alumel thermoeouple outside the 
boiler indicated the same temperature. This could ac- 
could for the steeper slope on the helium curve. 

It was also observed in Fig. 2 that the Luchak and 
Maxwell values remained a relatively constant fraction 
of the observed values at all temperatures. Since the 
ratios of the Luchak and the Maxwell values to the ob- 
served values show less variation with temperature, 
the mechanism of the evaporation of zinc and cadmium 
in an inert gas appears to be the same as that assumed 
in the derivation of the Luchak and Maxwell equations. 

The heat capacity corrections, based on the Clausius- 
Clapeyron equation, showed that the difference in tem- 
perature gradient at the evaporating surface is insig- 
nificant between the helium and argon atmospheres. 9 
Therefore, it is not likely that this difference would af- 
fect the evaporation rate to any appreciable extent. 
However, the higher evaporation rate observed in he- 
lium with respect to argon atmosphere can be explained 
as follows : 

I. Because the diffusivity of Zn and Cd in helium is 
approximately 1.3 times larger than that in argon, the 
rate of evaporation is then expected to be higher in 
helium than in argon. 9 

2. As metal atoms diffuse through the residual gas, 
they lose energy by collision with the residual gas mol- 
ecules. The force exerted by argon on Zn atoms was 
calculated 9 to be 1.2 times larger than that by helium 
molecules. Thus zinc atoms lose more energy in argon 
than in helium. Wada concluded the same thing 14 in his 
study of the preparation of fine metal powders by con- 
densing metal vapors in various gases. 

3. The thermal accommodation coefficient of helium 
is much lower than that of argon at all temperatures. 
Therefore, it is possible that the temperature of the 
evaporating metal surface was always higher in the 
helium runs than in argon runs as explained before. 

CONCLUSIONS 

I. The rate of evaporation of zinc and cadmium is 
dependent upon the heat conductivity and the accommo- 
dation coefficient of the inert gas, and it is higher in 
helium than in argon. 

2. The Luchak and Maxwell equations give evapora- 
tion rates which are lower than the present measure- 
ments. 

3. The similarity of temperature dependence of the 
experimental results with respect to the calculated 
values based on Luchak and Maxwell equations indi- 
cates that the mechanisms of evaporation in the pres- 
ent study is similar to the diffusion controlled mode 
assumed in Luchak and Maxwell equations. 

4. The data on cadmium are not sufficient to allow 
meaningful analysis, and additional work is required 
regarding selectively refining metal combinations by 
varying the residual gas atmosphere and pressure. 
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