
By t rans forming  the resul ts  obtained to the p rocesses  of s t ructur ing capi l lary-porous  mater ia l s ,  it can 
be concluded that the magnitude of the internal  p r e s su re  developing during the vaporizat ion of mois ture  f rom 
these mater ia ls  is dependent on the mobility of the d isperse  par t ic les  (i. e . ,  on the degree of dispers ion and, 
consequently,  on the coefficient of shrinkage) and, to a l e s se r  extent, on the intensity of mois ture  vaporization 

f r o m  the mater ia l .  

NOTATION 

Lff, capillary (Laplace) pressure, N/m2; % surface tension, N/m; a, width of gap between plates, m; 
b, diameter of fluid drop held between plates, m; E, modulus of elasticity of membrane material, N/m2; 7, 
Poisson coefficient of membrane material; t, temperature in thermohygrostat chamber, ~ 9, relative mois- 
ture content of air, %; 6, membrane thickness, m; W(0,0), deflection of center of membrane, m; c, eccentricity 
of fluid drop relative to membrane, m; d, diameter of membrane, m; iS' intensity of moisture vaporization 
from slit, kg/m 2. sec; AV, increase in drop volume, m3; S, surface of vaporization of moisture from slit, m2; 
T, duration of process, sec; J0, intensity of vaporization from free surface of water, kg/m 2. sec; So, vaporiza- 
tion surface, m 2. 
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F O R M A T I O N  ON S O L I D  S U R F A C E S  O F  A GAS M O N O L A Y E R  

P R O V I D I N G  P R O T E C T I O N  A G A I N S T  F R I C T I O N  IN R A R E F I E D  

M E D I A  

A.  D .  I g n a t o v s k i i ,  L .  I .  S h u b ,  
a n d  I .  S.  K u z ' m i n  

UDC 531.43 

The dynamics of formation of a monomolecular  gas layer  on an exposed surface  are  analyzed 
on the basis of a solution of the kinetic adsorption equation, with allowance for adsorption,  
desorpt ion,  and the migrat ion of molecules to the free par ts  of the surface  under equilibrium 
external  conditions. 

It is known [2, 3] that gas films adsorbed on the surface  of rubbing bodies have an important  influence on 
the variat ion of the fr ict ion and wear  cha rac te r i s t i c s .  This effect is especial ly significant in connection with 
studies of fr ict ion p rocesses  in a high vacuum, where the use of liquid lubricants and g reases  is impossible 
owing to their  evaporabil i ty.  Adsorbed gas fi lms protec t  the sur faces  f rom "juvenile" contact ,  thus reducing 
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TABLE 1. Depth of Potential Well in the Gas Molecule--Surface In- 
terac t ion [10] 

GaS H 2 He CH, Ne N, O, Ar COt Kr Xe 

! . ,01 ,,0 t20,3 3,06 .,z115.3t 10.  .1,, 

the possibil i ty of: surface  fai lure,  The formation on the frict ion surface of a gas layer  one molecule  thick 
(monolayer) is sufficient to produce qualitative changes in the dry  frict ion p rocess ,  Hence the importance 
of studying the p rocess  of format ion of a protect ive gas monolayer  on frict ion surfaces  i n  raref ied media and 
determining the duration of the p roces s .  

Let us consider  the covering of an exposed surface by an initial l ayer  (monolayer) Of gas molecules .  
The deposition of the molecules  on the surface  and the rate of formation of the monolayer  are  determined by 
the flow regime and the internal  state of the gas and by the surface--molecule  interact ion conditions [9]. On 
making contact  with the sur face  the gas molecule enters  the zone of forces  of at t ract ion.  If the initial kinetic 
energy of the molecule is smal l ,  it is captured by the sur face ,  and its energy is dissipated into the lattice 
as vibrational  motion. If the initial energy is la rge ,  the molecule rebounds and leaves the surface.  

If we take as the initial moment  of t ime the deposition of molecules on an absolutely juvenile sur face ,  
then for  determining the number  of molecules  adsorbed by the flat surface it is possible to propose [6] the 
equation 

t 

0 (~, t ) =  . ( { [ 1 -  a0 (~,, w)][1--~o (T~, f, 0, t, '~)] .!f.f Iu,,If(~, r)~.A(Tw, u, O)du=d%du,}d'~. (1_) 
0 un<O 

The quantity a in (1) is defined as the surface a rea  occupied by a single molecule,  or  ~ = 1 / v o ,  where 
v 0 [2] is the maximum possible number  of molecules  in the monolayer  per  unit a rea .  Thus, l - -a0 r~, T)is the 
probabili ty of a gas molecule str iking the f ree  par t  of the surface .  

If we neglect  the dependence of the adsorption probabili ty ~A on the velocity vector  ~ of the molecules 
impinging on the sur face ,  which is valid for  the rmal  molecule veloci t ies ,  then the tr iple integral  in (1) is the 
mathemat ica l  expectation of the number  of molecules  str iking an element of the surface in unit t ime:  

v = f f f  lull f(u, ~) du:fluvdu ~. (2) 
~<~o 

Since for  Maxwellian molecules  the distr ibution function does not depend on the coordinate [1], Eq. (2) s impl i -  

fies to 

P . V / -  R 1 
v = -~ 2nFTg .u ~. sec (3) 

With allowance for (3), the kinetic equation of the adsorption layer  (1) reduces  to 

t 

0 (t) = v f [1 - -  a0 (x)l[1 - -  ~D (T~, 0, t, x)] ~A (T~, 0) dr. (4) 
0 

As a resul t  of energy t r ans fe r  between the molecule and the lattice (at high surface temperatures)  even 
an adsorbed molecule may acquire sufficient energy to leave the surface (so-called "spontaneous desorption") .  
To determine the desorption probabil i ty ~D we use the Frenkel '  model [7]: 

~D = 1 --exp [1 - -  ~ (t - -  x)]. (5) 

The spontaneous desorption coefficient [8] 

where ,  for  calculation purpose s,  the finding energy Q can be taken on the range (1.5-3.0) '10 -19 J; T o is a quan- 
tity of the same o rde r  as t h e p e r i o d  of the normal  vibrations of the adsorbed atoms (10-12-10 -13 see) .  

Monolayer adsorpt ion is a consequence of: d i rec t  impingement of a molecule on the clean par t  of the su r -  
face and impingement of a molecule as a resu l t  of r icochet  collisions or  as a result  of migrat ion to the exposed 
par ts  of the sur face  af ter  adsorption in the second layer .  
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Fig. I. Effect of desorption and migration processe s on the 
extent and time of deposition of gas molecules (p = 28 g/mole) 
on a solid surface (t w = 460~ m = 56 g/mole) at various gas 
pressures (Tg = 293~ I) ,5 fromEqo (15); 2) fromEq. (16); 
3) from Eq. (12). t, sec. 
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Fig. 2. Effect of gas p r e s s u r e  (Tg = 293~ p = 28 g/mole)  on the 
extent of monolayer  formation on a solid surface (In = 56 g/mole) :  
a) as a function of surface t empera tu re  tw, ~ b) as a function of 
t ime (t w = 20~ t, sec;  p, mm Fig. 

The las t  two p roces se s  involve interact ion with previously adsorbed molecules .  At thermal  molecule 
velocities and relat ively low surface  t empera tu res  the probabili ty of adsorption on unoccupied par ts  of the su r -  
face is given [6] by 

~4 = (7) 
1 - -  l $ ~ 0  

The probabili ty of a molecule reaching the free par t  of the surface  after  adsorpt ion on the occupied par t  
and subsequent migrat ion is given by 

t 

l ~ e x p  ( q~) 
' k T  m 

where q2 -- ql is the difference between the in te rmolecnlar  binding energy q2 and the migrat ion energy ql ~ 
3.23" 10 -21 J .  

The migrat ion probabili ty/7 is close to unity at low tempera tures  and at high tempera tures  tends to 0.5. 

The maximum possible probabili ty ~l of a molecule being captured on the clean par t  of the surface can be 
determined s tar t ing f rom the potential well model [10]: 

~1= l - -exp  - -  2.4~* - -T~  , 
- 1 - -  0 . 4 ~ *  + ,u . 2  

where #* is the ratio of the mass  of the gas par t ic les  to the mass of a surface atom or  #* = ~ / m .  

Values of U for  the molecules  of several  gases  are  given in Table 1. 

(9) 
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F ig .  3. Region  of f o r m a t i o n  of  a gas  m o n o l a y e r  (Tg = 293~ with an t i -  
f r i c t ion  p r o p e r t i e s .  ~ > 0.63. tw,~  p ,  m m  Hg. 

F ig .  4.  Ex ten t  of gas  m o n o l a y e r  f o r m a t i o n  as  a funct ion of the t e m p e r -  
a tu r e  of  the s u r f a c e  and of the m e d i u m  (p = 10 -5 m m  Hg). 

With o u r  p r ev ious  a s s u m p t i o n s  and the adso rp t i on  and deso rp t ion  laws de r ived  above ,  the kinet ic  equat ion 
of  the  m o n o l a y e r  (4) r e d u c e s  to the i n t eg ra l  equat ion  

t 

J 
' 1 - - ~ 0  (~) 

0(0 = v ~  1 - - ~ 0 ( ~ )  exp(--r176176 (10) 

to 

In t roduc ing  the va r i ab le  ~(t) = g0 (t), the  r e l a t i ve  s u r f a c e  c o v e r e d  by the gas  m o n o l a y e r ,  and e l imina t ing  
the i n t eg ra l  f r o m  (10) and the e x p r e s s i o n  obta ined by d i f fe ren t ia t ing  i t ,  we r educe  (10) to the d i f fe ren t ia l  equa -  
t ion  

dt~ 1 - -  0 
-- = v~i(~ - -  ~ ( i i )  
dt 1 - ~ 

with the in i t ia l  condi t ion:  d = 0 at  t = t o = 0. 

Equat ion (11) is  an equat ion with s e p a r a b l e  va r i ab l e s  

I (1 - -  ~0) d~ t. 

0 

Evalua t ing  the i n t e g r a l ,  we obtain  the solut ion of (11) in the f o r m  

~_L_ 1 1_~_2. 2 

/ = exp (-- l V (v~(s + ~)2--4~pv~1~) 
J \ ~2 / 

when r ~ 0, where  

(12) 

(13) 

o r  in the f o r m  

t-- 1--151n(l--~)+ ~-~ (14) 

when ~b = 0. 

We find $(t) as  the n u m e r i c a l  so lu t ion  of  t r a n s c e n d e n t a l  equat ion (13) and (14) o r  by n u m e r i c a l  i n t e g r a -  

t ion of (11). 

P a r t i c u l a r  c a s e s  of  the solut ion of  Eq.  (12) a r e  obtained at 3 = 0, which c o r r e s p o n d s  to L a n g m u i r  ad -  
so rp t ion .  Equat ion  (12) then b e c o m e s  a l i nea r  equat ion and is so lved  in c losed  f o r m :  

1} ~ 1 - -  exp ( - -  v~:(~t) (15) 

when r = 0 and 
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= 1 - -  exp [-- (v~l~ + ~2) t] (16) 
i +  ~-~_ 

V~l C~ 

when ~ e 0. 

Solution (15), without allowance for  the depondenee of ~l on a number  of gas - - su r face  interact ion condi- 
t ions,  was used to investigate fr ict ion and wear p rocesses  in [4]. 

F r o m  (16) as t -~ oo it is easy to obtain the Langmuir  i so therms  in standard form.  

Equation (12) defines the gas molecule deposition p rocess  as a function of the nature of the gas and the 
surface  mate r ia l ,  the p r e s su re  (p), and the gas (Tg) and surface (T w) t empera tu res .  For  a par t icu lar  state 
of the medium and the investigated surface  mater ia l ,  the tempera ture  of the surface adsorbing the gas mole-  
cules ,  which is determined by the initial conditions and the amount of heat re leased in the frict ion p rocess ,  is 
unknown. The tempera ture  developed during fr ict ion can e i ther  be measured  experimentally or  calculated by 
the method descr ibed in [5], which takes into account both the antifriction proper t ies  of the rubbing mater ia ls  
and the fr ict ion conditions. 

Below we present  an analysis of the process  of gas monolayer  deposition based on a numerica l  invest iga-  
tion of the express ions  obtained using an M-222 computer .  In o rde r  to analyze the effect of various factors  on 
this p roces s ,  the calculations were made on the basis of three different adsorption models:  1) Langmuir  without 
allowance for  desorption (15); 2) Langmuir  with allowance for desorption (16); 3) with aIlowance for desorption 
and migrat ion of the molecules (12), on a wide range of pa ramete r s  of state of the external  medium and the 
surface:  p r e s su re  p = 10-1-10 -14 mm Hg, Tg = 143-593~ t w = --130- +600~ and for various gases and su r -  
face mate r ia l s .  

In accordance  with relation (3), the higher the vacuum the fewer the molecules that in teract  with the 
surface  and the longer the monolayer  deposition p roces s .  In Fig. 1 we have plotted the deposition curves  for  
ni trogen molecules  on an i ron surface  at var ious vacuums.  If we d i s regard  the desorption p rocess  and neglect 
the interact ion of the adsorbed molecules [Eq. (15)], af ter  a cer tain time a monolayer  will fo rm,  whatever 
the state of the medium and the surface (Fig. 1, curves  1). However,  even if  only the desorption factor  is 
taken into account [Eq. (16)], at a par t icu lar  gas p r e s su re  it is possible to have cases  where a monolayer  is 
formed only on par t  of the sur face ,  which decreases  as the vacuum increases  (curves 2). When both desorp-  
tion and migra t ion a re  taken into account (12), the fract ion of the surface occupied by molecules (curves 3) is 
always somewhat g rea t e r  than when migrat ion is negIected (curves 2). 

F r o m  Fig. I we may conclude that the lower the p r e s s u r e ,  the g rea te r  the effect of desorption of mono- 
layer  formation (of. curves  1 and 2) and the less the effect of migrat ion (ef. curves 2 and 3). Conversely,  the 
higher the p r e s s u r e ,  the less the effect of desorption and the g r ea t e r  the effect of the interaction of already ad-  
sorbed and impinging molecules .  This also applies to low-tempera ture  sur faces ,  since in this case r is very 
close to ze ro .  Thus, even with a relat ively high vacuum, the monolayer  completely covers  the surface (Fig. 2a). 

In these conditions (e .g . ,  at normal  surface temperature)  the p res su re  dependence of the monolayer  fo r -  
mation t ime is l inear up to a very  high vacuum (Fig. 2b). However, the higher the surface tempera ture ,  the 
smal le r  the par t  of the surface on which a protect ive monolayer  is formed at a given p r e s su re .  

In Fig. 3 we have indicated the region of state of a raref ied  nitrogen medium and a solid iron surface  
outside which a monoIayer  is formed on less than 63% of the surface area.  The higher the gas tempera ture  
the more  the curve bounding this region is shifted to the left (Fig. 4), i . e . ,  the higher the gas t empera ture ,  
the less the possibil i ty of a monolayer  being formed.  

The rate  of formation of the gas monolayer  also depends on the mater ia l  forming the deposition surface.  
The molecules  a re  adsorbed most  rapidly on an aluminum surface .  The heavier  the mater ia l ,  the s lower  the 
adsorption.  Fo r  example,  depending on the state of the gas and the surface,  monolayer  formation takes 1.3 to 
2.8 t imes longer on a gold than on an i ron surface .  The monolayer  is also formed more  slowly on a graphite 
than on an aluminum surface.  

The molecules  of different gases  are  adsorbed at different r a t es ,  the rate depending not only onthe molec-  
u lar  weight of the gas ,  but also on the depth of the potential well in the gas - - su r face  interaction [10] and the 
size of the gas molecules ,  which determines  the value of v 0 [2]. These three quantities not being related, as 
they cha rac te r i ze  different aspects  of the nature of the gas ,  there is no definite physical  relationship between 
the nature of the gas and the rate of formation of the monolayer .  It has been established that the gas molecules 
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a r e  not cap tured  at su r face  t e m p e r a t u r e s  of above 200~ for  hel ium,  520~ fo r  hydrogen,  830~ for  oxygen,  
and 2700~ for  ca rbon  dioxide. At Tg > 293~ hydrogen molecules  a r e  adsorbed  mos t  s lowly,  then oxygen 
and ni t rogen.  Methane and wate r  vapor  molecules  have the g r e a t e s t  adsorbabi l i ty .  An i nc r ea se  in gas  t e m -  
pe r a tu r e  leads to a g r e a t e r  d i f ference  between the ra tes  of monolayer  fo rmat ion  for  molecules  with the g r e a t -  
es t  adsorbabi l i ty  and poor ly  adsorbed  gas  molecu les .  Correspondingly ,  the m a t e r i a l  of the sur face  and the 
kind of gas  affect  the boundary of the region of monolayer  format ion:  The s lower  the fo rmat ion  of the mono-  
l a y e r ,  the g r e a t e r ,  o ther  things being equal,  the lef tward shift  of the boundary (Fig. 3). 

The r e su l t s  obtained can be used  for  s imulat ing operat ing conditions in f r ic t ion studies on var ious  solids 
in r a r e f i e d  media .  It  is poss ib le  to ca lcula te  whether  the p r e s s u r e  in the vacuum c h a m b e r  is adequate for  
s imulat ing the effect  of some  g r e a t e r  degree  of r a re fac t ion  on the f r ic t ion p r o c e s s e s .  If the operat ing condi-  
t ions of the f r ic t ion pa i r  a r e  such that they lie outside the boundary of the region of p ro tec t ive  mono laye r  f o r -  
mat ion ,  then no fu r the r  d e c r e a s e  in p r e s s u r e  can affect  the f r ic t ion and wear  c h a r a c t e r i s t i c s  of the ma te r i a l .  
However ,  c a r ry ing  out the f r ic t ion  and wear  expe r imen t s  at a higher p r e s s u r e  cons iderably  s impl i f ies  the 
work  in the vacuum chamber .  

M o r e o v e r ,  the resu l t s  of the mono laye r  dynamics  calculat ions,  toge ther  with the solution of the t h e r m a l  
contact  p rob l em for  rubbing pa r t s  [5], s impl i fy  the design of exper imen t s  to inves t igate  the effect  of the load-  
ing and speed  of the rubbing pa i r  on the f r ic t ion  and wear  c h a r a c t e r i s t i c s  of m a t e r i a l s .  The use  of these  data 
makes  it  poss ib le  to de t e rmine  by calculat ion the m a x i m u m  fr ic t ion r e g i m e s ,  cor responding  to a sha rp  de-  
c r e a s e  in the ant i f r ic t ion p r o p e r t i e s  of the m a t e r i a l .  

NOTATION 

t, T, variable time and gas-molecule deposition time, respectively, sec; 0 (r-~, t), mathematical expec- 
tation of number of molecules captured by surface in neighborhoods of the point r-~ at time t; f(u -~9 -r), distribu- 
tion function representing the density of the mathematical expectation of the number of gas molecules at the 
point ~ possessing velocity h -~ at time T; ~A, probability of adsorption of gas molecules; SD, desorption prob- 
ability; Tg, gas temperature, ~ T w, t w, surface temperatures, ~ and ~ respectively; #, molecular weight 
of gas, g/mole; m, molecular weight of surface material, g/mole; v, mathematical expectation of number of 
molecules impinging on an element of surface per unit time, m -2. see-l; (r, area of a single gas molecule; p, 
ambient pressure, N/m 2 (3) or mm Hg (torr); R, universal gas constant; k, Boltzmann's constant; ~, sponta- 
neons desorption coefficient; ~i, probability of capture of gas molecule on clean surface; fi, probability of 
molecules reaching free part of surface after adsorption on occupied part and subsequent migration; U, depth 
of potential well in gas--surface interaction, J; $, relative size of surface covered by gas monolayer. 
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