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A simple model of dissolution of MgO crystals in acids involving chemical reactions and 
adsorption process on the crystal surface is used to derive expressions connecting rates of 
surface dissolution and selective etching with concentration, temperature and nature of 
an acid and with surface orientation. The experimental data of the dependence of etch 
rates of MgO on various etching parameters are then compared with the theory. The 
effect of acid viscosity and concentration are also briefly analysed and compared with the 
experimental observations. It is argued that the experimental results can be understood 
on the basis of the proposed mechanism if adsorption of the reactants and the complexes 
formed during dissolution on a perfect surface and at dislocation sites is taken into 
consideration. It is concluded that the adsorption processes play an important role in the 
formation of good, contrasting dislocation etch pits. 

1. In t roduc t ion  
The dissolution rate of MgO crystals depends on 
the nature, temperature and concentration of an 
acid and on the surface orientation [1-4]. The 
values of the activation energy and the pre- 
exponential factor of the dissolution process are 
frequently found to be dependent on the nature 
and concentration of an acid [1-3 ]. The activation 
energy remains constant while the pre-exponential 
factor of dissolution changes markedly from one 
surface to another [4]. Strong (HNOs, HC1 and 
H2SO4) and weak (CH3COOH, C2HsCOOH and 
C6HsO7 ) acids produce etch pits at fresh and 
old dislocations, but only dilute solutions of 
moderately weak acids (H3PO4 and HCOOH) form 
etch pits at old dislocations [1--4]. 

According to the theory of two-dimensional 
dissolution [5], the dissolution rate is given by 

v s = dv s exp [-- AG*IkT] (1) 

where d is the depth of a unit pit, v s the frequency 
factor of the order of the Debye frequency and 
AGs* the free energy change associated with the 
formation of a unit pit in a perfect surface of the 
crystal. Taking the depth of the unit pit as a, 
1.3a and 1.15a ( w h e r e a = 4 . 2 x l 0 - a c m ) o n  
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{1 00}, {1 1 0} and {1 1 1 } faces, Us = 1013 sec -1, 
and multiplying by the product of the density of 
MgO and (60 x 60), we have the values of the 
pre-exponential factor of the surface dissolution as 
5.8x 109gcm-2h -1, 7.3x 109gcm-2h-1 and 
6 . 7 x l 0 9 g c m - 2 h  -a for {100}, {110} and 
{ 1 1 1 } faces of MgO, respectively. 

The free energy change AG* = ' * ~7 drs [6], 
where 7 J is the specific free energy of a molecule 
going from the solid to the solution and r* the 
radius of the critical nucleus. Taking the typical 
values of rs* = d/2 and 7' = 7/2 as in the case of 
LiF [6], we have 

Zia: = ~7d~ /4. (2) 

Here 7 is the specific surface free energy of the 
crystal in vacuum. Substituting the reported 
values [7] of 7, one obtains a value for ZiG* of 
1.0 and 3.SeV for {1 00} and {1 1 0} faces of 
MgO, respectively. 

The theory of two-dimensional nucleation 
therefore yields values of the pre-exponential 
factor and the activation energy which are very 
much higher than the experimental values [1-3]. 
The theory also does not give a satisfactory 
explanation for the concentration dependence of 

�9 1980 Chapman and Hall Ltd. 237 



the pre,exponential factor, or for the constancy of 
the activation energy for different planes. 

Recently a treatment of the dissolution process 
from a consideration of chemical reactions has 
been advanced to explain the anisotropy of the 
dissolution of quartz [8]. Though this treatment 
explains several features of the etching of quartz, 
it neither gives an estimate of the activation energy 
nor considers adsorption processes taking place on 
the crystal surface during dissolution. 

In this paper a theory of dissolution of MgO 
crystals in acids is formulated and the experimental 
data reported so far analysed. 

2. Model for dissolution 
The dissociation of monobasic adds, for example 
HC1, HNO3, HCOOH, CH3COOH, etc., into a 
hydrogen ion, H*, and an anion, An-, is complete 
in only one step which corresponds to only one 
value of the dissociation constant, k c. A polybasic 
acid, such as H2SO4, H3POd, (COOH)2, etc., dis- 
sociates in steps and a different and lower dissoci- 
ation constant corresponds to the detachment of 
each H + ion. Invariably the first step dissociation 
constant is far greater than the following steps dis- 
sociation constants [9]. Consequently a polybasic 
acid may be considered as HAn. If nil, nAn and n a 
are the concentrations (number of molecules/ions 
cm -3) of H +, An- and HAn, respectively, and a is 
the degree of dissociation of HAn, then na  = 
/ ' /An -~- ~ t / a .  

We assume that dissolution of MgO on the 
crystal-etchant interface involves the foUowing 
consecutive steps: 

(1) Availability of H § and An- ions on the sur- 
face. 

(2) Capture and migration of H + and An- ions 
on the surface. 

(3) Formation of a complex. 
(4) Adsorption of the complex onto the surface. 
(5) Formation of an activated complex on the 

surface. 
(6) Adsorption of the activated complex. 
(7) Dissociation of the activated complex into 

reaction products. 
(8) Adsorption of the reaction products on the 

surface. 
(9) Transport of the reaction products into the 

etchant. 
Steps 1 and 9 of the transport of the reacting 

and reacted species are determined by the diffusion 
kinetics, while the other steps may be regarded to 

238 

be limited by the reaction rate between the acid 
and the solid. Denoted Mg by M, the sequence of 
the etching process may be written as: 

.H + An-..  
2MO + 2H+ + 2An- --> MO2" + .'MO 

�9 . H  + A n - . .  

(3) 
�9 "H* A n - .  . . H . . . A n . .  

MO" + : MO ~ MO: :MO 
"'H + An-." "-H.. .An." 

(unadsorbed) 

(4) 

�9 - H . . . A n . .  ~ . H . . . A n . .  
MO" :MO -+ MO" .'MO 

"" . H . . . A n . "  " H . . . A n "  

(unadsorbed) (adsorbed) (5) 

�9 . H . . . A n - .  . . H . . . A n - .  
2MO: "MO-+ 2MO: :MO* 

�9 " H . . . A n . "  " . H . . . A n "  

(adsorbed) (activated) (6) 

�9 ' H . . . A n .  
2MO~ ":MO* -~ 2MAn2 + 2(MO'H20) 

" .H. . .An-" 

(activated) (7) 

3. Rate of surface dissolution 
Let mH and man be the masses of H + and An- 
ions, respectively. Assuming that the velocity of 
the ions in dilute and concentrated solutions 
changes with T as in ideal gases, the numbers nl 
and n2 of H + and An- ions striking the surface 
(cm -2 see -1) are 

( 1  "2 3kT  
I,I 1 -~- n H 

\ m a /  

[ 3 k T ~  '/2 
n2 = nAa\~-~An) (8) 

If the number of captured pairs of H + ions on the 
surface is n3, E1 the energy required for the cap- 
ture and migration of a pair of H + ions, then the 
change in the Helmholtz free energy is given by 

F = E - - T S  

= n a E z - - k T l n  (n,--na)!na!]]" (9) 

Using Stirling's formula l n x ! : x l n x - - x ,  the 
logarithmic term can be written as 



" "  ] 
In ( n l _ n 3 ) ! n s  ! "~rt I l n r / l - - ( n l - - n 3 )  

x I n  (/'/2 --n3) --n3 In n3. 

When equilibrium is attained, the Helmholtz free 
energy is constant. Therefore 

( ~n3) = 0 = E~--2kT[ln(n~--n3)--lnn3] 

= E1--2kTln [(nl--n3)/n3]. 

Assuming nl>>n3, the above equation can be 
written as 

ns = nl exp [--E1/(2kT)] (10) 

If r is a function which allows for the adsorption 
of a pair of H § ions onto the surface and Z the 
number of free pairs of bonds on the surface, then 
the number n3 of the adsorbed pairs of H + ions on 
the surface may be written as* 

r 
n3 = ~ n l  exp [--El/(2kT)] 

r (3kT/mri)l/2 exp [--E1/(2kT)]. 

(11) 

Similarly if r is another adsorption function and 
E2 is the energy required for t he  capture and 
migration of a pair of An- ions, then the number 
n4 of the captured pairs of An- ions is 

r (3 kT/m An) lm exp [-- E2/(2k T) ] 
/'/4 ~--- T 

(12) 

If E3 is the energy required for the formation of a 
complex 

�9 H. . .An. .  
MO'" : MO 

" ,H . . .An"  

the change in the Helmholtz free energy produced 
by the formation of ns complex molecules is 

n3! n4 ! F = nsE3--kTin 
(n3--ns)!ns! (n4--ns)!ns! 

Substituting the solution of the factorial terms, 
obtained as before by using Stirling's formula, and 
differentiating with respect to ns, at equilibrium 
from the above equation we get 

For n3 >> ns 
rearranged in the form 

= E3 -- kT In (n3 -- ns)(n4 -- ns) 

and n 4 >> ns, this equation may be 

= ~/2~1/2 exp [--Ea/(2kT)] n 5  u 3 r 4 

_ (r162 1/2 
Z ~ 1 / 4 _ 1 / 4  

rUH r r t A n  

(13) 

If E4 is the energy of adsorption of a complex 
molecule on the surface, the number n 6 of the 
adsorbed molecules on the surface is 

n6 = ns exp [-E4/(kT)] (14) 

If nMg is the density of Mg 2§ and 0 2- ions on a 
surface, the number density t/7 of the adsorbed 
complex molecules on the surface is 

n 7 = n 6 ] n M g  

(r r 1/2 
Z n  ~ 1 / 4 ~ 1 / 4  

MgtUH tUA n 

x exp {-- [~(E 1 +E2) + �89 (15) 

If E5 is the energy required for the formation of 
an activated complex, the number density ns of 
the activated complex on the surface is 

ns = n7 exp [--Es/(2kT)] 

(r r 1/2 
Z ~  __114__1/4 

UMgt l t  H [ U A n  

• exp { -  + + E,  + �89 
(16) 

If 6 is the interval along the potential barrier over 
which the activated complex passes before dis- 
sociating with a frequency [9] 

l ( k T t  a/2 

into reaction products, the number n 9 of  the acti- 
vated complex molecules that can dissociate is 

/ ,112 
ns(kT~ 

" 9  = /'18/) = T ~ 2 - - ~ ]  " 

"t'Corresponding to a high value of Z, adsorption of acid ions is expected to be more. But once equilibrium is attained 
the number of adsorbing ions decreases with increasing Z as a result of the repulsion of like charges accumulated on the 
surface. However, the dependence need not be simple as has been assumed. 
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If E6 is the energy of dissociation of an activated 
complex molecule into products, the number nlo 
of the formation of a pair of MAn2 molecules is 

n m =  n9 exp [- -EJ(2kT)]  

n s (  k T t  '/2 
= ~-\2-~U] exp [- -Ed(2kT)] .  (17) 

In the above equations # is the reduced mass of 
the activated complex, given by [9] 

la = mi /2  (18) 

where rn I is the mass of the complex 

�9 , H . . . A n . . .  

MO. IMO 
�9 H . . . A n . .  

of which the activated complex is composed. 
If d is the height of a dissolution step, the sur- 

face dissolution rate is 

d n s ( k T l  t/2 
v = dnw - ~ \ ~ l  exp [--E6/(2kr)] 

= d(r162 t/2 kT  

exp { -  [�88 + e~) + �89 + E, 

+ �89 + E6)]/(kT)} (19) 

Taking r162 = ~2, na=NAe ' where NA is the 
Avogadro number, e the acid concentration as a 
molarity and mAn[mn = rra, we may write the dis- 
solution rate as 

v = ZgnM~r~,~\ m'--'H ~ ]  x 

exp { -  [�88 + e~) + �89163 + s 

+ �89 + e6)l/(kr)}. (2o) 

If AEs is the heat of adsorption of the activated 
complex on a perfect surface, the dissolution rate 
is 

v~ = v exp [a&/(kT)] 

dCNAOtC (3kT  k T ~  '/2 
- Z6nMgrlm/4 \ m a  ~ P ]  exp [AEfl(kT)] 

x exp { -  [~(e~ + e~) + �89 + e ,  

+ �89 + E6)ll(kr)}. (21) 

Taking 8 = 1 0 - 9 c m ,  d = f a = f x 4 . 2 x l O - S c m ,  
NA = 6 X 1023, #1/2 = 10 (Table I), r ~  4 = 3 (Table 
II), nMg = rr 0 0 ) =  ri x 1.1322 x 10 is cm -2 , 
AE s = 4 kcal mo1-1 (equal to the heat of adsorp- 
tion of a complex [10]), we obtain 

28.4fr 
v s = exp {-- [~(E1 + E~) + �89 + E4 Zrf 

+ �89 + E6)]/(kT)} (22) 

in cm see -1. Here r~ is the ratio of the concen- 
tration of Mg 2+ ions on a face to that on the {10 0} 
face, and f the ratio of the depth of a unit pit on a 
face under consideration to the depth of the pit on 
the {10 0} face. Multiplying Equation 22 by the 
density of MgO and (60 x 60), we have the dis- 
solution rate, in gem -2 h q , as 

v s = A s exp [--Es/(kT)] (23) 
where 

A s = 3.66 x l0 s fr (24) 
Zrf 

and 

Es = [�88 + E2) + �89 + E4 + �89 + E6)]. 

Since Es + E6 = AH ~ the heat of formation of the 
reactants (i.e. the heat of the reaction) is given by 

~s = [~(~, +e~)  + � 89  �89176 

T A B L E I Reduced mass of some adsorbed complexes (mass of MgO = 40.3) 

Complex ml ~ = ml/2 ~1, 2 

2MgO HC1 153.6 76.8 8.76 
2MgO HNO 3 206.6 103.3 10.16 
2MgO HSO 4 276.6 138.3 11,76 
2MgO H2PO 4 276.6 138.3 11,76 
2MgO HCOz 172.6 86.3 9,29 
2MgO CHACO ~ 200.6 100.3 10.01 
2MgO C2HsCO 2 228.6 114.3 10.69 
2MgO H(COa) 2 260.6 130.3 11.41 
2MgO HCO2(CHOH)2CO ~ 380.6 190.3 13.79 
2MgO (CO2H)2CH2C(OH)CH2CO 2 464.6 232.3 15.24 
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T A B L E I I Values of r~  4 of some ions 

Ion rh{ 4 Ion r~ 4 

CI- 2 .45 CHACO; 2.75 
NO; 2.80 C~HsCO; 2.90 
I-ISOT~ 3.12 H(CO2); 3.08 
F/2PO; 3 .12 HCO2(CHOH)~CO ~ 6.20 
HCO; 2 .60 CO:HCH2C (OH) CHACO; 6.63 

4 .  E t c h  r a t e s  a t  d i s l o c a t i o n  

Lattice defects act as adsorption-active centres by 
virtue of  their different adsorption potential [9]. 
If  the energies involved at a dislocation site are 
denoted by E ' ,  from Equation 22 the dissolution 
rate at a defect site can be given as 

?)a = 3.66 x 10 s fr 
Zrf 

x exp {-- 1 , , z , , [~(E1 + g2) q- ~E a + g~ 

+ �89 + E;)]/(kT)}. 

Since E s + E 6 = A H  ~  for a 
heterogeneous catalytic process [ 9], 

v d = 3.66 • 10 s f Z ~  c exp [AH~ x 

exp{--  1 ' 1~ - ' •  [r + E;)  + =*:3 7- *:,~ + �89176 
Taking a typical value of the heat of desorption, 
AH ~ of the complex at a dislocation site equal to 
the heat, E4, of adsorption of the complex, the 
above expression may be written as 

va = Aa exp [--Ea/(kT)] (26) 
with 

A d = 2.0 x 107 f O a c  (27) 
Zrf 

and 
I t 1 t t E d = [a(E, + E ~ ) +  ~E3 + E 4  + ~A/-/~ (28) 

5. Diffusion-control led dissolution 
When a crystal is placed in a reactant, a diffusion 
layer of thickness, 6f, develops at the solid-liquid 
interface. If  vl and v2 are the true and apparent 
dissolution rates on the surface, c~ and c the con- 
centrations of the acid on the surface and in the 
bulk, and /3 the diffusion rate constant, the appa- 
rent dissolution rate is expressed by [9]: 

1 [(v, IDcf"  + cd" 
- -  = ( 2 9 )  
?)2 c[n?)t 

Here n and m are the true and apparent orders of  
the reaction on the surface. The concentrations c 
and ci are related by the expression 

t ~ 
/ 

o , / i  

i 

// 

/ 
o 

0.51 i 
~tnematlc vtscosity q//P(CSt) 

Figure I Graph showing the relationship between 
kinematic viscosity, ~/p (cSt), and concentration c (M) 
of H3PO4 [11]. 

v ,  , .  (30) C = - ~  C I "Jc C 1 

The dependence of viscosity on concentration 
at high values of  the latter is of the form c = 
kl(r l /o)  n' (Fig. 1) and ~=r//p6~, assuming that 
6f = k zc  n''. Here kt ,  kz, n' and n" are constants 
and r/ and p the viscosity and density of the 
etchant. In terms of c and r#p, Equation 29, using 
Equation 30, may be written in the form 

log v2 = (1 - - n  - - n "  -- l /n)  log c 

+ ( l /n)  log kl + log k2 

log v2 = (n' -- n'n" -- 1) log (rl/p) 

+ ( 1  - - n + n " ) l o g k 1 + l o g k 2 .  (31) 

6, C o m p a r i s o n  wi th  e x p e r i m e n t a l  d a t a  

Equations 24 and 27 show that As and A d grow 
with f, a and c and decrease with Z and re. 
Equations 25 and 28 show that the values of E s 
and Ea depend on the energies of adsorption of 
H + and An- ions and of the complexes on the sur- 
face and at dislocations. Consequently, we can 
treat A's and E 's  separately. 

6.1. Pre-exponential factor 
For the {10 O} face of MgO crystals, f =  1, Z = 1 
and re = 1. Thus Equations 24 and 27 reduce to 

As = 3.66 x 10set~c 

A d = 2.0 x 107q~ac. (32) 

The dependence of pre-exponential factors of dis- 
solution for HC1, HNO3, H2SO4, H3POa and 
HCOOH is similar (Fig. 2) following the relation 

A = Ao(aC2) ~ (33) 

where A denotes the pre-exponential factor for 
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10 0 

m "1 

lO-Z 

,I 

10 4 

I;/t 
~ 

~o s to 6 .T  to s lo' 
.Al(j r ~ . 

Figure 2 Plots of  a e  2 versus pre-exponential  factors A s 
and A d (gem -2 h "~) of surface dissolution (curves 1 to 7) 
and selective etching along the surface (curves 1 ' - 7 ' ) .  1 
and 1', HNOs; 2 and 2', HC1; 3 and 3', H2SO4;4,  H3PO4; 
5 and 5',  HCOOH; 6 and 6' ,  CH3COOH and 7 and 7' ,  
C 2 H 5 COOH. 

dissolution of the surface as well as at dislocation 
sites, and A 0 a constant corresponding to the value 
of the pre-exponential factor at log (ac 2) = 1. A t  
is related to the degree of dissociation, (~, of an 
acid (Fig. 3) by the equations 

A0s = 3.0 x 106~ -1 

Aod = 1.0 • 107a -1 (34) 

for surface dissolution and selective etching, 
respectively. Thus 

As = 3.0 x 106~-~176 

Ad = 1.0 x 107(~-~176 (35) 

Equations 32 and 35 are fairly well in agreement if 

~b = 1 / ( a I ' g c 0 " S )  (36) 

According to the Freundlich isotherm [9], the sur- 
face coverage of the adsorbate 

0 = --7 exp (ASam'T) �9 c m'nr (37) 
m 

where a '  is the surface concentration of the 
occupied sites on the surface, m' is a constant and 
ASa the increase in the entropy of adsorption; 
obviously ~ = 1/0. Since the Freundlich isotherm 
is applicable for adsorption up to one mono- 
molecular thickness and in our case m'RT = 0.8, it 
follows that the adsorption involved in the dis- 
solution of MgO in dilute HC1 and HNO3 and at all 
concentrations of H2SO4, H3PO4 and HCOOH is 
of less than monomolecular thickness. 
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Figure 3 Dependence of A 0 (see text)  on degree of  dis- 
sociation a: 1 and 1', HNO3; 2 and 2', HC1; 3 and 3', 
H= SO,;  4, H3PO 4 ; 5 and 5', HCOOH; 6 and 6',  CH 3 COOH; 
7 and 7 ' ,  C=HsCOOH. Points 1 to 7, lower curve, for sur- 
face dissolution and 1' to 7 ' ,  upper curve, for selective 
etching. 

In the case of dissolution in dilute CHaCOOH 
and C2HsCOOH 

A s = 7.0 x 101~176 ~ 

Comparing this with Equation 32, one gets 

whence 
~b = 1.9 x 10960~49"1c -0"8 (38) 

0 = c~ x 10960t 49"1) (39) 

This indicates that though here also rn'RT = 0.8, 0 
is a complicated function of a unlike in other acids. 

6,2. Activation energy of dissolution 
From Equations 25 and 28 it follows that know- 
ing the values of [ ~ ( E I + E ~ ) + � 8 9  
[i(E'I+E~)+�89 and AH ~ E s and Ed 
may be estimated. At somewhat higher HC1 con- 

1 w centrations, the values of [~(E1 + E~) + �89 and 
E~ for MgO have been computed to be 0.17 eV 
and 0.15eV [10], Although [�88 + E = ) + � 8 9  
may be taken to be equal to [�88 + E 2 ) +  ~ E s ] , '  1 , 
E4 remains unknown. Therefore E s cannot be 



T A B L E III  Heat of formation and activation energies 6.3.  Energy o f  a d is locat ion  and adsorp t ion  
of surface dissolution and selective etching of MgO in From Equations 25 and 28 
some acid solutions 

Acid AH ~ Eel (eV) E s (eV) 
(kcal mol-l) Estimated Observed 

HCI 34.90 1.07 0.68 0.59 
0.55 

HNO~ 34.89 1.07 0.68 0.59 
H2SO 4 34.89 1.07 0.65 0.59 
H~PO 4 122.54 2.96 - 0.62 

estimated. Substituting the typical values of 
[�88 + e ~ )  + 1 ' 2E3] and E4, and the values of AH ~ 
from the literature [ 12], the calculated E d for some 
acids is given in Table III. The experimentally 
observed values of E d and E s in dilute solutions of 
the acids are also listed in the table. 

It may be noted that the observed E d values for 
HC1, HN03 and H2S04 are about two-thirds of 
the calculated values. It also appears that the 
expected experimental E d in the case of H3P04 
should be far smaller than the calculated value. 
This disagreement indicates the formation of 
still heavier activated complexes. Further, the 
heat of formation of phosphates changes in the 
sequence: 

ortho- > monortho- > diortho-phosphate. 

Since in our calculations we have used the heat of 
formation of Mg3(PO4)2 in place of Mg(H2PO4)z, 
the observed greater discrepancy is natural. 

The values of activation energy of dissolution at 
low and high concentrations of some acids are 
observed [3] to be comparatively high. Since the 
heat of adsorption, [~(E1 + E~) + �89 of H20 
is higher than that of HC1 and HNO~, a higher 
activation energy at low concentrations is expected 
(cf. Equations 25 and 28). The heat of adsorption 
at monomolecular thicknesses is larger than that 
involved in polymolecular adsorption [1'3], there- 
fore the increased activation energy at very high 
acid concentrations could be due to the setting-in 
of only monolayer adsorption. 

Since the change in the energy of physical 
adsorption on different faces is negligible, 
Equations 25 and 28 also indicate that the acti- 
vation energy does not change appreciably from 
one surface to another. Experimental results on 
the selective etching of different faces of MgO 
corroborate this inference. 

l t [r + E~) + �89 -- ~(E, + E2) -- �89 

- ( E , ; , -  E 4 )  = E d  - -  E , .  

Since for physical adsorption 

[41(E'1 -Jr E2) -1- �89 ~--. [41(E1 a u e2) + �89 

the difference in the energies of dissolution may 
be attributed mainly to the difference in the 
energy of adsorption of the complex on the sur- 
face and at a dislocation site. Therefore 

(E~.--E4) = (Eel--Es) = pEc 0o) 

where lip is a proportionality constant which 
signifies the extent of adsorption at a dislocation 
site, and Ee dislocation energy. The experimentally 
obtained values of (E d - E s )  and the correspond- 
ing lip using Ee = 1.3 eV  [14] are given in Table 
IV. 

The energy of adsorption of a complex non- 
polar molecule is the sum of the adsorption energy 
of the groups constituting it [13]. Therefore the 
energy of adsorption of the molecules of acetic, 
propionic and citric acids at dislocation sites may 
be supposed to be relatively high. Consequently, 
these acids produce good etch pits on the {10 0} 
face of MgO crystals [3, 15]. The significance of 
lip is therefore clear: the higher the value of I/p, 
the better is the revelation of etch pits (Table IV). 

6.4. Surface orientation effects 
Assume that the adsorption factor r follows the 
same relationship, expressed by Equations 36 and 
38 on different crystallographic planes. Then two 
cases arise, namely, when the effects of free bonds 
are either significant or insignificant. Using 
Equations 24 and 27 the expected anisotropy in 
the two cases may be obtained (Table V). Thus the 
pre-exponential factor changes in the sequence 
{ 1 0 0 } > { 1 1 1 } > ( 1 1 0 }  and { 1 0 0 } > { 1 1 0 } >  
(111} in the cases when the effects of free bends 
are insignificant and significant, respectively. 

The observed relative rates of dissolution [4] in 
H2SO4 and HsPO4 are given in Table VI. From 
Tables V and VI, the effect of the number of free 
bonds on dissolution in 4N H2S04 and in 2.21 
and 44.1 N H3P04 is obvious. In concentrated 
H2SO4 the free bond effect is negligible. 
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T A B L E I V Relationship between the estimated values of dislocation core energy Ee, (E d --Es) , l /p and pit form- 
ation at dislocation sites 

Acid Reference E s (eV) E d (eV) (E d --Es) (eV) l ip Remarks on Nature of 
pit dimen- etching 
sions at 
dislocations 

HCI [3] 0.55 0.68 0.13 0.10 sT Deep etch pits at 
fresh, shallow pits 

[2] 0.59 0.68 0.09 0.07 s + e at old dislocations 

HNO3 [2] 0.59 0.68 0.09 0.07 s + e Deep etch pits at 
fresh, shallow pits 
at old dislocations 

H~SO~ [2] 0.59 0.65 0.06 0.05 s + e Deep etch pits at 
fresh, shallow pits 
at old dislocations 

HCOOH [ 3 ] 0.65 0.70 0.05 0.04 o Shallow pits at old 
dislocations 

CH3COOH [3] 0.66 0.81 0.15 0.12 s Deep pits at old 
and fresh 
dislocations 

C2HsCOOH [3] 0.47 0.76 0.29 0.22 s Deep pits at old 
and fresh 
dislocations 

5"s = screw, e = edge and o = old dislocations. 

T A B L E V Calculated relative pre-exponential factors of different faces 

Face {10 0} {1 10} {1 11} 

rtMg 1.1322 X 10 *s 0.8006 • 10 's 0.8716 • 10 *s 

f 1 1.3 1.15 

Relative A s 1 1.8 1.5 
f o r Z =  1 

Relative A s 1 0.9 0.5 
fo rZ  = 1, 2, 3 

T A B L E  VI  Relative etch rates and pre-exponential 
factors of dissolution in some acids 

Etchant Temperature {I00} {110} {1111 
~ C 

Polishing 
4N H2SO 4 23 1 0.77 0.75 
36 N H2SO , 23 1 1.38 1.38 
2.21 N H3PO , 23 1 0.91 1.36 

65 1 0.68 0.68 
44.1N H3PO , 65 1 0.57 0.75 

Selective 
etching 
4N H~SO, 5- i 0.54 0.75 
36 N H=SO 4 5" 1 1.54 2.46 

"l'Ratio of pre-exponential factors of dissolution between 
20 and 80 ~ C. 
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6.5. Effect of acid concentrat ion and 
viscosity on dissolut ion rate 

Equa t ion  31 shows tha t  the  dissolut ion rate o f  a 

d i f fus ion-control led  process is i ndependen t  o f  the 

react ion rate at the surface, and tha t  i t  depends  

only  on c and ~/p.  Since n <  I [ 1 , 2 ]  and 

n '  < 1 (Fig. 1), for  a simple case when  n"  = 1, we 

have 

log v2 = - -  K ,  log c + log K2 

log v2 = - - K ' ,  log ( f l ip)  + log K~ (41)  

where K ' s  are constants .  This equa t ion  shows that  

.dissolution rate decreases wi th  an increase in c and 

~1/P. Exper iments  [2,  4] bear  ou t  this inference.  

The t empera tu re  dependence  o f  rl/p fol lows an 



T A B  L E V I I Etch pits and pyramids on {10 0} MgO surfaces and the corresponding concentrations, degree of dis- 
sociation and entropy of adsorption in different acids 

Acid Concentration Degree of A S  a Observed etching 
(M) dissociation c~ (kcal tool -1 K- 1) behaviour 

HNO 3 0.1 5.66 X 10 -1 -- 8.10 (110)  pits 
8.0 9.00 X 10 -2 -- 11.60 ( 10 0 ~ pits and also 

pyramids 
HC1 0.1 5.22 X 10 -1 -- 8.26 (110} pits 

8.0 6.70 X 10 -2 -- 12.16 (100)  pits and also 
pyramids 

H 2 S O  4 0.1 3.58 x 10 -1 -- 8.97 (110)  pits 
4.5 6 .45X10 -2 -- 12.23 (100)p i t s and  

pyramids 
9.0 4.60 X 10 -2 -- 12.87 ( 10 0) pits and 

pyramids 
18.0 3.28 X 10 -2 -- 13.51 ( 10 0 } pits and 

hillocks 
H3PO 4 0.1 2.81 X 10 -1 -- 9.43 (100)  pits 

3.0 6.00 X 10 -2 -- 12.37 (100> pits and 
pyramids 

13.2 2.85 X 10 -2 -- 13.78 pyramids 
HCOOH 0.1 4 .11X10 -2 -- 13.08 (100)  pits 

3.0 7.95 X 10 -3 -- 16.21 pyramids 
22.0 2.24 X 10 -3 -- 18.6 pyramids 

CH3COOH 0.1 1.31 X 10 -2 -- 15.85 (100 )  pits and also 
pyramids 

9.0 1.39 X 10 -~ 94.29 ( 10 0 } pits 
C2HsCOOH 0.1 1.15 X 10 -2 -- 9.46 (100)  pits 

9.0 1.22 X 10 -3 100.69 ( 10 0 ) pits 

Arrhenius- type  equat ion .  Therefore  if  the  plots  o f  

vs, d versus 1/T and o f  ~)]p versus 1/T give ident ical  

values o f  act ivat ion energy,  dissolut ion m a y  be 

taken as di f fus ion-control led.  

F r o m  a s tudy of  overall  (surface) dissolut ion o f  

MgO in concen t ra ted  H2SO 4 the  act ivat ion energy 

o f  dissolut ion was observed to be approx imate ly  

equal  to that  o f  viscosity decrease, bu t  that  corre- 

sponding to selective etching was relat ively high 

[4] .  This indicates that  though  the dissolut ion 

process at the surface is d i f fus ion-control led ,  the 

local react ivi ty  at dis locat ions m a y  still render  it 

par t ly  or fully chemical ly-contro l led .  Hence while 

inferring the nature  o f  rate- l imit ing kinet ics  f rom 

the dependence  o f  selective e tch  rate on lIT one 

should be caut ious.  

6 . 6 .  Etch  pi ts  a n d  p y r a m i d s  

The e tching behaviour  [ 1 - 3 ,  16] o f  the acids used 

in our  analysis is summarized in Table VII.  Clearly 

e tch  pits are fo rmed  in m a n y  acid solutions,  while 

e tch  pyramids  are fo rmed  in concen t ra ted  HC1, 

HNO3, mode ra t e ly  concen t ra ted  H2SO4 and in 

H3PO 4 and HCOOH in a wide concen t ra t ion  range. 

Using Equat ions  36 and 37, we have 

m'gr  = O.8 ( 4 2 )  

Ot p 
Cr = --7 exp (aSam'T) (43)  

/T/ 

at T =  3 0 0 K ,  m '  = 1.33 x 10 -a. Subst i tu t ing the 

values o f  T and m ' ,  and arbitrari ly taking a '  = 1, 

Equa t ion  43 reduces to 

a 1"9 = 1.12 x 103 e a sa  (44)  

Obviously  ASa  is a func t ion  o f  a .  Subst i tut ing the 

values o f  a corresponding to the concent ra t ions  

given in Table VII,  ASa may  be es t imated (Table 

VII).  

Similarly,  using Equat ions  37 and 39, one 

obtains 
OL - 4 9 " 1  = 2.13 x 1099 e asa. (45)  

Subst i tu t ing the values o f  a for CH3COOH and 

C2HsCOOH, the ASa values here may  also be 

obta ined  (Table VII).  

Since we are dealing wi th  adsorp t ion  where 

the hea t  o f  adsorpt ion  is always positive.  Conse- 

quen t ly ,  A S  a should also be positive.  This is con- 

t rary to  our  expec ta t ion .  Even in a very dilute 

solut ion,  A S  a turns out  to be negative. The reason 
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of an acid and on the surface orientation of MgO 
crystals. 

(2) The dissolution process is accompanied by 
physical adsorption of the reactants and the com- 
plexes (also activated complex). In dilute solutions 
of acids the adsorption corresponds to a layer of 
less than monomolecular thickness. The formation 
of pits and pyramids is associated with the adsorp- 
tion process. 

Figure 4 Etch pyramids formed by 0.87 N CH3COOH at 
27.5 ~ C after 5 { h  (X 150). 

for this is associated with the assumption that 
~' = 1. In an ideal acid solution where the degree 
of dissociation a ~ 1 it can be shown (cf. Equation 
44) that for AS a = 0, the concentration of the 
occupied sites a '  ~ 0.1%. For smaller values of 
which is usually the case, a '  should still be smaller 
in the case of acids other than CH3COOH and 
C2HsCOOH. Without investigating further this 
aspect of a ' ,  some interesting features of the etch- 
ing process can, nevertheless, be noted on the basis 
of the trend of the change of entropy of adsorp- 
tion alone. 

With an increase in the concentration of HNO3, 
HC1, H2SO4, H3PO4 and HCOOH, pyramids, 
( 10 0) pits, circular pits and ( 1 10) pits are formed 
in that order. In CH3COOH at very low concen- 
trations ill-defined rounded ( 10 0 ) pits are formed, 
but on prolonged etching pyramids are produced 
(Fig. 4). At high concentrations of CH3COOH and 
in C2HsCOOH, ( 1 0 0 )  pits are produced. Table 
VII shows these results in terms of the increase in 
entropy of adsorption. With increasing entropy of 
adsorption in an acid, pyramids, ( 10 0) pits, 
circular pits and (1 10) pits are formed in that 
order. A relatively large change in the adsorption 
entropy in the case of CH3COOH and C2HsCOOH 
in the same concentration range can also be the 
cause of the formation of contrasting etch pits in 
concentrated solutions of these acids. 

7. Conclusions 
(1) The application of activated complex theory 
in conjunction with the adsorption of reacting 
species and complexes on MgO surfaces provides 
a fairly satisfactory explanation of the dependence 
of dissolution rates at surface and at dislocation 
sites on the temperature, concentration and nature 
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