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Surface micromorphology and dissolution 
kinetics of potassium dihydrogen phosphate 
(KDP) crystals in undersaturated aqueous 
solutions 

A. KOZIEJOWSKA, K. SANGWAL*  
Institute of Physics, Technical University of 1_6d2, W61czarfska 219, 93 005 t:6dZ Poland 

The results of dissolution kinetics and surface micromorphology of (010) and (011 ) faces of 
potassium dihydrogen phosphate (KDP) crystals etched in undersaturated aqueous solutions 
are described. They are then analysed from the standpoint of the theories of dissolution and 
growth. It was found that Cabrera's mechanism of dislocation etch-pit formation and birth- 
and-spread model of growth may be applied in the case of dissolution of KDP crystals. 

1, I n t r o d u c t i o n  
The process of crystal etching includes, among others, 
the formation of etch pits at defect sites and the 
macroscopic dissolution of perfect regions of a surface 
away from the defect sites [1, 2]. Different theories 
have been advanced to explain these aspects of the 
phenomenon of crystal etching [1]. The thermo- 
dynamic, spiral dissolution and topochemical adsorp- 
tion theories are used to explain the formation 
of etch pits at both screw and edge dislocations; 
the kinematic theories interpret the morphology of 
etched surfaces and the terracing of etch pits, and 
surface nucleation and reaction models describe the 
kinetics of etching. In the etching literature, however, 
few investigations have appeared in which an attempt 
has been made to confront experimental data with 
theoretical predictions [3-5]. In particular, there 
is a lack of studies on etching kinetics and on the 
range of applicability of different theories of etch-pit 
formation. Such studies necessitate obtaining data 
on kinetics of etching and the simultaneous obser- 
vation of the surface micromorphology of etched 
specimens in a wide range of experimental conditions. 
In the present paper the experimental results on 
dissolution kinetics and surface micromorphology 
of (010) and (011) faces of potassium dihydrogen 
phosphate (KH2PO4, KDP) crystals etched in under- 
saturated aqueous solutions are described and exam- 
ined in the light of the theories of growth and etching 
of crystals. 

2. Experimental methods 
The crystals for the dissolution experiments were 
grown at 30 ~ C by the slow solvent evaporation method 
from aqueous solutions prepared from distilled water 
and analytical grade KDP. They showed the usual 

growth habit and were endowed with relatively large 
prismatic (010) and small pyramidal (011) faces. 
For experimental purposes, only transparent crystals 
8 to 15ram long in the [001] direction and free from 
visible inclusions, cracks and dissolution were selected. 
The density of dislocation etch pits produced on the 
two types of faces of these crystals by rubbing them 
with a filter paper wetted with water [6] was about 
104cm 2. 

For the determination of macroscopic dissolution 
rate and the investigation of surface dissolution 
micromorphology, part of the specimen surfaces was 
masked by dipping it in a dilute (about 5%) solution 
of plexiglass in acetone and subsequently dried by 
evaporating the acetone. After the plexiglass coating 
became firm on the specimens, they were carefully 
etched for suitable durations in aqueous solutions of 
different undersaturations. The undersaturation was 
achieved by raising the temperature of an aqueous 
solution saturated at 29.6 ~ C. The plexiglass coating 
was then dissolved in acetone and photographs of the 
dry etched regions were made. Thereafter the thick- 
ness of the dissolved layer was estimated either by 
using an interference microscope or by focusing an 
optical microscope on the masked and unmasked 
areas of the samples. In the case of the former method, 
the etched specimens were coated with a thin film of 
aluminium. After determining the thickness of the 
dissolved layer, the surface was etched to produce 
dislocation etch pits with a wet filter paper [6]. Sub- 
sequently, the previously photographed regions were 
rephotographed. 

The macroscopic dissolution rate was estimated 
from the thickness of the crystal layer dissolved after 
a particular time. It was found that the two methods 
give fairly reproducible results. 
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Figure 1 Etch patterns produced on the (010) face of KDP at (a) 2.77, (b) 5.82, (c) 6.93 and (d) 9.70% undersaturation. (a' to d') Etch patterns 
produced in the areas of photographs (a to d) by gently rubbing the surfaces with wet filter papers. 

3. Exper imenta l  resul ts  
The mic romorpho logy  of  the (010) and (011) surfaces 
o f  K D P  etched in aqueous solutions at different 
undersaturat ions is shown in Figs la to d and 2a to e, 
respectively. The etch-pit patterns produced on the 

same areas by gently rubbing the surfaces with a filter 
paper wetted with water are illustrated in Figs la '  to 
d '  and 2a'  to e', respectively. The following points may 
be noted f rom these figures: 

(1) At  low values o f  undersaturat ion the density of  
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Figure 2 Etch patterns formed on the (011) face of KDP at (a) 1.39, (b) 4.16, (c) 5.82, (d) 6.93 and (e) 9.70% undersaturation. (a' to e') 
Dislocation etch-pit patterns formed in the regions of (a to e) by gently rubbing the surfaces with wet filter papers. 
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Figure 3 Plots of surface dissolution rate vp of the (010) and (011) 
faces of KDP against a. The full lines represent the experimental 
data. Except in the range of the highest undersaturation indicated 
by the dashed lines, the data may be represented by an exponential 
relation. 

etch pits is too low in comparison with that revealed 
by routine etching. However, at higher undersatura- 
tions, most of the dislocations are revealed (compare 
Figs lc and d and 2d and e with Figs lc' and d' and 
2d' and e'). 

(2) The pit slope, as judged from their contrast, 
increases with an increase in the undersaturation of 
the etching solution (Figs 2b to d). 

(3) Etching in undersaturated solutions is favoured 
at the edges of the crystal surfaces. This feature may 
be easily observed in Figs 2a and b. 

(4) Even at low undersaturations some dislocations 
are revealed, as may be seen from Figs l b and b' 
and 2c and c'. Moreover, the appearance of the etch 
patterns produced on the (011) face at 2 to 6% unders 
saturation is similar to that observed on the (111) face 
of diamond-type crystals [1, 7]. 

The dependence of surface dissolution rate, %, on 
undersaturation o (equal to (Co - c)/Co where c and co 
are the actual and equilibrium solute concentrations 
in moles per litre at a particular temperature) is 
presented in Fig. 3. It is obvious that, except for the 
highest undersaturation, the dependence is exponential 
in nature. 

4. Discussion 
Etching of the surface of a crystal in undersaturated 
solutions and corrosive media usually leads to the 
formation of etch pits due to localized dissolution at 
the sites of dislocations and other defects as well as to 
the overall general surface dissolution. The formation 
of etch pits at defect sites takes place when the rates of 
etching normal to the dissolving surface at the defect 
site, %, and away from it in the tangential direction, 
vt, and the rate of overall surface dissolution, %, 
satisfy the condition: % < Vn < Yr. In the case of 
dislocations, the formation of etch pits may take place 
either (1) by their spontaneous opening up or (2) by 
the unwinding of spiral turns of screw dislocations 
and by a repeated two-dimensional nucleation process 
favoured by an edge dislocation. The strain energy of 
edge and screw dislocations is responsible for the 
spontaneous non-stationary dissolution, but in the 

latter mechanism involving stationary dissolution it is 
the geometrical arrangement of atoms/molecules 
around the dislocation lines rather than the energy 
localized around them. In Cabrera's model, the tran- 
sition from stationary dissolution to spontaneous 
non-stationary fast dissolution takes place at a critical 
value of undersaturation, ac, given by [1-4, 8] 

2/1:272 ~"~ 2 0 7 2 ~  

oc - kTGb2c~ ,.~ kTGb-------5 (1) 

where 7 is the surface free energy, f~ the molecular 
volume, k the Boltzmann constant, T the absolute 
temperature, G the shear modulus of the crystal, b 
Burger's vector of a dislocation and a a constant 
characterizing the dislocation type equal to 1 and 
1/(1 - v) where v is Poisson's ratio for clean screw 
and edge dislocations respectively. The radius of the 
critical two-dimensional nucleus at the dislocation site 
corresponding to ac, is expressed by [1-4, 8] 

r~ = 7~/2kT~r~ (2) 

where r; is the radius of critically sized stable nucleus 
at a dislocation site and the energy barrier for surface 
dissolution [1-3, 8] is 

AG* = nh~2~/kTa~ = 2nrs (3) 

where AG* is the energy barrier for surface dissolution 
and h the height of a step. 

According to Schaarw/ichter [9], the rate of surface 
dissolution 

Vp = Ko "2/3 exp [-(AG* + 3 A H ) / 3 k T ]  (4) 

where AH is the free energy change for a molecule 
going from the crystal surface into the solution and K 
is a constant. 

K = h2vO 1/3k'2/3 (5)  

AG* = n h 7 2 ~ / k T a  = nrch7 (6) 

rc = 2r'c (7) 

where v is the frequency factor (,~ l013 sec  -1 ) k* is the 
ledge mobility factor ~< 2 and rc the radius of critically 
sized stable nucleus on a perfect surface. If it is assumed 
that growth theories are also valid for dissolution, 
then from the BCF surface diffusion model [1, 10, 11] 

% = (Ca2/ol )  tanh (al/o) (8) 

where C and o~ are constants, and from the birth-and- 
spread (BS) model [1, 11] 

Vp = A o  5/6 exp ( - B / o )  (9) 

where A and B are constants: 

A = 2ht/6Q5/6(fg/Tz) I/3 (nlDsflAc'o/f~s) 2/3 (10)  

B = rch72f~/3k 2 T  2 = AG* a / 3 k T  (11) 

where ~3 is the mean velocity of surface-adsorbed 
molecules equal to ( 8 k T / n m )  ~/2 (m is the mass of a 
molecule of KDP equal to the ratio of its molecular 
weight to Avogadro number), nl is the equilibrium 
surface density of adsorbed monomers, D~ is the 
surface diffusion coefficient, fl is the retardation 
factor, ~< 1 for a straight step, A is the kink retardation 
factor ~< 1, c(~ is the equilibrium surface concentration 
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TAB L E I Values of parameters used in the calculations 

Parameter Units Value Source 

C O m - 2  h - 2  _ 

n~ m 2 h 2 - 

D~ nm2sec -I 1.5 x 10 v [12] 
m 3 9.67 X 10 -29 Present work 

75 msec ~ 2.17 X 10 2 Present work 
h (010) nm 0.743 [13] 
h (011) nm 0.507 [13] 
G Nm -2 1.26 x 10 I~ [14] 
m g 2.26 x 10 22, Present work 

*It is assumed that a molecule of KH2PO 4 is the dissolution unit. 

of  the solute and 2s is the mean diffusion distance on 
the surface. 

Now we discuss the results of  the etching of K D P  in 
the light of  the above theoretical background. The 
micromorphology of the etched surfaces of  K D P  
presented in Figs 1 and 2 suggests that there exists an 
undersaturation barrier above which dislocation etch 
pits are easily formed. For  the (010) and (011) faces 
the values of  these undersaturations are about  9.0 
and 6.4% respectively. The preferred occurrence of 
dissolution at crystal edges indicates that surface 
dissolution takes place by surface nucleation process. 
Consequently, it may be inferred that Cabrera 's  
theory of  etch-pit formation holds good in the case of  
KDP. 

The increase of  pit slope with undersaturation 
below ac may be explained by a spiral dissolution 
process [l, 2], Cabrera 's  model [1, 2] and Schaar- 
wiichter's model [1, 2, 9]. However, in the spiral 
dissolution process screw dislocations are the only 
active sites for etch-pit formation, while in the Schaar- 
wiichter's mechanism both edge and screw dislocations 
are revealed without a transition from stationary to 
non-stationary fast dissolution. Thus the formation of  
block-like patterns on the (011) face of  K D P  and on 
the (111) faces of  diamond-type crystals, which are in 
fact, as the present results indicate, due to shallow etch 
pits at the sites of  both edge and screw dislocations, 
may also be explained by Cabrera 's  theory, as has 
been pointed out previously [1]. 

As observed earlier [1], it was found that the BCF 
model (Equation 8) is unsatisfactory to represent the 
present data on dissolution kinetics of  KDP. Therefore, 
in order to analyse the kinetic data, Equations 4 
and 9, which are based on two-dimensional surface 
nucleation, were used. The order of  the pre-exponential 
factors K and A of  the two equations was estimated 
from Equations 5 and 10, respectively, assuming that 
h ~ 2~,// = 1, A = 1, k* = 2 and c~ = nt ,-~ h -2. 
The absolute values of  different parameters used in the 
calculations are given in Table I. Thus according to 
the Schaarwfichter and BS models, for the (010) face 
K =  1.9 x 104msec - l a n d A  = 2.2 x 10 7msec 1, 
respectively. 

The kinetic data of  Fig. 3 were plotted as In (Vp/a 2/3) 
and In (Vp/a 5/6) against 1/o- plots, and the constants K 
and A of  Equations 4 and 9 were evaluated from the 
plots. It was found that for the (010) face 
K = 3.1 x 10 7 m  sec  i ( f o r  AH = 0, Equation 4) 
and A = 4.5 x 10-7msec  -1. Obviously, there is a 
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Figure 4 Plots of In (%/a 5/6) for the (010) and (01 I) faces of KDP 
against 1/a. 

large discrepancy in the experimental and theoretical 
values of  K but the experimental value of A agrees 
well with the estimated value. Therefore it may be 
concluded that Schaarwfichter's theory does not 
represent the etch rate data satisfactorily, but that the 
BS model may be applied. 

The plots of  In (Vp/O -5/6) against 1/a representing 
the BS model for the (010) and (011) faces of  K D P  
are shown in Fig. 4. The values of  the constants A 
(Equation 10) and B (Equation 11) of  Equation 9 
are given in Table II. The values of  critical under- 
saturation, as judged from the micromorphology of 
etched surfaces, are also given in this table. 

A proof  of  the validity of  Cabrera 's  theory of  etch" 
pit formation and the BS model to explain the kinetic 
data is furnished by the value of surface energy 7 
estimated by using Equations 1 and 11, and that 
available from other sources. The values of  7 were 
estimated by substituting the values of  G from Table I 
and of  B and ac from Table II, and taking b ~ h 
(Table I) in the light of  the fact that the direction 
of a majority of  the dislocations in K D P  are roughly 
perpendicular to the (010) and (011) faces [16]. For the 
estimation of 7 from ac it was also assumed that 

= 1. The values of 7 are included in Table II. 
Joshi and Anthony [15] have studied the dissolution 

kinetics of  the (010) face of  K D P  up to 35% under- 
saturation at 20, 30 and 40 ~ The values of  A, B 
and 7 estimated from their data are also included in 
Table II. Corresponding to ac, r; and AG* may be 
calculated by using Equations 7 and 11. These values 
are given in Table II. From Table II  one may note 
that r; = (0.5 - 1.3)h. In view of the fact that in 
our calculations of  r; we have used the bulk under- 
saturation, it is reasonable to believe that r; ~> h. 
This estimate is justified by Cabrera 's  mechanism of  
dislocation etch-pit formation. 

The values of  7 estimated from the data on etch 
rates and undersaturation barrier are similar. These 
values of  7 agree well with those reported in the 
literature [17-19]. The agreement in the values of  ? 
obtained by using different approaches implies that 
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T A B  L E [ I  Experimental and theoretical values of  some parameters 

Plane T(K) B A (m sec-~ ) a~ From etch rate data From undersaturation barrier 

(kJ mol - I )  (nm) ( m J m  2) (kJmol - I )  (nm) (mJm -2) 

(0l l )  303* 0.0390 8.4 x 10 7 0.064 
(010) 293? 0.05289 3.0 • 10 -7 - 

303* 0.03343 4.5 x 10 -7 0.090 
303? 0.04083 4.2 • 10 7 
313 t 0.04767 6.3 • 10 -7 - 

4.6 0.65 3.6 1.5 0.38 2.1 
- - 3 . 4  - - - 

2 . 8  0.36 2.8 5.0 0.48 3.7 
- - 3 . 1  - - - 

- - 3 . 4  - - - 

*Our  data. +Data  of [15]. 

Cabrera's theory and the BS model may be used to 
describe the etching process. 

6. Conclusions 
The experimental results presented in this work show 
that in the case of KDP Cabrera's mechanism of 
dislocation etch-pit formation holds good. The 
data of the undersaturation dependence of surface 
dissolution rate, on the other hand, can be satisfac- 
torily explained by the birth-and-spread model of two- 
dimensional surface nucleation advanced for crystal 
growth. 
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