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Abstract

Potassium di-hydrogen phosphate (KDP) has been successfully grown in pure form and doped
with ethylene diamine tetra acetic acid (EDTA) by low temperature solution growth technique
and nucleation kinetics of KDP crystals in doped and undoped solutions were measured and
analyzed. The induction period τ was measured and experiments were performed at selected
degrees of supersaturation and the critical nucleation parameters like energy of formation of
the critical nucleus (ΔG*), radius of the critical nucleus r*, nucleation rate J, number of the
molecules in the critical nucleus i* have been calculated based on the classical theory of
nucleation. The grown crystals have been subjected to study the mechanical property. The
microhardness test was carried out on (100) plane. The load dependent hardness and work
hardening coefficient was measured.
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1. Introduction
A comprehensive theory of nucleation from solution does not exist at present but there is
growing evidence that it is a two-step process: the formation of liquid like clusters of
solute molecules followed by the rate-limiting organization of such a cluster into
protocrystals [1]. Nucleation, the initial step in the process of crystallization involving the
formation of a critical nucleus, is still poorly understood [2]. In crystal growth, solutions
are classified into three different categories: undersaturated solution, saturated solution
and supersaturated solution. In undersaturated and saturated solutions crystal growth is not
possible. Crystallization from solution can occur only in supersaturated solutions.
Supersaturation can be achieved in several ways - for example by cooling method, by
*
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evaporation method and by changing the pH of the solution. Supersaturated solution
properties are important in the development of fundamental understanding of nucleation
and crystal growth mechanisms. At any time supersaturated solution, although in thermal
equilibrium, is not at thermodynamic equilibrium. At all times, the supersaturated solution
is a mixture of dimers, trimers, tetramers etc. Nucleation occurs when clusters reach a
critical size where the Gibbs free energy changes for growth of the clusters is negative.
Eventually, a critical size is reached and a crystal is born [3].
The growth of KDP crystals in larger dimensions than other non-linear crystals [4]
has made it to be used in a wide range of applications. The growth technique for
production of commercial crystals is based on gradual temperature reduction. So attention
is given to grow crystals from solutions with faster rates by adopting faster cooling rates.
Srinivasan et al. [5] introduced a novel method to enhance the metastable zone width for
crystal growth from solutions by adding the chelating agent EDTA. A large number of
papers were devoted to the growth kinetic analysis of prismatic and pyramidal faces of
KDP [6-10]. The influence of impurities on the growth kinetic of KDP was also presented
[11-13].
KDP belongs to the scalenohedral (twelve sided polyhedron) class of tetragonal
crystal system. It has a tetramolecular unit cell having the dimensions given as a = b =
7·448 Å and c = 6·977 Å. KDP is ferroelectric well below room temperature and the curie
temperature T is 123 K. KDP is soluble in water and the molecular weight is 136·09. With
the aim of improving the quality of KDP crystals with better mechanical properties, an
attempt has been made in the present work to grow the KDP crystals by doping it with
EDTA (concentration of 0.5 mol%) and study the effect on the nucleation parameters and
mechanical properties.
2. Experiment
2.1. Determination of induction period
Induction period ‘‘can give information about the mechanism of solid phase formation
and the process of growth from critical nuclei to detectable crystals [14-15] and is
determined experimentally for KDP solutions with and without the presence of EDTA by
adopting isothermal method [16]. The supersaturated solutions were prepared to conduct
induction time experiments. The required level of supersaturation was achieved by
dissolving the required amount of KDP (with and without EDTA) in the solvent, which is
above the saturation concentration. The mixture is then heated to a few degrees above the
saturation temperature (30°C) to ensure that all the material is dissolved. The solution is
then cooled to the saturation temperature (30°C) where the solution becomes
supersaturated to the required degree of supersaturation. Once the nucleation occurred, it
grew quickly and a bright sparkling particle was seen. The time of observation of the
sparkling particle in the cell from the time at which the solution reaches the saturation
temperature gives the induction period of nucleation. Experiments were performed at
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selected degrees of supersaturation (C/C*), viz., 1.07, 1.1, 1.13, 1.16, (C being the
concentration of solute in supersaturated solution and C* is the saturated concentration).
2.2. Nucleation kinetics of KDP and doped KDP
The relationship between rate of nucleation (representing the number of nuclei formed per
unit time per volume) and induction period can be expressed as [17]
1
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where τ is the induction period of the solution at temperature T, v is the molar crystal
volume, k is the Boltzmann constant and A is constant. S is the supersaturation ratio (S =
C/C*). The function, ln A weakly depends on temperature and hence there is a linear
dependence between ln τ and 1/(ln S)2 at constant temperature. A plot of ln τ against 1/ (ln
S)2 is a straight line [11]. The intercept of the straight line on the y-axis gives the value of
ln A. Eq. (3) suggests a straight line fit for ln τ against 1/ (ln S)2 with a slope m given in
ref. [18]:
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In some studies, linear relationship between 1/ (ln S)2 and ln(τ) is not represented by
one line, but two different straight lines can be drawn, one of which represents
homogeneous nucleation and the other represents heterogeneous nucleation. The
interfacial energy σ of the solid relative to the solution has been calculated from the slope
of the line as
3
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where V is the specific volume and is obtained by V =

Molecular weight

, R is the gas

Density × N A

constant and NA is the Avogadro’s number. The energy of formation of a critical nucleus
has been evaluated from the experimental data as
*
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The radius of the nucleus in equilibrium with its solution has been computed as [19]
*

r =

2σV
kT lnS

(5)
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The number of molecules in the critical nucleus is expressed as [20]
*

4π ( r )

*

i =

3

(6)

3V

2.3. Characterization studies
Hardness test: Microhardness of a crystal is its capacity to resist indentation. The
hardness of a material depends on different parameters such as lattice energy, Debye
temperature, heat of formation and interatomic spacing [21]. To evaluate the Vickers
hardness number, an indentation time of 10 sec was applied on the (100) face of the
crystal for loads 25 to 200 g. The distance between any two indentations was maintained
to be greater than five times the diagonal length in order to avoid any mutual influence of
the indentations. Maximum indentor load applied was 200 g, above this load microcracks
were observed around the impression and hence readings were not taken for higher loads.
The Vickers microhardness number was calculated using the expression

 p  kg
2 
2
 d  mm

HV = 1.854 

(7)

here HV is the Vickers hardness number in kg/mm2, p is the applied load in kg and d is the
average diagonal length of the indentation in mm. Fig. 1 shows load vs. Vickers hardness
number for pure and EDTA doped KDP crystal. At lower load, there is an increase in the
hardness with load, which can be attributed to the work hardening of the surface layers.
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Fig. 1. HV vs. load for pure and doped
KDP crystal.
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Fig.2. Log p vs. log d for pure and
doped KDP crystal.

Work hardening coefficient n, a measure of the strength of the crystal, is computed
from the log p-log d plot. The plot of log p-log d (Fig. 2) yields a straight line and work
hardening index or Meyer index, n is obtained from the slope of the line. According to
Meyer’s law [22],
n
(8)

p = k1d
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The hardness value and work hardening coefficient are found to increase, which
proves that EDTA added KDP crystal has higher mechanical strength.
3. Results and Discussion
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The induction period is measured and the critical nucleation parameters like interfacial
energy σ, energy of formation of the critical nucleus ΔG*, radius of the critical nucleus r*,
nucleation rate J, number of the molecules in the critical nucleus i* have been calculated
and shown in Figs. 3 to 7. Investigations show that due to incorporation of EDTA, the
induction period  increases from 181 to 1394 s for KDP for supersaturation ratio S = 1.07
(Fig. 8). The energy of formation of the critical nucleus ΔG* increases from 1.93 to 3.54
kJ for KDP for supersaturation ratio S = 1.07.
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Fig. 4. Interfacial energy vs. temperature
of pure KDP and EDTA added KDP.
solution.

Pure KDP

2

32

Temperature ( 0 C)

Fig. 3. Energy ∆G* vs. supersaturation
ratio of pure KDP and EDTA added KDP
solution.
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Fig. 5. Nucleation rate (J) vs. supersaturation ratio of pure KDP and EDTA
added KDP solution.
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Fig. 6. Radius of critical nucleus vs.
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Fig. 8. Induction period vs. supersaturation ratio of pure KDP and EDTA
added KDP solution.

Fig. 7. Number of molecules in the critical
nucleus (i*) vs. supersaturation ratio of
pure KDP and EDTA dded KDP solution.

The radius of the critical nucleus r* increases from 1.87 to 2.05 nm for KDP for
supersaturation ratio S = 1.07. The number of molecules in the critical nucleus i* increases
from 282 to 372 for KDP for supersaturation ratio S = 1.07. The nucleation rate J
decreases from 0.09x1024 to 0.0053x1024 nuclei/cm3.s for KDP for supersaturation ratio S
= 1.07.
Table 1.
Material

Work hardening
coefficient n

Pure KDP

1.67

KDP + 0.5 mol% EDTA

2.1

From Vickers micro-hardness, the work hardening coefficient ‘n’ has been determined
which is observed to increase from 1.67 to 2.1 (Table 1) with the addition of EDTA
(concentration of 0.5 mol%). This can be attributed to the fact that the crystals when
doped with EDTA, the metal ions which were acting as defects in the crystal are being
removed from the solution. So the bonds become stronger among the KDP ions and they
are having relatively more mechanical strength. Fig. 9 shows the photograph of the as
grown crystal of 0.5 mol% EDTA added KDP.

Fig. 9. Photograph of the as grown crystal of 0.5 mol% EDTA added KDP.
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4. Conclusions
Pure and EDTA added KDP crystals were grown by slow evaporation technique. From the
study of induction period, the critical nucleation parameters are calculated and observed
that the values of , ΔG* increases with the addition of EDTA. It is observed that the
values of , ΔG*, r*, i* increases but J decreases with the addition of EDTA. It was noted
that with the increase in super saturation, the free energy change for the formation of a
critical nucleus (DG*) decreases with radius (r*). This favors the easy formation of
nucleation in solutions at higher supersaturations. In this work, it is observed that the
incorporation of EDTA is increasing the critical size of the nucleus. So that the probability
of nucleation is decreasing considerably and this is why, the number of the formation of
tiny seed crystals are observed to decrease i.e. nucleation rate J decreases. The
microhardness measurement studies illustrate an increase in hardness and work hardening
coefficient with the addition of EDTA. This study may prove to be helpful to obtain high
quality single crystals as well as to apply for faster growth rates of KDP crystals.
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