JOURNAL OF MATERIALS SCIENCE 26 {1991) 3004-3008

Secondary grain growth in ammonium

nitrate crystallization

K.V. RAMANA RAO, P. L. HARIHARAN

IDL-NitroNobel Basic Research Institute, P. B. No. 397, Malleswaram, Bangalore 560003,

India
D. K. CHAKRABARTY

Department of Chemistry, Indian Institute of Technology, Bombay 400076, India

Crystallization and ageing of pure ammonium nitrate crystals was studied by scanning electron
microscopy. Ageing the crystals beyond 1 h led to the growth of secondary grains along the
grain boundaries of primary grains (140-200 pm). After 6 h ageing secondary growth along
grain boundaries was not observed; instead, distinct clusters with morphologies similar to the
secondary grains were formed. The ancillary growth obeys approximately the parabolic relation
L= (Kt)"""" where n= 1 justifies grain growth in the pure crystals, and its formation is
ascribed to the dissolution of dendrites, edges and corners. The high interfacial activity and
interparticle voids can affect the storage and mechanical properties of the material.

1. Introduction

Ammonium nitrate (AN) is a common high-explosive
ingredient. Based on their different morphologies, we
have recently classified AN prills into three categories:
porous, irregular and dense, and assessed their ex-
plosive behaviour in the ammonium nitrate—fuel oil
(ANFO) system [1]. The origin and kinetics of second-
ary grain growth observed on several dense prills is
not well known. In the present work, attempts were
made to understand the mechanism and kinetics of the
secondary grain growth in ammonium nitrate grown
from solution and to relate it to the prills.

2. Experimental procedure

2.1. Purification of AN crystals

Because impurities [2, 3] influence the crystallization
of AN, high-purity material was employed in the
present work. The following impurities were present in
the crystals (Nice reagent): non-volatile matter 0.05%
max., chloride (CI) 0.002% max., sulphate (SO,)
0.01% max., iron (Fe) 0.0005% max., and lead (Pb)
0.0005%.

The crystals were purified by recrystallization in
conductivity water (14 MQ) and the presence of metal
ions checked by polarography. Because metal ion
impurities were not detected in the crystals these were
employed in the crystallization experiments.

2.2. Crystallization and ageing

AN is highly soluble in water. At 293 K, 100 ml water
dissolves 185 g salt to yield a 23.5 m solution and the
dissolution is endothermic. A supersaturated solution
of 33 M was prepared at 343 K in several beakers and
was allowed to cool slowly to room temperature to
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induce precipitation. The precipitated crystals were
allowed to ripen in the mother liquor for different
periods varying from 30 min to 6 h. The crystals were
filtered under suction to drain trapped mother liquor,
dried in an air oven at 373 K and stored in vacuum
desiccators.

2.3. Characterization by SEM

Morphological observations on crystallized and
ripened AN crystals were conducted on a scanning
electron microscope (SEM), model JSM 35CF, Jeol,
Japan. SEM samples were prepared by conventional
methods, such as mounting the material on specimen
studs using double-sided adhesive tape and coating
with gold—palladium alloy, 12 nm thick, in an argon
ambient of 8-10 Pa in a Polaron sputter-coating unit.
Growth kinetics were studied by estimating average
particle size from various micrographs recorded on
different aliquots of aged crystals and the same micro-
graphs were also used to assess the morphology.

3. Results and discussion
The general crystallization of polydisperse AN with
dendritic arms and faceted tips is shown in Fig. 1. In
the early stages of ripening the crystals had dendritic
nature (Fig. la). With increasing ripening their mor-
phologies tend to become round, plate-like and form
faceted tips (Fig. 1b). Ageing beyond 4h (Fig. 2)
resulted in crystals with spherical and rectangular
shapes. Agglomerates and aggregates were observed
at all stages of coarsening.

Ageing the crystals for more than 1 h caused the
growth of minute secondary grains along the grain
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Figure 1 Crystallization patterns in aged AN crystals: (a) 0.5h,
dendrites; (b) 1 h, faceted tips.

Figure 2 Crystallization patterns in AN crystals aged beyond 6 h.
(a) Spherical clusters, (b) approximately plate-like morphology.

boundaries of larger primary grains which had ac-
quired a critical size of about 140-200 um (equivalent
diameter) as shown in Fig. 3. The polydisperse pre-
cipitates with edges, corners and dendritic features are
thermodynamically unstable in the mother liquor be-

Figure 3 Ripening of secondary grains (necklace structure) along
primary grains after (a) 1.5 h, (b) 4 h.

cause of their large interfacial area which is a source
of free energy. Hence they dissolve and grow on
the stable crystals and initiate the ripening process
(Ostwald). The extent of secondary grain growth in-
creases as a function of ageing and follows the trend
shown in Table L.

The secondary growth was not observed at the
grain boundaries at 6 h ageing. However, distinct
clusters (Fig. 2a) were observed with morphologies
quite similar to the secondary grains. It seems likely
thai after formation by optimization of factors related
to their growth the clusters are dislodged from the
grain boundaries. The dimensions of the clusters were
taken into consideration for assessing the growth and
kinetics.

The dendrites in crystals of ammonium salts have
high interfacial area, high free energy and generate
periodic or quasi periodic growth forms [4-7]. It is
well known that the mechanism of dendritic frag-
mentation and dissolution accelerates ancillary crystal

TABLE I Extent of secondary growth and D/d ratio as a function
of ageing

Ageing Secondary Ratio of size of large

(h) growth (%) grains to secondary
grains (D/d)

0.5 - -

1 <5 -

1.5 30 18

2 50 37

4 70 20

6 80 24
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growth in systems which involve dendrites [8]. Hence
it is quite plausible that even in AN crystals, the
formation, breakdown and dissolution of dendrites,
gives impetus to secondary grain growth. In addition
to edges and corners, dendrites, after dissolution, pre-
cipitate at grain boundaries of larger crystallites
which, having acquired sizes of about 140-200 pm, are
quite stable and provide sites for nucleation and crys-
tal growth.

The profuse growth at the grain boundaries of
larger crystals may be explained on the basis of inter-
facial strain at grain boundaries and reduction of
interfacial energy between the larger and minute
grains. The interfaces between the grains are regions of
strain and imperfection and hencé they can be re-
garded as potential sites for crystal growth, Thus
nucleation is promoted in the vicinity of dislocations
and grain boundaries because it relieves tension and
facilitates processes such as diffusion, orientation and
relaxation during crystal growth [9]. It is these factors
which prompt crystals with high interfacial energy
after dissolution, to precipitate at the grain bound-
aries. Because the secondary growth is not observed
on all boundaries it seems that its mechanism is
governed by the factors enumerated above and that
growth occurs preferably on those locations where
these factors are favourable. '

The presence of the grain boundaries has a stabil-
izing role on the nucleation and grain growth. In the
absence of these surfaces the minute grains would
require a high energy of activation to achieve critical
size and coalesce. The strained grain boundaries pro-
vide sites for the attachment of nuclei of minute sizes
which subsequently ripen to minimize their interfacial
energy. Without the surface it is inconceivable that the
nuclei will be stable as they have to attain higher
critical sizes to attain stability. On the grain bound-
aries the grains of AN can crystallize under conditions
where (1) their tendency to dissolve is minimum and
(2) they would not be able to undergo homogeneous
nucleation. Based on this perspective the secondary
growth can be regarded as heterogencous nucleation.

The coarsening of the larger grains is also promoted
by the reduction of interfacial energy between larger
and smaller grains. Assuming approximately spherical
shapes, if D is the average diameter of the larger grains
and d is the average diameter of the smaller grains,
og_;. is the interfacial tension between smaller and
larger grains, og_g is the interfacial tension between
smaller grains, for the growth of the large grains
[10, 11]

D> 2%ty )
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During ageing the larger grain grows by the absorp-
tion of smaller grains. The smaller grains with their
higher interfacial energy grow at the boundaries of the
larger grains to reduce their free energy. Over a period
of 6 h the size of the secondary grains increase as a
result of continuous ripening (Fig. 4). The formation of
a chain of secondary grains on the boundaries of
primary grains may be termed a “necklace” structure.
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Figure 4 Secondary grain growth as a function of ageing.

The thrust for the grain growth is apparent from the
ratio D/d which varies from 18-37 (Table I).

The secondary grain growth in AN crystallization
follows an approximately parabolic relation as

L = Kt @)

where L is the average diameter of the secondary
grains, ¢ is the time of ripening and K is the kinetic
parameter. This equation is quite similar to the rela-
tion which describes the grain growth in many pure
substances [12].

The L?-t plot as shown in Fig. 5 is a straight line,
whose slope yields the kinetic constant K = 28.125
x 1072 um?s~ 1, The deviation from linearity of the
plot may arise due to two causes: (1) the estimation of
average grain size from micrographs and (2) the pau-
city of crystals of high interfacial area for dissolution.
It is difficult to estimate the average grain diameter
accurately as the majority of them are non-spherical
and the micrographs could not be recorded at higher
magnification (> x 1000) because the crystals were
prone to damage by electron beam. If the regeneration
of dendritic arms or corners or faceted tips is not fast
enough, then in some instances of ripening there may
not be sufficient crystals for dissolution and secondary
growth. Hence, these factors may cause non-linearity
in the L>-t plot.

Equation 2 above resembles the familiar equation
[13] which relates grain growth and time

L = (Kt _ &)

In commercial substances the value of (n + 1) ranges
from 3-6 where the larger value is attributed to the
influence of grain growth by impurities. In this study,
because the value of n = 1, it justifies the secondary
grain growth in the pure AN crystals.

The process of secondary grain growth can be
visualized in three stages: (1) initial growth of corners,
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Figure 5 Kinetics of secondary growth.

edges and dendrites which undergo dissolution, (2)
nucleation followed by precipitation at grain bound-
aries, and (3) coarsening and morphological changes
in crystals to form aggregates and agglomerates. The
dashed line in Fig. 4 indicates the inception of second-
ary growth which was observed microscopically after
1 h ageing. Although it is quite likely that the growth
is initiated below 1 h, due to experimental limitations
such as interaction of the electron beam with the
crystals at high resolutions, it was not possible to
record the phenomenon. The non-spherical habits of
the secondary grains even beyond 6 h ageing imply
that the grains have appreciable surface activity which
causes precipitation as a chain of agglomerates and
aggregates (necklace structure).

Typical secondary grain growth is observed in
dense commercial AN prills (Fig. 6) which are formed
by spray-drying highly concentrated AN solution at
high temperature. Rapid cooling of the concentrated
solution can generate polydisperse crystals with large
interfaces which, being unstable, dissolve and grow on
the boundaries of primary grains. Because AN is
hygroscopic the secondary growth augments its hy-
drophilic nature and thereby causes caking in the
crystals. The higher interfacial activity of the minute
grains can initiate ripening by fusing two or more
prills together. Therefore, the secondary growth in the
crystals may aflect the storage and explosive property
of prills in ANFO applications. The porous morpho-
logy of the secondary grains can localize stress and
affect mechanical properties such as toughness and
attrition [1].

Figure 6 Secondary grain growth in dense prills: (a) external surface,
(b) internal surface.

4. Conclusions

The nature and kinetics of secondary grain growth in
AN crystals were studied and attributed to the dis-
solution and regeneration of dendritic arms, corners
and faceted tips. Ripening the crystals for more than
1 h led to secondary grain growth along the bound-
aries of primary grains. The growth kinetics reveal a
simple parabolic relation which yields a kinetic con-
stant K =28125x10"% pm?s~!. The secondary
growth occurs to relieve strain at grain boundaries
and to minimize the interfacial tension between the
grains. The presence of such ancillary growth in com-
mercial AN prills is likely to affect its storage and
mechanical properties in explosive applications.
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