Classroom

In this section of Resonance, we invite readers to pose questions likely to be raised in a
classroom situation. We may suggest strategies for dealing with them, or invite responses,
or both. “Classroom” is equally a forum for raising broader issues and sharing personal
experiences and viewpoints on matters related to teaching and learning science.
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M Geeta
Shruti Sharma
A S Panwar
M P Gururajan

A Hard Sphere Simulator (HSS) is a mechanical model for demonstrating microscopic features
and phenomena such as atomic arrangements in
a crystal lattice and corresponding defects in the
lattice at the macro-scale; hence, it is a potential learning tool for students. Here, we describe
the construction of an HSS, using polymer gunshot balls as hard spheres. Using this HSS, we
demonstrate material phenomena such as phase
transitions and formation and movements of defects. We also show that, by carrying out Fourier
transformation on the images obtained from the
HSS, one can obtain the diﬀraction patterns of
these structures.
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Introduction
All of us have seen ordered arrangements of fruits in the
fruit market (Figure 1). Atoms are arranged in a similar fashion in crystalline materials. It is, in fact, possible to represent atoms as spherical objects (like sweet
lime, for example) and construct macroscopic models
for crystalline solids using such objects. Any spherical
object (glass beads, lead shots, plastic beads, and so
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Figure 1. FCC arrangement
of sweet lime in a fruit market.
Courtesy: Geeta M

Any spherical
object (glass
beads, lead shots,
plastic beads, and,
even, sweet limes)
can be used to
construct
macroscopic
models of atomic
arrangements in
crystalline solids.

on) can be used to make such macroscopic models. In
general, depending on the nature of the chosen material, these models are classiﬁed as hard sphere and soft
sphere models. In this article, we describe an easy-toconstruct hard sphere model. See Box 1 for information
on the construction of a soft sphere model (known as
the bubble raft model).
One of the very early hard sphere models used to study
the dynamics of atoms is by Turnbull and Cormia [1].
They used their dynamic hard sphere model to study
phase transformations (gas-like to liquid-like and liquidlike to solid-like), crystalline defects, nucleation and
growth of crystals, and surface diﬀusion. A hard sphere
model similar to that of Turnbull and Cormia was constructed by R Plumb [2] with suggestions from Turnbull.
Plumb used his dynamic hard sphere model to study the
statistical behavior of molecules. Both these models can
be used for quantitative studies; however, the construction of these models is quite involved.
To study only the qualitative dynamic behavior of atoms
in materials, it is possible to construct a simpler HSS
(see Box 2 for examples); in this article, the construction
of a dynamic HSS and some of the phenomena that can
be observed and analyzed using such a simulator are
described.
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Box 1. Bubble Raft Model
As opposed to the hard sphere model described in this paper, it is also possible to study
atomic structure of materials using soft spheres such as cooked peas and soap bubbles.
The bubble raft model (a 2D model consisting of soap bubbles) is the most popular soft
sphere model. The ﬁrst bubble raft model was reported by Bragg and Nye [i] in 1947,
which they used to study the deformation behaviour of metals. Bragg and Lomer [ii]
used the bubble raft model to study the dynamic behaviour of atoms. In this classic
paper, they explain why the behaviour of bubbles is analogous to that of atoms:
“These small bubbles are suﬃciently persistent for experiments lasting an hour or more,
they slide past each other without friction, and they can be produced in large numbers.
The model most nearly represents the behavior of a metal structure, because the bubbles
are of one type only and are held together by a general capillary attraction, which
represents the binding force of the free electrons in the metal.”
Bubble raft models are useful to show grain boundaries, crystal structure, defects, slip,
dislocation movement, and annealing in metals. They are also easy to construct. Figure
A shows the bubble raft arrangement in 2D. Bubble raft models can also be 3D models
(since bubbles are, in general, transparent). It is also possible to build dynamic bubble
raft models [iii].

Figure A. Bubble raft model showing
vacancies and grain boundaries.
Courtesy: From the unpublished work [iv] of
Abhinav Chikalkar, Sankalp Goyal, Aditya
Kulkarni and Rohan Khadatkar while at IIT
Bombay, India.

[i] W H Bragg and J F Nye, A model illustrating Intercrystalline boundaries and plastic flow in metals, Proc.
Roy. Soc., London, Vol.A190, p.474, 1947.
[ii] W H Bragg and W M Lomer, A dynamical model of a crystal structure II, Proc. R. Soc., London, Vol.A196,
pp.171–181, 1949.
[iii] http://www.youtube.com/watch?v=Yxmh8OzLxO4
http://www.youtube.com/watch?v=VeMZibvjSko
http://www.youtube.com/watch?feature=endscreen&NR=1&v=ppRis7vQarY
[iv] http://homepages.cae.wisc.edu/~stone/bubble%20raft%20movies.htm
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Box 2. ‘The Junkyard Wars’: Construct Your own HSS!
It is also possible to construct simpler hard sphere models. For example, by placing lead
shots or bicycle ball bearings in between two glass sheets and by shaking this assembly
by hand, one can construct the simplest hard sphere model (Figure A). For example,
a lead-shot model is shown in Figure B. We have also constructed another dynamic
hard sphere model by placing thermocole balls in a plastic lid and placing the lid on a
vibrating cellphone. By covering the plastic lid with a cellophane sheet, one can prevent
the thermocol balls from jumping out.
Similarly a light-weight plastic box with gunshot balls can also work as a dynamic model,
which can be vibrated by an ampliﬁer attached to your favorite music system (and
music!).
In short, one can easily build one’s own hard sphere model using household materials
such as a plastic lid, plastic beads or thermocol balls and some source of vibration! We
have built all these simple models which ﬁnally lead us to the more evolved model that
we describe in this article.
Figure A (left). Lead-shot model
showing hexagonal packing arrangement.
Courtesy: From the unpublished work
of Shruti Sharma, Amisha Chhajlani
and Paridhi Choudhary.

Figure B (right). Gun-shot balls on
an amplifier showing gaseous
phase.

Construction of the Dynamic HSS
One can easily
build one's own
hard sphere model
using houshold
materials such as
a plastic lid, plastic
beads, thermocole
balls and some
source of vibration!
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We built an HSS using an Al sheet, vacuum plugs, Petri
dish, gunshots, perspex sheet, nuts and bolts, a speaker,
an ampliﬁer and a frequency generator (See Table 1).
Figures 2 and 3 depict the 3D drawing and a labeled
photograph of the HSS showing various components of
the model. To build the HSS, a 30 × 30 cm2 Al sheet is
used for the hollow box base along with the walls on all
its sides measuring a height of 15 cm. The speaker, (details given below), is placed at the center of this hollow
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Signal generator

ApLab 2014, Low distortion signal generator,
1 Hz to 1000 kHz

Speaker power/resistance

200 W, 4 Ω

Amplifier specifications

20 W

Petri dish

14.5 cm diameter

Vacuum Plugs

2.5 cm diameter; number of plugs:10

Gun shots

6 mm diameter

Aluminium box

one 30 × 30 cm2 sheet for base plate,
four 15×30 sheets for the walls of the hollow box

Aluminium collared sheet

34 × 15 cm2

Perspex sheet

15 × 30 with grooves of 14.5 cm diameter

Nuts and bolts

(i) 4 of 3/8" size (connecting Al platform and Perspex
sheet),
(ii) 20 of 1/4" size (for fabrication of hollow Al box)
Table 1. HSS specifications

Figure 2 (top) . 3D drawing
of HSS showing various components with respective dimensions.
Figure 3 (bottom). Labeled
diagram showing components of the HSS.
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box. Next, another Al sheet of size 30×30 cm 2 (with two
collars of size 2 cm each on either side) is placed on top
of the speaker. The collars are bolted to the walls of the
hollow box. Also 10 smaller holes (for vacuum plugs)
and 4 larger holes (for nuts and bolts) are drilled on this
platform. A Petri dish (of diameter 14.5 cm) is ﬁxed on
the platform using vacuum plugs placed at the smaller
holes drilled. The Petri dish is ﬁlled, typically, with
nearly 300 plastic spheres of diameter 6 mm. The Petri
dish is covered with a perspex sheet so that the plastic
spheres are conﬁned to the Petri dish. The perspex sheet
is ﬁxed to the Al platform using four nuts and bolts
ensuring that the Al platform as well as the perspex lid
are horizontal. A circular spirit level is used to make
sure that the Al platform is indeed horizontal.
The HSS is driven using sound waves generated by a
low-distortion signal generator which is capable of generating signals in the range 1 Hz to 1000 kHz. It is
also capable of generating diﬀerent waveforms. In the
results described below, frequencies in the range of 40230 Hz and both, square and sinusoidal waveforms are
used. The signal generator is coupled to the Al platform
through an ampliﬁer that moderates amplitude of the
sound and a speaker which gives the sound output. The
applied frequency is varied to achieve maximum acoustic
coupling of the Petri dish with the speaker based on the
system size, i.e., the number of hard spheres. Instead of
plastic spheres, it is possible to use other hard spheres
such as thermocol balls and lead shots.
A minimum threshold frequency is needed below which
no vibrations are observed (particles do not have enough
energy to vibrate); on the other hand, there is also a
maximum frequency above which particles vibrate too
vigorously and make it very diﬃcult to observe the dynamics. Thus, for any given sphere material, there is an
optimum range of vibration frequency and amplitude.
As noted above, the optimum frequency range for this
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model is found to be 40–230 Hz.
To study the phase transformations and microstructural
features of solids using the HSS, the movement of the
hard spheres using digital camera are recorded. The
duration of these recordings varies from 1–8 minutes [3].
Packing Fraction
In order to visualize the vapour, liquid and solid-like
phases, we varied the packing fraction (that is, the ratio
of the total projected area occupied by the balls to that
of the total available area for movement, namely, the
area of the Petri dish) of the simulator. Packing fraction
and operational frequency for diﬀerent structures and
transformations are given in Table 2.
Vapour-like State: Brownian Motion
The ﬁrst set of simulations that were carried out are on
a random arrangement of 40 spheres in the Petri dish.
This resulted in Brownian motion of these spheres (Figure 4). To show the Brownian motion, note that one
of the spheres is marked with a diﬀerent color. Hard
spheres collided with each other and changed their direction of motion randomly while getting accelerated due
to the energy provided to them by the sound vibrations.
In Figure 5, we show the position of the marked sphere
as a function of time during one of the simulations.
State or transformation

Packing
fraction

Frequency
(Hz)

Vapour-like

0.06

230

Vapour-like

0.21

100

Liquid-like,Solid-liquid
transformation

0.53

100

Solid-like

0.68

100

Solid-like

0.80

100
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By marking any
random bead in
the Hard Sphere
Simulator, one can
show the Brownian
motion (or, random
walk) motions
executed by atoms
in materials.

Table 2. Packing fractions of
various states.
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Figure 4. Brownian motion
of spheres in a system with a
packing fraciton of 0.21.

Solid-liquid Transformation
When the number of spheres in the dish is increased, i.e.,
increased density, there are ’vapour-like’ to ’liquid-like’
to ’solid-like’ transitions. The platform supporting the
Petri dish is tilted slightly with respect to horizontal to
demonstrate the liquid–solid transformation (Figure 6).
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Figure 5. Brownian motion
of a black sphere (refer Figure 4). Motion is tracked for
1.5 minutes at 1 second interval. Start and end points
are marked.

When sound vibrations are applied to the dish, spheres
tend to move preferentially in the direction of gravity
as the energy barrier is low in this case. As a result,
the spacing between the spheres is decreased and they
arrange themselves in a solid-like state. Similar observations have been recorded by Turnbull and Cormia (1960)
[1].

In the hard sphere
simulator, it is
seen that the
transitions from
vapour-like to
liquid-like to solidlike phases takes
place with
increasing density
of hard spheres.

Figure 6. Liquid to solid transformation: from lower density state (a) to relatively
packed state (d). This transformation occurs under gravitational force for platform
tilted from horizontal (number of spheres: 310).
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Box 3. Grains, Grain Boundaries and Other Crystal Defects
In solid state, most of the materials of engineering interest are crystalline: that is, they
exhibit long-range order in atomic arrangements. However, there exist several defects
in the ordered arrangements. For example, most of the crystalline materials consist
of several very small crystals with each crystal oriented diﬀerently in space. These
diﬀerently oriented crystals are called grains and the assembly of such grains is known
as a polycrystal as opposed to a single crystal). The interface region between these
diﬀerently oriented crystals (grains) is known as the grain boundary.
Further, some atoms could be missing from their positions or, some atoms could occupy
positions not consistent with their ordered spatial arrangement. Both these missing and
incorrectly placed atoms are defects (and, they are known as vacancies and interstitials,
respectively).
Finally, an atomic plane can be partially missing or slightly misplaced from its original
position giving rise to another kind of defect known as dislocation.

Microstructural Features

Using home built
Hard Sphere
Simulator (HSS), it
is possible to
simulate the
crystalline defects
such as vacancies,
dislocation, grains
and grain
boundaries at
macro-scale.
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Most of the engineering materials are crystalline; i.e., the
atoms or molecules are arranged in a regular pattern in
3D. Disturbances in these regular arrangements lead to
several defects such as vacancies, grain boundaries and
dislocations (Box 3). Using the HSS, it is possible to
simulate some of these microstructural features in 2D.
It should be noted here that the hard spheres present
near the circumference of the Petri dish constitute the
surface atoms.
Vacancies
Vacancies are found to originate from defective regions
such as grain boundaries, or surfaces. In the simulations
that were made, both the formation and removal of vacancies and the random movement of vacancies from one
lattice site to the other were observed (See Figure 7).
Some vacancies generated in the bulk are quite stable;
whether this is due to their not seeing the perturbations far away at the grain boundaries or surface or due
to their inherent equilibrium nature is not clear. The
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Figure 7. (a) Vacancy generation and (b) migration, (c)
closed Burgers vector circuit
around a vacancy.

vacancies from dislocations (discussed below) were distinguished using the Burgers circuit construction. Unlike in the case of a dislocation (see Figure 8), a Burgers
circuit around the vacancies closes perfectly (Figure 7c).

Figure 8. Imperfect dislocation spreading over ~10 sphere diameter. Burgers vector circuit is drawn to show
dislocation, bold arrow shows
Burgers vector.
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Dislocations
Dislocations are planar defects in the crystals often explained as an extra half crystal plane inserted in the
crystal which distorts surrounding crystal planes. In
the simulations, dislocations were found to be generated
from the surface irregularities as well as from the grain
boundaries. As force is not applied to direct dislocations
in the simulations, their movements are random. Both
surface and grain boundaries acted as sources and sinks
for dislocations.
We identify the dislocations using the construction of
the Burgers circuit (Figure 8). Burger’s circuit is a set
of displacements drawn in a clockwise sense; in a dislocation free crystal, the Burgers circuit closes – that is, the
starting and ﬁnish points of the circuit coincide. When
such a circuit is drawn surrounding a dislocation, the circuit does not close and the Burgers vector is identiﬁed
by connecting ﬁnish to start point. As noted earlier, the
Burgers circuit also helps us distinguish vacancies from
dislocations. In the HSS, however, as can be noticed,
it is diﬃcult to observe the dislocations as extra half
planes. Dislocations werere generally seen in motion,
when the core was spread to over approximately 6–12
sphere diameter.
Grains and Grain Boundaries
When the packing fraction value is about 0.8, grains and
grain boundaries can also be observed. For example, in
Figure 9, the formation of a bicrystal with nearly equal
sized grains with 25o to 30o misorientation can be shown.
Using this as the initial microstructure, one can observe
the migration of the grain boundary. In simulations,
grain-boundary migration leads to annealing of the microstructure (removal of vacancies and dislocations: see
(Figure 9) and the eventual formation of a single crystal with almost no defects (except for the surface). Vor triangle-shaped grains similar to the ones observed
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by Bragg and Nye [4] in their bubble raft model were
also observed in this HSS. These triangular grains tend
to merge with neighbouring grains. Some of the grain
boundaries observed in the HSS are special boundaries,
such as twins. Grains forming an angle of 70o with grain
boundary (Figure 10), and 60o for triangular grain are
shown in Figure 11. Here, we note that the duration for
an individual simulation (of annealing and grain growth)
is around 2–8 minutes. The long duration of the simulation which is needed for annealing and grain growth indicates that the driving force for the movement of grain
boundaries and their annihilation is very low.

Figure 9. Grain growth for
two systems: starting with
misorientation of (a) 30o and
(b) 25o.

Figure 10 (left). Twin boundary marked with rectangular
box.
Figure 11 (right). V- or triangular-grain.
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X-Ray Diﬀraction and Fourier Transform
In general, while studying the structure of crystalline
materials, in addition to obtaining micrographs, which
are images of the structure of materials, one also typically obtains diﬀraction patterns using electromagnetic
radiation such as X-rays, or, particle waves such as electrons and neutrons (see Box 4 for more information on
X-ray diﬀraction (XRD)). In the previous sections, we
have shown images of structures that correspond to micrographs. In this section, we will show how one can
obtain diﬀraction patterns for the structures observed
in the HSS using Fast Fourier Transform.
Box 4. X-ray Diﬀraction
Crystals are regular arrays of atoms. X-rays (electromagnetic radiation), when incident
on these regular arrays are scattered by electrons of an atom. The interaction again
results in production of secondary spherical wave-fronts in a regular array. The X-ray
diﬀraction (XRD) pattern is a resultant of constructive interference of these systematic
secondary wave–front arrays according to Bragg’s law,
nλ = 2dsinθ,

(1)

where, d is the spacing between diﬀracting planes, θ is the incident angle and λ is the
wavelength of the beam Figure A.
It is a non-destructive analytical technique providing detailed information about internal
lattice of crystalline substances viz. cell dimensions, bond lengths and angles, and details
of site ordering etc. The XRD pattern corresponds to the reciprocal lattice of the atomic
arrangement.

Figure A. Schematic showing diffraction of X-rays from crystalline planes.
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Figure 12. Algorithm for Fourier transform.

GNU Octave is a high-level language, primarily intended for
numerical computations. It provides a convenient commandline interface (CLI) for solving
linear and nonlinear problems
numerically, and for performing
other numerical experiments
GNU Octave is part of the GNU
Project, and is a free software
distributed under the terms of
the GNU General Public License
(GPL).

Fourier transform is a mathematical operation that decomposes a signal in one domain (time/real space) into
the corresponding spectrum in the reciprocal domain
(frequency/reciprocal space). As the diﬀraction pattern
corresponds to reciprocal lattice of the atomic arrangement, we use Fourier transform to convert the data from
real space into the reciprocal space. An algorithm for
image processing using Fourier transform for the analysis is presented in Figure 12. For carrying out the
transform and implementing the algorithm, we use GNU
Octave1. The program used for carrying out the FFT
analysis is shown in Box 5. The information obtained
using the ’numerical diﬀraction’ analysis can be summarized as follows:
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While the photos of
hard sphere
correspond to spatial
arrangement of
atoms, the Fourier
transform of these
pictures generates
patterns which
correspond to the
‘reciprocal space’ or
‘diffraction’.
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Box 5. Octave Script.

clf;
clear all;
b = imread(‘Image_name.JPG’);
c = cast(b,‘int8’);
[x,y] = size(c);
# surf(1:y,1:x:b,‘edgecolor’,‘none’)
for k =1:x
for l=1:y
if (c(k,l)>100)
c(k,l) = 1;
else
c(k,l) = 0;
endif
endfor
endfor

Figure 13 . Amorphous/liquid state.
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• Amorphous/liquid state: In the reciprocal space, a diffuse peak is observed; such a peak indicates amorphous
or non-crystalline structure for the underlying real space
structure (Figure 13).
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• Single crystal: Sharp peaks are observed in the reciprocal space: due to the six-fold symmetry in the spatial
structure, as expected, the reciprocal space points are
also arranged in a hexagonal lattice (Figure 14).
• Polycrystal: Concentric rings are found in Fourier
space image; this indicates the structure to be polycrystalline. Here, diﬀerently oriented grains of same crystal
structure diﬀract diﬀerently, hence, it gives rise to the
ring form unlike the spot pattern in a single crystal scenario (Figure 15).
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Figure 14. Single crystal
state.

Figure 15. Polycrystalline
state.
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Conclusions
The constructions and working of a hard sphere simulator is very easy. Using such a HSS and open source
software such as GNU Octave for analysis, one can study
the spatial structures of materials both in the real and
reciprocal spaces. Further, one can also study the defects, their formation and dynamics using HSS. All of
these makes the HSS a potential learning tool for students, and a good pedagogical tool for teachers.
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