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In this paper we present measurements of the crystallization kinetics of binary mixtures of two different
sized hard sphere particles. The growth of the Bragg reflections over time were analyzed to yield the crystallite
scattering vector, the total amount of crystal, and the average linear crystal size. It was observed that a particle
size distribution skewed to higher sized particles has a less detrimental effect on the crystal structure than a
skew to smaller sized particles. In the latter case we observe that initial crystallite growth occurs at only a small
number of sites, with further crystallization sites developing at later times. Based on these measurements we
elaborate further on the previously proposed growth mechanism whereby crystallization occurs in conjunction
with a local fractionation process in the fluid, which significantly affects the kinetic growth of crystallites in
polydisperse systems.
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I. INTRODUCTION

The occurrence of phase transitions in model hard sphere
systems is now well established theoreticallyse.g., Kirkwood
f1g and Hoover and Reef2gd. Experimentally, colloidal par-
ticles suspended in an appropriate fluid are very useful sys-
tems for studying these phase transitionsse.g., Pusey and van
Megen f3gd. The size range of typical colloidal particles
s,50–500 nmd means that the length scales can be probed
using visible light scattering techniques, and the time scales
for crystallization and other phase transformations are long
enoughsminutes to daysd to allow for detailed study. The
colloidal hard sphere particles studied here can, under appro-
priate conditions, produce largestens of micronsd crystals
which have Bragg spacings comparable to the wavelength of
visible light. The kinetics of crystal growth can be studied
using light scattering techniques, in particular laser light
Bragg scattering, pioneered by Clarket al. f4g and Dhontet
al. f5g.

One of the main results to come out of recent work is that
polydispersity has a significant influence on crystallization
f6–12g. In a previous paperf13g we presented crystallization
kinetics from two different lattices with differing particle
size distributionssPSDsd. It was found that although the par-
ticles had similar equilibrium phase behavior, the particles
with a negative skewed PSDsi.e., with a size distribution
skewed to smaller sizesd crystallized an order of magnitude
more slowly than particles with a more symmetrical distri-
bution. From these results we suggested a mechanism by
which local fractionationf14g of the particles in the fluid can
account for the slowing down of the solidification process in
polydisperse samples. These results, and their interpretation,
are consistent with recent molecular dynamics simulations

f15g. Using a simple model polydisperse systemsbinary mix-
ture with a size ratio of 0.9d, these simulations showed that
crystallization is dramatically slowed by the need for local
compositional changes, and concluded that a glassy phase
cannot exist for a monodisperse molecular dynamics system.

While our previous experimental work involved two lat-
tices with inherently different polydispersities, here we study
binary mixtures of those lattices. By adding progressively
larger amounts of particles of slightly different size to the
distribution, we investigate not only the effects of polydis-
persity, but also the differences between adding particles ei-
ther larger than, or smaller than, the average particle size.
The results of these investigations build on the idea that crys-
tallization in polydisperse hard spheres is governed by a lo-
cal fractionation process.

II. METHOD

The experimental methods and analysis used here have
been described in detail previouslyf13g and will be summa-
rized here only briefly. The particles used in this study con-
sisted of a copolymer core of methylmethacrylatesMMA d
and tri-fluoroethylacrylatesTFEAd. To prevent coagulation
of the particles, a stabilizing barrier of poly-12-
hydroxystearic acidsPHSAd, about 10 nm thick, was chemi-
cally bonded to the surface. The refractive index of the par-
ticle core, stabilizing layer, and suspending solventscis-
decalin; n=1.483 at 25 °Cd are numerically close. Under
these conditions the particle scattering form factors are very
sensitive to the interplay between scattering from the core
and the stabilizing layer, and thus the scattering is very sen-
sitive to both the amount of TFEA in the core, and the tem-
peraturef16g. As in previous workf17g, this feature is ex-
ploited to distinguish optically between the species in the
mixtures. In this paper the partial structure factors were ob-
tained by conducting the measurements at 24 °C for latex W
and 15 °C for latex X. These temperatures provide the opti-
mum ratio of scattering powers for the two lattices. The
average core radius and effective polydispersity are
RX =300 nm and 6.7% for X andRW=245 nm and 9–10 %
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for W, with the latter being skewed to smaller sizesf18g, so
RW/RX ,0.82. Assuming a binary mixture of monodisperse
hard spheres of the size ratio used here, an eutectic phase
diagram is expected similar to that studied by Hendersonf9g.
Henderson also experimentally showed that these colloidal
mixtures exhibit the expected demixing on solidification.

The individual particles have phase behavior compatible
with that of a simple hard sphere systemf3g. From sedimen-
tation experiments the apparent melting and freezing volume
fractions are identified, and then scaled to an effective hard
sphere volume fraction by referencing the measured freezing
volume fraction to the theoretical value of 0.495. The effec-
tive melting volume fractionfmelting can then be determined
f19g.

The compositions of mixtures of X and W are given by
the number fractionx of the larger particles:

x =
NX

sNX + NWd
, s1d

whereNX andNW are the number concentrations of species
X and W. The compositions and nomenclature of the lattices
studied are given in Table I. Not all binary mixtures
were studied over the whole range of volume fractions
sf=0.52–0.55d. The volume fractions missing were not
attempted due to the finite amount of stock of the species X
and W.

The time elapsed following mixing,t= t /tb, is expressed
in units of the Brownian time,tb=R2/Do, whereR is the
average particle radius of the latex being measuredsin the
binary mixtures the radius of the major component is usedd
andDo is the free particle diffusion coefficient for the same
latex. Each experiment ran for approximately 2.7 days giv-
ing the final elapsed time,t f, of 43105 for latex X and 106

for latex W. The range of values off and X listed in Table I
are limited in part by the duration of the measurements, and

in part by the limited amount of latex available.
Crystallization kinetics were measured using laser light

Bragg scattering. In this method laser light scattered from the
main interlayer reflection is collected from a scattering vol-
ume of ,1 cm3 containing many seemingly randomly ori-
ented crystallites. In this work the averaging over crystal
orientations is improved further by averaging over the
Debye-Scherrer conef20g. Crystal growth is characterized
from the measured structure factorSsq,td, as a function of
the scattering vectorq=s4pn/ldsinsu /2d and elapsed timet.
Details of the analysis may be found in Ref.f13g. The pa-
rameters extracted from the data are

s1d The crystallinity Xstd, which is proportional to the
amount of sample in the scattering volume which has been
converted to a Bragg reflecting phase, and is determined by
integrating the structure factor over the area of the main
Bragg reflection:

Xstd =E Scsq,tddq. s2d

s2d The peak maximumqmaxstd, which is estimated from
Gaussian fits to the peak of the structure factor, and is in-
versely proportional to the interlayer spacing.

s3d The average linear dimension of the crystalsLstd,
which is determined from the full width at half maximum of
the peakdqstd,

Lstd =
2pK

dqstd
, s3d

where K=1.0747 is the Scherrer constant for a spherical
shaped crystal.

III. RESULTS AND DISCUSSION

A. Final structure factors

The initial and final structure factorssmeasured at times
to andt fd for all lattices studied are shown in Fig. 1. Samples
were also made with compositions ofx=0.08, 0.33, 0.51, and
0.68 sdata not shownd. None of these samples showed any
signs of crystallization at volume fractions in the coexistence
range expected for such mixtures.

A number of features are apparent from Fig. 1. First, both
W1 and W2 are similar, with evidence of only one peak,
which we have previously interpreted as evidence of a lack
of registration of planesf14g salthough other interpretations
may be possible, the kinetic parameters determined here are
not model dependentd. In contrast, the X latex shows the
three peaks characteristic of random hexagonal close packing
f21g.

Second, it is observed for all samples that increasing the
volume fraction suppresses the crystal structure. Third, in the
W series of samples, it appears that on the inclusion of the
second componentsincreasing X from 0 to 0.01d, the struc-
ture becomes more like that of a one component sample at a
volume fraction about 0.01 lowersi.e., the peak for W2f0.55g
is similar in magnitude to that of W1f0.54gd. For the two
binary mixtures withx=0.01 the partial volume fractions of

TABLE I. Composition of the binary sample mixtures studied.
Composition of samples is given as the number fraction of larger
slatex Xd particlesx, calculated from Eq.s1d. Also tabulated are the
partial volume fractions of each latex type in the sample.

Sample

Volume
Fraction

sfd x

Partial volume fraction

Latex W sfWd Latex X sfXd

W2f0.54g 0.5408 0.01 0.5292 0.0116

W2f0.55g 0.5507 0.01 0.5389 0.0118

X2f0.52g 0.5202 0.988 0.0029 0.5176

X2f0.53g 0.5303 0.988 0.0029 0.5274

X2f0.54g 0.5400 0.988 0.0030 0.5370

X2f0.55g 0.5530 0.988 0.0030 0.5500

X3f0.51g 0.5121 0.974 0.0062 0.5059

X3f0.53g 0.5304 0.974 0.0064 0.5240

X4f0.53g 0.5304 0.897 0.0265 0.5039

X4f0.54g 0.5401 0.897 0.0270 0.5131
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the latex W component arefW=0.53 for W2f0.54g andfW
=0.54 for W2f0.55g. This shows that the inclusion of this
small amount of the secondslargerd component has very
little effect on the structure of the solid phase produced by
the latex W particles.

Fourth, in contrast to the W series, the X series
sxù0.897, where smaller particles are being added to latex
Xd, the general trend is that the structure factor at the same
volume fraction decreases in magnitude with decreasingx
sseen most clearly atf=0.53d. Interestingly atf=0.54 or
higher whenx=0.988ssamples X2f0.54g and X2f0.55gd the
structure factor peak remains very broad and there is no evi-
dence of the appearance of any crystal peaksssee laterd. In
the case where the amount of smaller particles is increased
by a factor of 10ssample X4f0.54g wherex=0.897d the three
crystal peaks again become visible. This unusual feature will
be discussed later.

The positions of the main peak at the end of the experi-
mental runfqmaxst fdg are listed in Table II. The main obser-
vations here are that the addition of a small fraction of larger
particlessW2d has marginally increased the lattice spacings
fi.e., reducedqmaxstdg between close-packed planes, though
the structure remains unaffectedsFig. 2d. In contrast, the ad-
dition of smaller particlessxù0.897d has caused the lattice
spacings to decrease.

B. Kinetics

1. Small x

The crystallization process, as quantified byXstd, qmaxstd,
andLstd, is displayed for W1 and W2 in Figs. 2–4.

Figure 2 shows logXstd vs logt. The most obvious fea-
ture of these data is that adding a small fraction of larger
particles slows the fluid-crystal conversion. At long times the
W1f0.53g sample exhibits the plateau believed to correspond
to the long time annealing stagef22g. For the other samples
the experimental time is not long enough to reach the plateau
slonger experiments are precluded by sedimentation effectsd.
However, notwithstanding this, it appears that approximately
the same proportion of sample crystallizes in all samples.

Figure 3 showsqmaxstd vs logt. Although the type of
structure is not changed by the inclusion of the second com-
ponent, the peak positions clearly decrease as the second
component is added. The initial contraction in the crystal
lattice fi.e., the increase inqmaxstdg observed for the single
component samples appears to be nonexistent or much re-

FIG. 1. Structure factors for all samples studied shown in the fluid phasesdashed lined at time t=to and the final structure factor
measured at the end of the experimental runssolid lined at timet f. Note thattoÞ0, as experiments are begun after allowing the tumbled
sample to stop flowing. Thex scale is the scattering vectorq in units mm−1.

TABLE II. Scattering vector of the peak positionqmax of the
interplanal reflectionffccs111dg taken at the end of the experimental
run, time t f, for all samples. All values have an uncertainty of
±0.04 mm−1.

Sample

f=0.52
qmaxst fd
smm−1d

f=0.53
qmaxst fd
smm−1d

f=0.54
qmaxst fd
smm−1d

f=0.55
qmaxst fd
smm−1d

W1 14.74 14.83 14.92

W2 14.74 14.85

X1 11.04 11.05 11.04 10.86

X2 11.15 11.14 11.22 11.36

X3 11.25

X4 11.30 11.34
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duced for the W2 samples. Interestingly,qmaxstd for
W1f0.53g and W2f0.54g are very similar, even decreasing at
the same timesat log10t<5.8d—i.e., the mixture behaves
like the pure latex W sample at the same partial volume
fraction. This is not so for W1f0.54g and W2f0.55g; while
they are similar in magnitude, there is a significant time de-
lay in W2f0.55g before there is an observed decrease in
qmaxstd.

Figure 4 shows the log of the average linear crystallite
dimensionLstd vs elapsed time. Interestingly, this indicates
that the crystallites grow to a larger average size for the
x=0.01 samples than for thex=0 samples at the same total
volume fraction. The larger average size observed for the
x=0.01 samples may be due to the fact that the need for
segregation leads to fewer growing crystallites, which are
then able to grow larger, on average. Note that in contrast to
the qmaxstd data, theLstd for W1f0.53g and W2f0.54g are
qualitatively different.

Summarizing the effect of adding a second larger compo-
nent, we observe thatsid conversion of fluid to crystallite is
slowedsFig. 2d; sii d the lattice spacing increasessFig. 3d; and
the average linear dimension increasessFig. 4d.

2. Large x

For the samples composed predominantly of larger par-
ticles sxù0.897d, Xstd andLstd are shown in Figs. 5 and 6,
respectively. For brevityqstd is not shown as it does not
provide any extra information.

At intermediate volume fractionss0.52øfø0.54d, as x
increases, there is an increasing delay in the onset of rapid
crystallizationsshown as the line designatedm in Fig. 5d. In
addition, at volume fractions of 0.53 and 0.54 the mixtures
exhibit an initial slow conversion regionsdesignatedmi in
the figured. For pure latex X this region is only seen at 0.55,
though it is seen at all volume fractions for latex WsFig. 2d.
Looking at f=0.53, where all sample compositions ofx
were studied, the onset time for crystallization increases by
more than an order of magnitude as the amount of the second
component is increased.

At the highest volume fraction studied,f=0.55, the in-
clusion of only 1.2% of the smaller particles completely sup-

FIG. 2. CrystallinityXstd as a function of log reduced time for
all samples composed of predominantly small particlessxø0.01d.

FIG. 3. Scattering vector of the position of the main reflection as
a function of log reduced time for all samples composed of pre-
dominantly small particlessxø0.01d. The final error bars show the
absolute uncertainty due to calibration of the detector anglef13g.

FIG. 4. Average linear crystal dimensionLstd as a function of
time for all samples composed of predominantly small particles
sxø0.01d.
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presses crystallizationssee Fig. 1d. However, Xstd, deter-
mined from the difference between the measured structure
factors at timest f andto, does evolve, increasing by half an
order of magnitude. In contrast, the measuredL sFig. 6d, is
virtually constant. Thus, while no Bragg reflections evolve,
either visually or instrumentally, it appears that the meta-
stable fluid is undergoing significant intermediate range re-
ordering.

For the lower volume fractionsLstd exhibits a period of
rapid growth followed by a later period of slow growthsFig.
6d. For 0.53 and 0.54 the addition of the second component
also results in a period of slow crystal growth, which pre-

cedes the period of rapid growth. This is also seen for
X1f0.55g. For X2f0.54g the length of time for which the ini-
tial slopemi is observed dominates most of the crystallization
process, showing only a slight increase in average crystallite
size in time. This can be explained in terms of an ongoing
fractionation process, as described previouslyf13g. With the
inclusion of <10% smaller particle, as in the two X4
samples, the onset of crystallization is delayed by an order of
magnitude. At earlier times, no reliable fits can be made to
the data.

To summarize, with the samples composed predominantly
of the larger particles, the inclusion of the smaller latex

FIG. 5. CrystallinityXstd as a function of log reduced time for samples composed of predominantly large particlessxù0.897d at volume
fractionssad f=0.52,sbd f=0.53,scd f=0.54, andsdd f=0.55. All data have been normalized to the final value of the X1f0.55g sample. The
slope of the dashed lines are the growth coefficients of rapid conversionm and the initial periodmi as referred to in the text.
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caused a slowing of the crystallization process. When only a
small numbers1–2 %d was added, an increase was observed
in the initial period of slow growthmi, which we attribute to
a fractionation process. The inclusion of the smaller particles
suppressed the rapid formation of crystallites, extending the
amount of time that is needed to filter the fluid to provide
suitable particles for inclusion in the growing crystallites. At
higher volume fractions, where rapid crystallization is evi-
dent in the one component sample, adding the smaller latex
increased the fractionation period dramatically, and pre-
vented the formation of large crystallites.

IV. CONCLUSION

Changing the shape of the particle size distributions
through the production of binary mixtures with a size ratio
near 1, lends support to the conclusions drawn in our previ-
ous work on single component polydisperse systems. Kineti-
cally the addition of a small fraction of larger particles
causes a slowing of the crystallization process. Structurally,
the fact that the mixture has a structure factor similar to that
of the one component system at the same partial volume
fraction of W suggests that the larger particles are largely
fractionated out.

FIG. 6. Average crystallite sizeLstd as a function of log reduced time for samples composed of predominantly large particles
sxù0.897d at volume fractionssad f=0.52,sbd f=0.53,scd f=0.54, andsdd f=0.55.
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The addition of smaller particles, on the other hand,
increased the onset time for crystallization, and in some
cases two growth regimes were evident, as seen for the
skewed “single component” distributions in our previous
work.

From the data presented, it is seen that a particle size
distribution skewed to higher sized particles has a less detri-
mental effect on the crystal structure than a skew to smaller
sized particles. A small sized skewness structurally retards
large crystallite growth at higher volume fractions. There are
still a large number of initial nucleation sites, but crystal
growth is limited as suitable sized particles in the neighbor-
ing fluid are scarcer. With a larger negative skewness in the
PSD the initial conditions of the fluid mean there are fewer
initial nucleation sites, so only a few sites grow at first, with

further nucleation sites developing at later times when the
fluid becomes more fractionated.

Regardless of how the size distribution is skewed, it is
observed that an increase in polydispersity will increase the
delay time for the onset of crystallization as more fraction-
ation of the fluid is required before crystallization can pro-
ceed. Trends relating to the effect of volume fraction on
nucleation rates are not so easily resolved from these experi-
ments, and further experiments are underway to explore
these effects.

The evidence presented here and in related work demon-
strate that the effects of polydispersity are complex, and are
very sensitive to the detailed nature of the particle size dis-
tribution. This suggests that the concept of a simple limiting
polydispersity, based on the Lindemann melting criterion
f23g, may need to be reexamined.
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