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Crystallization kinetics of polydisperse colloidal hard spheres. Il. Binary mixtures
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In this paper we present measurements of the crystallization kinetics of binary mixtures of two different
sized hard sphere patrticles. 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 [15]. Using a simple model polydisperse systésimary mix-

ture with a size ratio of 0)9 these simulations showed that

) ; : . r@rystallization is dramatically slowed by the need for local
systems is now well established theoretic&#yg., Kirkwood compositional changes, and concluded that a glassy phase

[1] and Hoover and Ref2]). Experimentally, colloidal par- o6t exist for a monodisperse molecular dynamics system.
ticles suspended in an appropriate fluid are very useful sys- While our previous experimental work involved two lat-

tems for studying these phase transitiong., Pusey and van ti ith inh tly diff t polvdi ities. h tud
Megen [3]). The size range of typical colloidal particles qlges With INNeTently GIerent polycispersites, Nere we Stucy

The occurrence of phase transitions in model hard sphe

inary mixtures of those lattices. By adding progressively
(~_50_50,O nn?u means th‘,"‘t the Ien.gth scales can _be probe rger amounts of particles of slightly different size to the
using visible light scattering techniques, and the time Scaleéistribution, we investigate not only the effects of polydis-

for crystalliization and other phase transfolrmations are lon%ersity, but also the differences between adding particles ei-
enough(minutes to daysto allow for detailed study. The her |arger than, or smaller than, the average particle size.
colloidal hard sphere particles studied here can, under apprete results of these investigations build on the idea that crys-

priate conditions, produce largéens of microns crystals  jization in polydisperse hard spheres is governed by a lo-
which have Bragg spacings comparable to the wavelength Q| ¢ actionation process.

visible light. The kinetics of crystal growth can be studied
using light scattering techniques, in particular laser light
Bragg scattering, pioneered by Claekal.[4] and Dhontet Il. METHOD
al. [5].

One of the main results to come out of recent work is tharbe
polydispersity has a significant influence on crystallization
[6-12). In a previous papdrl3] we presented crystallization
kinetics from two different lattices with differing particle
size distributiongPSD3. It was found that although the par-
ticles had similar equilibrium phase behavior, the particle

Wllth a dn;agatlve”ske\_/ved PSch?" &N'th a glze Slstrlbu_ttlog cally bonded to the surface. The refractive index of the par-
skewed to smaller sizpsrystallized an order of magnitude ticle core, stabilizing layer, and suspending solvécis-

more slowly than particles with a more symmetrical d_iStri'decaIin; n=1.483 at 25 °C are numerically close. Under
but_lon. From th_ese _results we Sque.Sted. a mech_amsm tﬂ’ﬂese conditions the particle scattering form factors are very
which local fractionatiori14] of the particles in the fluid can sensitive to the interplay between scattering from the core
account for the slowing down of the solidification process inand the stabilizing layer, and thus the scattering is very sen-
polydisperse samples. These results, and their interpretatiogmve to both the amoun't of TEEA in the core. and the tem-
are consistent with recent molecular dynamics SimUIation?)erature[w]. As in previous work{17], this fer;lture is ex-

ploited to distinguish optically between the species in the

mixtures. In this paper the partial structure factors were ob-

*Present address: Universitat Konstanz, Fachbereich Physikained by conducting the measurements at 24 °C for latex W
Fach M621, 78457 Konstanz, Germany. Electronic addressand 15 °C for latex X. These temperatures provide the opti-

The experimental methods and analysis used here have

en described in detail previougly3] and will be summa-

rized here only briefly. The particles used in this study con-

sisted of a copolymer core of methylmethacryl@é¢MA )

and tri-fluoroethylacrylat€ TFEA). To prevent coagulation
the particles, a stabilizing barrier of poly-12-

Snydroxys'tearic acidPHSA), about 10 nm thick, was chemi-

stephen.martin@uni-konstanz.de mum ratio of scattering powers for the two lattices. The
"Electronic address: gary.bryant@rmit.edu.au average core radius and effective polydispersity are
*Electronic address: bill.vanmegen@rmit.edu.au Rx=300 nm and 6.7% for X an&,=245 nm and 9-10 %
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TABLE I. Composition of the binary sample mixtures studied. in part by the limited amount of latex available.
Composition of samples is given as the number fraction of larger  Crystallization kinetics were measured using laser light
(latex X) particlesx, calculated from Eq(1). Also tabulated are the  Bragg scattering. In this method laser light scattered from the

partial volume fractions of each latex type in the sample. main interlayer reflection is collected from a scattering vol-
ume of ~1 cn? containing many seemingly randomly ori-
\olume Partial volume fraction ented crystallites. In this work the averaging over crystal
Fraction orientations is improved further by averaging over the
Sample  (¢) x  LatexW(¢y) LatexX(dx)  Depye-Scherrer conf20]. Crystal growth is characterized
W2[0.54  0.5408 0.01 0.5292 0.0116 from the rr_1easured structure fgctﬁ(rq,r), as a functi_on of
W2055 05507  0.01 0.5389 0.0118 the scattering vectaI:_(4wn/)\)sm(0/2) a_md elapsed time.
Details of the analysis may be found in REL3]. The pa-
X2[0.52] 0.5202 0.988 0.0029 0.5176 rameters extracted from the data are
X2[0.53  0.5303 0.988 0.0029 0.5274 (1) The crystallinity X(7), which is proportional to the
X2[0.54 05400  0.988 0.0030 0.5370 amount of sample in the scattering volume which has been
x2[055 05530 0.988 0.0030 0.5500 ponvertgd to a Bragg reflecting phase, and is determined .by
integrating the structure factor over the area of the main
X3[0.51] 0.5121 0.974 0.0062 0.5059 Bragg reflection:
X3[0.53 0.5304 0.974 0.0064 0.5240
X4[053 05304 0897  0.0265 0.5039 X(7)= f (g, da. @
X4[0.54  0.5401 0.897 0.0270 0.5131

(2) The peak maximung,,{7), which is estimated from
Gaussian fits to the peak of the structure factor, and is in-
for W, with the latter being skewed to smaller sifas], so  Versely proportional to the interlayer spacing.

Ru/Ryx ~0.82. Assuming a binary mixture of monodisperse (3 1he average linear dimension of the crystals),
hard spheres of the size ratio used here, an eutectic pha@@'Ch is determined from the full width at half maximum of
diagram is expected similar to that studied by Hendefsgn the peakdy(7),

Henderson also experimentally showed that these colloidal 27K
mixtures exhibit the expected demixing on solidification. L(r)= , (3
The individual particles have phase behavior compatible &q(7)

with that of a simple hard sphere systé&). From sedimen-  where K=1.0747 is the Scherrer constant for a spherical
tation experiments the apparent melting and freezing volumehaped crystal.

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- lIl. RESULTS AND DISCUSSION
tive melting volume fractionpyeiing Can then be determined
[19]. A. Final structure factors
The compositions of mixtures of X and W are given by  The initial and final structure factofgneasured at times
the number fractiorx of the larger particles: 7, and ) for all lattices studied are shown in Fig. 1. Samples
were also made with compositions»of0.08, 0.33, 0.51, and
_ Ny 1) 0.68 (data not shown None of these samples showed any
(Ny + Ny’ signs of crystallization at volume fractions in the coexistence

range expected for such mixtures.
whereNy andNy, are the number concentrations of species A number of features are apparent from Fig. 1. First, both
X and W. The compositions and nomenclature of the latticesw1 and W2 are similar, with evidence of only one peak,
studied are given in Table I. Not all binary mixtures which we have previously interpreted as evidence of a lack
were studied over the whole range of volume fractionsof registration of plane§l4] (although other interpretations
(¢=0.52-0.5% The volume fractions missing were not may be possible, the kinetic parameters determined here are
attempted due to the finite amount of stock of the species Xot model dependentin contrast, the X latex shows the

and W. three peaks characteristic of random hexagonal close packing
The time elapsed following mixings=t/ 7, is expressed [21].
in units of the Brownian times,=R?/D,, whereR is the Second, it is observed for all samples that increasing the

average particle radius of the latex being measunedhe  volume fraction suppresses the crystal structure. Third, in the
binary mixtures the radius of the major component is usedW series of samples, it appears that on the inclusion of the
andD, is the free particle diffusion coefficient for the same second componeriincreasing X from 0 to 0.01 the struc-
latex. Each experiment ran for approximately 2.7 days giviure becomes more like that of a one component sample at a
ing the final elapsed timery, of 4x 10° for latex X and 16  volume fraction about 0.01 lowér.e., the peak for WD.55]

for latex W. The range of values @f and X listed in Table | is similar in magnitude to that of W@.54]). For the two

are limited in part by the duration of the measurements, antdinary mixtures withx=0.01 the partial volume fractions of
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FIG. 1. Structure factors for all samples studied shown in the fluid ptdesshed ling at time =7, and the final structure factor
measured at the end of the experimental ¢swiid line) at time 7s. Note thatr,# 0, as experiments are begun after allowing the tumbled
sample to stop flowing. The scale is the scattering vectqrin units wm™.

the latex W component aré,,=0.53 for W20.54] and ¢, Figure 2 shows lo(7) vs logr. The most obvious fea-
=0.54 for W20.55]. This shows that the inclusion of this ture of these data is that adding a small fraction of larger
small amount of the secon@argen component has very particles slows the fluid-crystal conversion. At long times the
little effect on the structure of the solid phase produced byW1[0.53] sample exhibits the plateau believed to correspond
the latex W patrticles. to the long time annealing sta§22]. For the other samples
Fourth, in contrast to the W series, the X seriesthe experimental time is not long enough to reach the plateau
(x=0.897, where smaller particles are being added to latexionger experiments are precluded by sedimentation effects
X), the general trend is that the structure factor at the sameowever, notwithstanding this, it appears that approximately
volume fraction decreases in magnitude with decreaging the same proportion of sample crystallizes in all samples.
(seen most clearly a$=0.53. Interestingly at¢p=0.54 or Figure 3 showsgna{7) vs logr. Although the type of
higher whenx=0.988(samples XP0.54] and X2[0.55]) the  structure is not changed by the inclusion of the second com-
structure factor peak remains very broad and there is no evponent, the peak positions clearly decrease as the second
dence of the appearance of any crystal peake later. In  component is added. The initial contraction in the crystal
the case where the amount of smaller particles is increasédéttice [i.e., the increase iig,,(7)] observed for the single
by a factor of 10sample X40.54] wherex=0.897 the three  component samples appears to be nonexistent or much re-
crystal peaks again become visible. This unusual feature will

be discussed later TABLE Il. Scattering vector of the peak positiam,,, Of the

The positions of the main peak at the end of the experi_interplanal reflectioifcc(111)] taken at the end of the experimental
run, time 7, for all samples. All values have an uncertainty of

mental run[qma{7;)] are listed in Table Il. The main obser- $0.04 gL
vations here are that the addition of a small fraction of larger p
particles(W2) has marginally increased the lattice spacings
[i.e., reducedyyq{7)] between close-packed planes, though

$=0.52 $»=0.53 $»=0.54 $=0.55
Amax(77) Omad 7¢) Omax ) Omax(7¢)

thg structure remains unaffectéeig. 2). In contrast, the ad— ample (um™Y) (um™D) (um™) (um)
dition of smaller particlegx=0.897 has caused the lattice
spacings to decrease. W1 14.74 14.83 14.92
W2 14.74 14.85
B. Kinetics X1 11.04 11.05 11.04 10.86
X2 11.15 11.14 11.22 11.36
1. Small x
o -~ X3 11.25
The crystallization process, as quantifiedX{y), qmad(7), X4 11.30 11.34

andL(7), is displayed for W1 and W2 in Figs. 2—4.
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FIG. 2. CrystallinityX(7) as a function of log reduced time for
all samples composed of predominantly small parti¢ies 0.01).

duced for the W2 samples. Interestinglg,.(7) for
W1[0.53] and W20.54] are very similar, even decreasing at
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FIG. 4. Average linear crystal dimensidrir) as a function of
time for all samples composed of predominantly small particles
(x=<0.01).

Figure 4 shows the log of the average linear crystallite

the same timeat logyr~5.8—i.e., the mixture behaves dimensionL(7) vs elapsed time. Interestingly, this indicates
like the pure latex W sample at the same partial volumghat the crystallites grow to a larger average size for the

fraction. This is not so for WD.54] and WZ20.55]; while

x=0.01 samples than for the=0 samples at the same total

they are similar in magnitude, there is a significant time devolume fraction. The larger average size observed for the
lay in W20.55] before there is an observed decrease irx=0.01 samples may be due to the fact that the need for
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segregation leads to fewer growing crystallites, which are
then able to grow larger, on average. Note that in contrast to
the gma{(7) data, theL(7) for W1[0.53] and WZ20.54] are
qualitatively different.

Summarizing the effect of adding a second larger compo-
nent, we observe thdt) conversion of fluid to crystallite is
slowed(Fig. 2); (ii) the lattice spacing increasésig. 3); and
the average linear dimension increagesy). 4).

2. Large x

For the samples composed predominantly of larger par-
ticles (x=0.897, X(7) andL(7) are shown in Figs. 5 and 6,
respectively. For brevityg(7) is not shown as it does not
provide any extra information.

At intermediate volume fraction€).52< ¢<0.54), asx
increases, there is an increasing delay in the onset of rapid
crystallization(shown as the line designatedin Fig. 5). In
addition, at volume fractions of 0.53 and 0.54 the mixtures
exhibit an initial slow conversion regiofdesignatedy; in
the figure. For pure latex X this region is only seen at 0.55,
though it is seen at all volume fractions for latex(¥ig. 2).
Looking at ¢=0.53, where all sample compositions xf
were studied, the onset time for crystallization increases by

FIG. 3. Scattering vector of the position of the main reflection asmore than an order of magnitude as the amount of the second
a function of log reduced time for all samples composed of precomponent is increased.

dominantly small particlesx<0.01). The final error bars show the
absolute uncertainty due to calibration of the detector afig3é

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

021404-4



CRYSTALLIZATION KINETICS OF.... Il....

PHYSICAL REVIEW E 71, 021404(20095

0 0
(@) =052 (b) =053
-0.5 = -0.5 =
.1 - AAé 1 -
= 2 =
X 2 X
g $ 5 g
o a § =
1.5 - N 1.5 4
28 g
4 ax A 5? ] -
O X2 Py _ -
2 = O X3 A -2 = P
i X X4 s i i
N /
25 T T T T T T 25 T T L T T T T
3 4 5 6 3 4 5 6
log,,t log,yt
0 0
(c) 0¢=0.54 / (d) ¢=0.55
-0.5 = -0.5 =
1 - o k 1 - o °© a
— oo —
B o a / X = .
g - — e o A / ;( % - AAA
? - - a / ); é:’ A a®
- 454 p'i A/ )2&( - 4.5 - ° . A
i / J
A
/a .
2 - Ve 2 =
[
- , -
25 T 4 T T T T T 25 T T T T T T
3 4 5 6 3 4 5 6

log,,t log,y®

FIG. 5. CrystallinityX(7) as a function of log reduced time for samples composed of predominantly large pareles897 at volume
fractions(a) $=0.52,(b) $=0.53,(c) $=0.54, andd) #=0.55. All data have been normalized to the final value of thEX8b] sample. The
slope of the dashed lines are the growth coefficients of rapid convessamd the initial periodu; as referred to in the text.

presses crystallizatiofisee Fig. 1. However, X(7), deter- cedes the period of rapid growth. This is also seen for
mined from the difference between the measured structur¥1[0.55]. For X2 0.54] the length of time for which the ini-
factors at times; and 7, does evolve, increasing by half an tial slopey; is observed dominates most of the crystallization
order of magnitude. In contrast, the measutetFig. 6), is  process, showing only a slight increase in average crystallite
virtually constant. Thus, while no Bragg reflections evolve,size in time. This can be explained in terms of an ongoing
either visually or instrumentally, it appears that the metafractionation process, as described previoi$§]. With the
stable fluid is undergoing significant intermediate range reinclusion of ~10% smaller particle, as in the two X4
ordering. samples, the onset of crystallization is delayed by an order of
For the lower volume fractionk(7) exhibits a period of magnitude. At earlier times, no reliable fits can be made to
rapid growth followed by a later period of slow growthig.  the data.
6). For 0.53 and 0.54 the addition of the second component To summarize, with the samples composed predominantly
also results in a period of slow crystal growth, which pre-of the larger particles, the inclusion of the smaller latex
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FIG. 6. Average crystallite siz&(7) as a function of log reduced time for samples composed of predominantly large particles
(x=0.897 at volume fractionga) ¢=0.52,(b) $=0.53,(c) $=0.54, and(d) ¢=0.55.

caused a slowing of the crystallization process. When only a IV. CONCLUSION

small number(1-2 % was added, an increase was observed Changing the shape of the particle size distributions
in the initial period of slow growthy;, which we attribute to  through the production of binary mixtures with a size ratio
a fractionation process. The inclusion of the smaller particlesiear 1, lends support to the conclusions drawn in our previ-
suppressed the rapid formation of crystallites, extending theus work on single component polydisperse systems. Kineti-
amount of time that is needed to filter the fluid to providecally the addition of a small fraction of larger particles
suitable particles for inclusion in the growing crystallites. At causes a slowing of the crystallization process. Structurally,
higher volume fractions, where rapid crystallization is evi-the fact that the mixture has a structure factor similar to that
dent in the one component sample, adding the smaller lateaf the one component system at the same partial volume

increased the fractionation period dramatically, and prefraction of W suggests that the larger particles are largely
vented the formation of large crystallites. fractionated out.

021404-6



CRYSTALLIZATION KINETICS OF.... Il.... PHYSICAL REVIEW E 71, 021404(2005

The addition of smaller particles, on the other hand.further nucleation sites developing at later times when the
increased the onset time for crystallization, and in somdluid becomes more fractionated.
cases two growth regimes were evident, as seen for the Regardless of how the size distribution is skewed, it is

skewed “single component” distributions in our pre\,iousobserv_ed that an increase in polyd_ispgrsity will increasg the
work. delay time for the onset of crystallization as more fraction-

From the data presented, it is seen that a particle siz8tion of the fluid is required before crystallization can pro-
distribution skewed to higher sized particles has a less detrc-eed' 'I_'rends relating to the effect of volume fraction on.
hucleation rates are not so easily resolved from these experi-

mental effect on the crystal structure than a skew to Sma"elrnents, and further experiments are underway to explore
sized particles. A small sized skewness structurally retardg,ese effects.

|arge CryStallite grOWth at h|gher volume fractions. There are The evidence presented here and in re|ated Work demon_
still a large number of initial nucleation sites, but crystal strate that the effects of p0|ydi5persity are Comp|eX, and are
growth is limited as suitable sized particles in the neighborvery sensitive to the detailed nature of the particle size dis-
ing fluid are scarcer. With a larger negative skewness in theibution. This suggests that the concept of a simple limiting
PSD the initial conditions of the fluid mean there are fewerpolydispersity, based on the Lindemann melting criterion
initial nucleation sites, so only a few sites grow at first, with[23], may need to be reexamined.
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