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Effect of coalescence energy release on the temporal shape evolution of nanoparticles
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The driving force for coalescence of two nanopatrticles is the reduction in free energy through a reduction in
surface area. The resulting particle also has a lower total potential energy, which through conservation of
energy can lead to a significant increase in particle temperature. In a growth process particle heating competes
with heat transfer to the cooler carrier gas. In this paper we develop a model that illustrates that this tempera-
ture increase can be extremely important and should be accounted for when modeling collision/coalescence
processes. Our calculations indicate that the heat release associated with particle coalescence may reduce the
coalescence time by as much as a few orders of magnitude. This is especially true for the final stages of
exponential surface area decay toward sphericity, which becomes much faster and qualitatively explains the
fact that primary particles of only a few nanometers in diameter are of spherical shape. We develop in this
analysis a dimensionless “coalescence heating number,” which can be used to assess if the exothermic nature
of coalescence should be accounted for under a given set of conditions. We also show that a simple coales-
cence model, which includes the temperature effect, closely follows our prior molecular dynamics calculations
for silicon nanoparticles sintering. This analysis also explains a set of experimental results for alumina nano-
particle production, previously unexplainable by classical methods. Finally, we see that lower gas pressures
result in lower gas-phase heat transfer, which in turn results in larger primary particles.
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INTRODUCTION resulted in several successful models for particle size
prediction®12 However, in some cases, particularly those
The ability to predict and control the primary particle size that predict very small primary particles of only a few na-
of nanostructured materials is essential since it is a key varinometers, these models seem to break d8wh*and un-
able in many thermal, mechanical, and optical propetties.derpredict the primary particle size.
Typically in many industrial aerosol processes, a high con- Ehrmart® suggested that one reason for this might be a
centration of very small particles undergoes rapid coagulavery high internal pressure of particles under approximately
tion. This may lead to the formation of fractal-like agglom- 5 nm in diameter. Based on some of our recent molecular
erates consisting of a large number of spheroidal primarglynamics simulatiort§ we believe this will not completely
particles of approximately uniform diameteThe size of the  explain this effect.
primary particles ultimately is determined by the rates of This study was primarily motivated by the results of Za-
collision and coalescencdeAt high temperatures, coales- chariah and Carrie¥, who studied the coalescence of silicon
cence occurs almost on contact, resulting in large primaryanoparticles using molecular dynami@®D) simulation
particles and hence small surface area. At low temperaturemethods. They found that when two particles coalesce the
the collision rate is faster than the rate of coalescence, leadermation of new chemical bonds results in energy release,
ing to fractal-like agglomerates consisting of very small pri-and therefore a significant increase in particle temperature.
mary particles and thus large surface area. Controlling th&his is illustrated in Fig. 1, in which particle temperature vs
coalescence rate is possible through knowledge of the mat&me is shown for a typical coalescence event. Following a
rial properties and the time temperature history of the reaceollision the formation of new chemical bonds between the
tor, and the collision rate through the volume loading of theparticles results in heat release and the formation of a neck
material? between the particles. In turn this results in further energy
Ulrich and Subramanidnfirst described simultaneous release which increases the particle temperature rapidly and
collision and coalescence of agglomerates in flameshus also speeds up the coalescence. An oval shape is
by assuming that agglomerates consist of a largdormed, which then slowly evolves into a sphere.
number of primary particles and treating collision and Since these particles coalesce by the mechanism of solid
coalescence as separable processes. Koch and Friedlandstate diffusion, which is an extremely sensitive function of
assumed that the coalescence rate of an agglomeratemperature, we expect any temperature increase within the
is directly proportional to its excess surface areaparticle to have an important effect on the dynamics of coa-
[ (actual surface arga (equivalent spherical argla This was  lescence. In this paper we demonstrate how the heat release
later shown by Friedlander and Wto be exact for the final resulting from coalescence can be straightforwardly incorpo-
stages of transformation to sphericity for an originally rated into a Koch and Friedlandetype of coalescence
slightly nonspherical particle. This simple linear decay lawmodel. In particular, our aim is to highlight the sharp transi-
for the agglomerate surface area, when combined with &on for conditions in which the heat release plays a signifi-
method for solution of the aerosol dynamic equation, hagant role in the dynamics of particle coalescence.
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T where the characteristic coalescence or fusion {ifoevol-
ume diffusion is
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T is the collision rate of the free molecular particle with gas
0 ' . ' moleculeqof massm), obtained from kinetic gas theory. The
time sensitivity to temperature comes from the exponential depen-

FIG. 1. The evolution of particle temperature and shape in nano(-jence of the diffusion coefficief? on temperature:

particle coalescence. The decreasing surface area results in an en- B
D=A exp{

Tp

ergy release and thus an increase in temperature.

)

THEORY Now, in Eqg.(4), the first term on the right-hand sidBHS)

We begin our analysis by considering a system consistind$ the heat increase due to coalescence, as explained earlier.
of two identical spherical particles each withatoms. Dur-  The second term on the RHS is the heat loss due to collisions
ing coalescence, a neck rapidly forms between the particledith gas molecules. The collision rafeof the free molecular
which transforms into a spherule and slowly approaches garticle with gas moleculetof massm) is assumed to be
sphere(see Fig. 1 of this paper or Fig. 3 of Ref.)18/e  unaffected by the coalescence shape evolution.
assume that the ener@yof our system throughout the coa- A convenient nondimensionalization of E(p) can be
lescence process can be described with bulk and surface copptained through
tribution terms’

t To—T a—asph
J— t* = _, T* = i a* = —, (8)
E=EpukT Esurt To T Asph

Epuk=2N[€,(0) +¢, T, (1) resulting in

Esur=oa, = _Tg*— —gT* (9)

wherea is the surface area of the coalescing pair of particles
o the surface tensiorg,(0) the bulk binding energynega-
tive) at zero temperature, ang, the constant-volume heat da* 7o

capacity. Any change in total energy of the particle can only ar = —a*. (10
result from energy loss to the surroundings. Neglecting any T

radiation heat transfer effects, the change in particle energyjgre Ee=0agn Ep=2C,NT, Eq=70Zc,T, and 7, is the

is equal to the cooling rate arising from collisions with bath cq5jescence time calculated at the gas temperatuigua-

and

gas moleculegrate 2): tions (9) and (10) are straightforward to integrate numeri-
dE JT d cally, and we did so for several sets of system parameters for
a e .
p silicon and alumina.
—=2Nc,—*+o——=— -T). : e . .
dt 2Ne, dt 7t Z2Cq(Tp=T) @ A simple criterion to estimate the importance of

) . coalescence-induced heating would naturally be useful. In
HereT is the gas temperature ang the heat capacity of the e Appendix, Eq(9) is solved approximately, resulting in a

gas molecules. By rearranging and assuming that the surfaggmensionless quantity, the coalescence heat increase num-
area reduction can be approximated by the well-known lineapg, -

rate law developed by Koch and Friedlarftier

da 1 H—exp(E Tmax /(T +1)
—— _(a— - + max )
a— ™ (a asph), (3) Tg Tmax 1
EAS E,IN(E,/E EpIn(EL/E
we get T, o0 [ex;{ g IN(Eq b))_exp( b IN(Eg b)”.
Ep—Eq Ep—Eq Ep—Eq
2o N T V=2, (Ty—T) @)
C,N——=—(a—ag) —Z¢ -T), _ ) _
vodt o P o Physically,H is an enhancement in the coalescence rate:
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TABLE |. Comparison of maximum temperature and coales-
cence time for Si nanoparticles®t 600 K from this work with the
MD results of Zachariah and CarriéRef. 18.

AT (MD) 7(MD) AT T
N (K) (ps) (K) (ps)
30 486 130 580 320
60 402 600 460 860
120 386 1700 365 2300
240 313 2500 290 6070
To— T
H~ , (12
T

where the approximation holds for small temperature in-N=2100, 1000, and 10000

PHYSICAL REVIEW B 63 205402

RESULTS AND DISCUSSION

We began by repeating the solid state cases of Zachariah
and Carriel? i.e., we simulated the coalescence of silicon
nanoparticles of siz&l=30, 60, 120, and 240 for gas tem-
peratureT=600K, using the same material properties. The
results are summarized in Table .

The fact that the maximum temperatures agree quite well
shows that the use of the energy formulation of EL.is
reasonable. In Table | the coalescence time is defined as the
time for 95% decrease in excess surface &eepared with
the completely coalesced perfect sphete must be noted
that in the MD simulations of Zachariah and Carffethe
coalescence time was extracted from the time evolution of
the moments of inertia of the coalescing particles.

To assess the competing effects of heat release and bath
gas cooling, silicon particle coalescence was simulated for
at,=600K, as well as foN

creases. Even iH cannot be used to accurately predict the=1000 atT,=400K. The calculations were conducted with

actual coalescence enhancement for cases with significaahd without the heat release effect and are presented in Figs.
heat release, it is useful as an indicator for determining if the2(a)—2(d). The dashed line in each case corresponds to a
heating effect is important, as will be shown in the nextcalculation in which the heat release due to coalescence has

section.
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FIG. 2. The evolution of surface argsolid line) and temperaturégray line) of coalescing silicon nanoparticles B§=600 K of size
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N=(a)100, (b) 1000, and(c) 10 000 atoms, an¢) at T,=400 K of sizeN=1000 atoms. The dashed line is the surface area evolution if

coalescence heat release is neglected.
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7 (Tg) for a particle of 100 Si atoms cal, and we believe the heat release from coalescence is a
possible explanation for this.

We see in Figs. @)—2(c) that for the gas temperature of
600 K the coalescence is sufficiently fast that heat conduc-
1071 A tion to the surrounding gas is negligible, as evidenced by the
flat temperature profile during the neck growth process. At
102 400 K [Fig. 2(d)]. However, cooling is clearly seen to have
H = 0.65 an effect, although in this case at least cooling takes place
well after the spherical shape is obtained, aroting=0.2.
10° 1 To illustrate the sensitivity of the dynamics of E§) [or
Eq. (4)] to temperature, we plotted the coalescence time as a
10 | function of gas temperature. Presented in Figa) 8nd 3b)
we see that for particles with 100 and 1000 atoms there ex-
ists a temperature at which there is a sudden change in the

10° ; ' ' ' ' ' dynamics of Eq. 9. Figure(8) shows that below the critical

250 260 270 280 290 300 310 320 temperature particle heating is negligible and the coalescence

(a) gas temperature [K] time is long. Then, over a very narrow temperature window
at around 285 K the coalescence time drops two orders of

7, (T,) for a particle of 1000 Si atoms magnitude for thd\lz 100 case and an order_ of magnitude

for N=1000. This clearly illustrates the nonlinear nature of

10 the competing heat generation/extraction terms. If a critical
temperature increase is exceeded, it increases the coales-
cence rate exponentially, which correspondingly speeds up
the temperature increase rate, and so on. If this critical tem-
H=08 perature is not exceeded, coalescence is slow and the heat
release energy is conducted to the surrounding gas.

Moreover, this sudden change seems to occur at roughly
the same value for the heating number, in the rahbe
=0.6-0.9. As explained in the previous section, the heating
number is an approximation to the coalescence rate increase.
If the value forH is small, say under 0.5, than coalescence
rate increase arising from heat release is essentially negli-
108 . . . . : . gible. If it exceeds 1, then the coalescence rate increase is
290 300 310 320 330 340 350 360 significant and must be taken into account in any modeling
(b) gas temperature [K] effort. Between these values, at around 0.6-0.9, there is a

sudden change in coalescence dynamics, a narrow window

FIG. 3. The coalescence time of silicon nanoparticles of sizedf conditions in which the heat release triggers very fast
N=100 and 1000 atoms as a function of gas temperature. Theoalescence. In other words, we can conclude that if the heat-
sudden changes occur at the valies 0.65 and 0.8. ing number is above this critical value particle heating result-

ing from energy release should be accounted for in the com-
surface area and the particle temperature from the numericaltation of the coalescence time. For example, for the cases
solution to Egs.(9) and (10), i.e., the heat release and gas presented in Figs.(2)—2(d), the heating numbed has the
cooling are accounted for. values 84.9a), 13.1(b), 3.1 (c), and 83.4(d), which means

It is evident that the heat release has a strong effect on thidat coalescence heat release is important in all those cases.
coalescence dynamics. If the conditions are favorable for Figure 4 presents results in which we compute the coales-
neck formation, i.e., the temperature is high enough, the parcence time as a function of particle size for a specified gas
ticle temperature starts to increase, which in turn feeds bactemperature. In the absence of heating effects we expect the
to increase the rate of coalescence. The final stages of coeealescence time to increase linearly with the number of at-
lescence to a sphere, which typically take a long time comems, based on the solid state diffusion model. Instead we see
pared with the initial neck formation, occur much more a clear transition from a rapid coalescence regime to a slow
quickly in these cases. This effect is particularly importantone at around 1700 atoms, corresponding again to a heating
for very small particles, of a few nanometers in diameter,number of 0.9.
which show a much slower coalescence rate when neglecting Since the sharp transition occurs at a nearly constant
heat release effects. From a practical standpoint, for exvalue forH, it can be used to identify the regions in particle-
ample, when gases in a reactor are cooling, one would expesize—temperature space in which the heat release is impor-
to see agglomerates consisting of primary particles that areant. In Fig. 5 the equatiorl =0.8 (solid line) is plotted in
not spherical since the transition from oval to sphere in thesize-temperature space. The curves represent the gas tem-
absence of heat release is by far the slowest process. Howerature at which a given particle size will have a heating
ever, nanosized primary particles are observed to be sphemffect. Alternatively, one can view this curve as representing

10°
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in coalescence time, i.e., solution to the equatibn0.8 in particle

number of atoms .
size vs temperature.

FIG. 4. The coalescence time of silicon nanopatrticles of variable K led h b idered | .
size at gas temperatuiig,=330K. The sudden change occurs at to our knowledge, has never been considered a control vari-

the valueH=0.9. able for primary particle size. We are currently in the process
of further investigating this behavior.

a temperature for which all particles smaller than the critical ~The results presented so far are for silicon where we have

particle will undergo self-heating. The dotted lines are curvednolecular dynamics simulation results. We now apply this

for H=0.6 and 1.0 and indicate that the demarcation is nof0del to alumina nanoparticle growth, and in particular to
sensitive in this range dfl values. the experimental results of Windelet al™® These experi-
Since the cooling rate is proportional to gas pressure, thi§ents are of interest because of the controlled nature of the
analysis also provides a tool for primary particle size controlgrowth conditions and the fact that the standard Koch and
In Fig. 6 we have repeated the solution of the nonlineafiedliande? model failed to produce any significant particle
equationH =0.8, but with different values for the bath gas growth. I_ndeed, this lack olf3agreement was first encountered
pressure. It is evident that for a given gas temperature th# €xperiments of Wiet al.> Reference 10 involved a free
sharp transition from fast to slow coalescence occurs dft injection of trimethyl aluminum vapor reacting in a
larger particle sizes for a lower pressure. Thus a lowerMethane-air flame forming alumina nanoparticles. The pri-
pressure growth condition should enhance the ability to profary particles produced were of volume mean diameter 4.1,
duce larger primary particles of spherical shape. This is af-8> and 10.7 nm fofmaximun) flame temperatures of 1700,

intriguing aspect when one considers that total gas pressuré800, and 1900 K, respectively. These experimental data,
along with theH=0.8 curve for alumina, are presented in

Fig. 7. The experimental points seem to match ltwe 0.8

105 - SLow o
COALESCENCE .- 16 A
' 14
10 - FAST E |
> COALESCENCE =12
2 10+ SLOW
£ COALESCENCE
10° | 8 g
© ®
3 61
£ FAST
102 A 8 44 COALESCENCE
300 350 400 450 500 217
Tg K] 0 . T : . T
1600 1700 1800 1900 2000
FIG. 5. The size vs temperature fidr=0.8 (solid line), i.e., the Temperature [K]

location of the sudden change in coalescence time. Above the

curve, heating due to coalescence does not affect the coalescenceFIG. 7. The size-temperature curve representing the solution for

rate, while below the effect is significant. The dotted lines are forH=0.8 for alumina, i.e., the location of the sudden change in coa-

H=0.6 and 1.0. lescence time. The dots represent experimental results from Ref. 10.
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curve very well. What we believe happens is as follows. Intions of silicon and alumina nanoparticle coalescence. Solv-
the hot flame the particles start growing from molecular sizeng for the temperature and particle size from the equation
by coagulation. They coalesce as they collide, aided by thél=const gives the transition curve in temperature-size
heat release from coalescence, up to the point where thepace.
sudden drop in coalescence rate occurs. The location of this Since the exponential decay from an oval shape to a per-
sudden drop is indicated by thd=0.8 curve in Fig. 7. fect sphere is a slow process, one would expect to see under
Thereafter, each collision just increases the number of pritypical experimental conditions mainly nonspherical primary
mary particles per agglomerate, and the primary particle sizparticles in agglomerates. This is not the case, however, par-
is frozen. ticularly when the primary particles are sm@l few nanom-
eters in diametgr they are typically all spherical. The en-
CONCLUSIONS hanced coalescence rate resulting from heat release greatly
) _ shortens the relative time for the final stages of shape evolu-
In this paper, we have presented an analysis of the thegjon and thus favors the freezing out of spherical particles.
mal behavior of coalescing nanoparticles. We include thg-ythermore, we repeated the analysis using different values
effects of energy release during coalescence, which to oypy the total gas pressure. The sharp transition from fast to
knowledge has not been accounted for in previous collisions|ow coalescence, at a given gas temperature, occurs at larger
coalescence modeling. The driving force for the tra”SformiEarticle sizes when using a lower gas pressure. Thus a lower

tion of two spherical nanoparticles into one completely fusegyressure can be used if larger spherical primary particles are
particle is a minimization of the surface free energy and igjesired.

reflected in a temperature increase of the resulting particle.

Since the characteristic coalescence time is inversely propor- APPENDIX

tional to the solid state diffusion coefficient, which is very

sensitive(exponentially dependento temperature, the heat Let us study a simplified version of E(LO), namely,
release associated with the initial stages of coalescence

der certain circumstancesan significantly impact the over- dT—h “t_oT Al

all coalescence process. In this study, we have used a simple dt € (A1)

exponential decay law for the excess surface area of the coa- . . . .
lescing particles, and modified it in such a way that particIeThIS is exactly the same as EQO), with h=E/E, and_c
Fqg/Ep, except thatry/7 is assumed to be 1 and is

temperature and hence also the characteristic coalescence .
time are time-dependent variables. assumed to decay as= ay exp(—t). The solution to Eq(Al)

We have used this formulation to calculate the coalesis

(e Ct—e™h). (A2)

: (A3)

cence of silicon and alumina nanoparticles. Coalescence heat hag
release can result in particle temperatures several hundred T=——

degrees hotter than the carrier gas, which can, through an 1-c

increase in the diffusion cogﬁicient, i_ncrease.the_ cqa}lescencpne maximum of this function

rate by 1-3 orders of magnitude. This effect is significant for

small particles especially, since their fraction of surface at- hag clnc Inc

oms is largest and their overall heat capacity small, relative Tmaxzﬁ exp< 1—c) —ex;{ E)

to larger particles. Larger particles, which have a low sinter-

ing rate and a higher heat capacity, result in low heating at now an approximation to the maximum particle tempera-
sufficient time exists for bath gas heat transfer to maintairiure achieved during coalescence. The importance of this
the particle at isothermal conditions. We have investigatedemperature results from the fact that for any thermally acti-
the behavior under a variety of particle sizes and bath gagated process it is the maximum temperature that determines
temperatures and have determined that there exists a vetlye temporal behavior and kinetics of the system.

sharp transition. The highly nonlinear nature of the model We now define the heating numbklr to be the coales-
indicates that the coalescence time can drop by orders @fence rate increased— 7)/7 using this maximum tempera-

magnitude for a few degrees increase in temperature. ture from Eq.(A3):

A dimensionless number, the coalescence heating number
H, has been derived in order to analytically determine if H= TO_T:ex%E Tmax )/(T 1)1
particle heating is important. The above-mentioned sharp T Ty Tmaxt 1 max '
transition seems to occur &t=0.6—0.9 for various condi- (A4)
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