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A high-fidelity coagulation driven kinetic Monte Carlo (KMC) model is developed to study the physics of the nonlinear
interplay between competing exothermic collision-coalescence mediated surface oxidation and complex morphologies in
aggregated nanostructures generated during gas-phase synthesis of nanoparticles. Results suggest a twofold oxidation
mechanism in which thermally activated processes form a critical oxide shell, beyond which morphological complexity of
nanoparticles gives rise to enhanced oxidation. Simulation results for the example case-study of Al nanoparticle synthesis in
air under different prototypical processing conditions, i.e., temperature, pressure and volume loading, show the efficacy of
the model in determining optimal process variables for tuning the structural and chemical makeup of energetic
nanomaterials. Finally, it is demonstrated that inclusion of nonisothermal coalescence that leads to the formation of fractal-
like nanoparticles (particularly, < 15 nm) gives rise to higher degrees of oxidation when compared to instantly coalescing
spherical particles. VVC 2012 American Institute of Chemical Engineers AIChE J, 58: 3341–3353, 2012
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Introduction

Nanoparticle manufacturing via flame synthesis,1,2 plasma
processing,3 or flow reactors4,5 has been extensively used for
the fabrication of nanostructured materials and thin films
with controlled porosity, specific surface coatings and cata-
lytic properties. These applications either require compact
spherical nanoparticles with low-surface area (electronic de-
vice fabrications, sensors, etc.), or fractal-like aggregates
with high-surface area (nanocatalysts, energetic materials, H2

storage, etc.). Yet, the complex interplay between various
chemical/physical pathways such as collision, coalescence
and surface reactivity during gas-phase synthesis of these
structures is not clearly understood.

Although aerosol dynamics based sectional/nodal mod-
els,6–8 method of moments9,10 or models for particle laden
flows11,12 have been widely used to study nanoparticle evo-
lution in the past, only recent Monte Carlo (MC) based sto-
chastic models are able to simulate nanoparticle nucleation,
coagulation, aggregation, surface growth and restructur-
ing13,14 without resorting to a single unifying governing
multivariate equation.15 Specifically, MC simulations of
nanoparticle aggregation and restructuring via coalescence/

sintering16 have provided great insight into the role of pro-
cess parameters in controlling the structures of gas-phase
synthesized nanoparticles.17 Furthermore, the highly exother-
mic and energetic nature of coalescence due to self-reinforc-
ing atomic diffusions at nanoscale18,19 have prompted recent
kinetic MC (KMC) studies to elucidate the role of noniso-
thermal coalescence in tailoring the size and shape of nano-
particles generated via collision-coalescence events.15

The aforementioned studies have encouraged systematic
characterizations of complex fractal-like structures of nano-
aggregates, in lieu of the commonly used equivalent spheri-
cal shapes.20,21 Such modifications significantly alter the
inter-particle collision frequency function22 and, hence, their
growth dynamics. The excess surface area of fractal-like
nanostructures, when coupled with the exothermic nature of
coalescence, makes the chemical physics of surface energy
driven interfacial processes such as oxidation and coagula-
tion-coalescence in nanoparticles23 highly complex and in-
triguing. Yet, to date a comprehensive study of the nonlinear
coupling between all of the aforementioned energetic proc-
esses in the framework of synthesizing fractal-like nanostruc-
tures has not been performed.

Understanding these complex energetic processes is essen-
tial for establishing the process guidelines for synthesis of tai-
lored nanostructures with controlled oxide layers for surface
passivation, energetic or, specific catalytic and electronic
applications24–26. Specifically, the energetic properties of
metal nanoparticles (\ 100 nm) with large surface-to-volume
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ratio and energy densities27–29 have attracted much attention
from the combustion community (e.g., solid propellant or
pyrotechnique research). To this end, oxidation kinetics of
Al nanopowders have been investigated using thermogravi-
metric analysis (TGA), Rutherford backscattering spectrom-
etry (RBS) studies,30 single-particle mass spectrometry
(SPMS),31 and laser-induced breakdown spectroscopy
(LIBS)32 techniques.

Recent phenomenological models33 and molecular dynam-
ics (MD) simulations,34,35 although simplistic in assuming
spherical particle shapes, have provided critical insight into
metal nanoparticle oxidation. However, due to computational
limitations, they fail to account for the exothermic effects of
the competing collision-coalescence processes during nano-
particle growth mechanism.15 The motivation behind this
investigation stems from the fact that most studies on metal
nanoparticle oxidation rely on the simplified assumption of
spherical particles, while looking at size evolution and/or
surface oxidation of single particle,33 uniformly sized par-
ticles36 or ensemble particle-size distributions.37 In this
study, we have developed an efficient KMC model to
account for coagulation-coalescence events coupled with par-
ticle energy balance and surface oxidation that leads to frac-
tal-like structures for metal nanoparticles synthesized under
typical processing conditions dictated by background gas
pressure (pg), temperature (Tg), and material volume loading
(/). This model for the first time allows investigation of the
role of morphological complexity defined by surface fractal
dimensions of metal nanoaggregates in their growth mecha-
nism, energetic activities, extents of oxidation and structural/
compositional changes. Specifically, due to the wealth of
high-quality experimental data,27–32 we have chosen to
investigate gas-phase synthesis of Al nanoparticles under-
going simultaneous oxidation (i.e., Al/Al2O3 system) as a
case-study to demonstrate the efficacy of the KMC model.

Model Development

Morphology: surface fractal dimension

This study is focused on interfacial processes such as coa-
lescence and surface oxidation, and, hence, uses the surface
fractal dimension Ds

38 to describe particle morphology.
Based on the scaling law relation39 between particle surface
area (Ap), and volume (Vp): Ap / VDs=3

p for fractal-like surfa-
ces, Ds is estimated from the slope of a linear fit to
ln Ap

�
A0

� �
vs. ln Vp

�
V0

� �
for the ensemble particle system

as per the normalized area-to-volume relationship with their
primary particles38

Ap

A0

¼ ðVp

V0

Þ
Ds
3 (1)

Theoretically, 2 � Ds � 3, where Ds ¼ 2 represents per-
fect smooth spheres; 2 \ Ds \ 3 represents self-similar frac-
tal-like aggregates undergoing partial coalescence and Ds ¼
3 represents completely open-chained fractal aggregates (see
Figure 1).

In using Eq. 1, it needs to be mentioned that the choice of
initial monomers as primary particles in the system, as used
earlier,46 is not valid when collision-coalescence mediated
growth (sf � scoll) generates significantly large, uniform
spherical particles that act as the primary particles in newly
formed aggregates. Hence, subject to a log-normal distribution
of aggregates coalescing into uniform spherical particles (dis-
cussed later), log mean diameter of the particle ensemble is
assigned as the characteristic primary particle dimension. At
the onset of aggregation, the primary particle size estimated
from the most recent particle ensemble is used for the Ds esti-
mation of all future aggregates. In addition, the validity of Eq.
1 for Ds[ 2 requires a substantial number of primary particles
([ 10 - 20) in any cluster to minimize error arising from the
spherical primary particle morphology (Ds ¼ 2).

Collision kernel and characteristic collision time

From kinetic theory the collision kernel between two par-
ticles i and j of any shapes and cluster sizes, varying particle
temperatures15 and densities (due to compositional varia-
tions), is given as38

bij ¼
1

4

8kb

p

� �1=2 Ti

qiVi

þ Tj

qjVj

 !1=2

siAið Þ
1=2þ sjAj

� �1=2� �2

(2)

The surface area accessibility term si accounts for the
fractal-like surface structures and is related to the cluster
size, i and Ds such that38

si ¼ Ds � 2ð Þ 2

i

� �1�v

þ 3 � Dsð Þ (3)

where, it is noted that when Ds ¼ 2 for dense spheres, si ¼ 1
and v is experimentally determined to be 0.92 for typical
nanoparticle aggregation.40,41

In terms of bij (Eq. 2) and aerosol self-preserving size dis-
tribution (SPD) theory42 based nondimensional particle vol-
umes gi ¼ N1 Vi// and size distributions wðgiÞ ¼ Ni/

�
N2

1,
rate of change in particle number concentration is given as

dN1
dt

¼ � a

2
XN5=2

1 I gi; gj

� �
where; I gi; gj

� �
¼

Z1
0

Z1
0

F gi; gj

� �
W gið ÞW gj

� �
dgidgj ð4Þ
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F
�
gi; gj

�
¼
�

1
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�1=:2
�
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�
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�
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�
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�
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�
bh=:a

�
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j
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Figure 1. Schematic for qualitative definition of particle
morphology variations.
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where

X ¼ 2kbT

pq/

� �1
2 A0

2vgc0

� �
; c ¼ Ds=3 þ v� 1ð Þ; a ¼ Ds � 2ð Þ;

b ¼ 3 � Dsð Þ; h ¼ 2g0ð Þv�1; g0 ¼ N1V0=/

The volume integral over the entire population in Eq. 4
justifies the use of an ensemble averaged particle density
and temperature q and T, whereas the statistical nature of
the problem provides support for the use of Ds, obtained
from the linear fit of Eq. 1 over the particle ensemble, to
represent the surface morphology of individual particles.

Here I(gi, gj), which has been numerically solved for ho-
mogeneous forms of F(gi, gj) at different volume fractal
dimensions42 (Df), becomes analytically intractable and
numerically intensive due to the nonhomogeneous form of
F(gi gj) in Eq. 4a. Thus, asymptotic solutions of

1 þ bh=að Þg1�v
i

n o1=2

ffi 1 when bh=að Þ � 1 ðDs ! 2Þ and

1 þ bh=að Þg1�v
i

n o1=2

ffi bh=að Þ1=2g1�v=2
i when bh=að Þ � 1

ðDs ! 3Þ (Note: (by/a) ranges over several orders of magni-

tude, whereas g1�v
i �0.5 � 1.0) lead to the homogeneous

forms of I gi; gj

� �
. Upon numerical integration, I(gi, gj)

converges to the average values �6.576 and 6.577 over the
respective ranges of Ds ¼ 2.4–3.0, and Ds ¼ 2.0–2.6 (see
Table 1). Finally, using an average value of I(gi, gj) ¼ 6.577
in Eq. 4, the characteristic collision time scoll (time taken
by a particle to double its volume, and, hence, N1 to drop
to N1/2 via coagulation) in the respective Ds regimes is
estimated from

scoll ¼
N c�3=2ð Þ

1 1 � 0:5 c�3=2ð Þ� �
Ya c� 3=2ð ÞI gi; gj

� �

for Ds ! 3ðapproaching fractalÞ ð5Þ

scoll ¼
N c�v�1=2ð Þ

1 1 � 0:5 c�v�1=2ð Þ� �
Yb c� v� 1=2ð Þ 2V0

/


 �v�1

I gi; gj

� �
for Ds ! 2ðapproaching sphereÞ ð6Þ

where the intermediate coefficient Y ¼ � 1
2

2kbT
pq/


 �1
2 A0

2
v


 �
/
V0


 �c
The final scoll, as constructed from Eqs. 5 and 6 in the re-

spective particle morphology regimes of Ds ! 2 (earlier
times), and Ds ! 3 (later times), exhibit the expected escala-
tion in scoll at later stages due to larger collision cross sec-
tions of fractal-like aggregates.

Coalescence

Coalescence is approximated by the following surface
area reduction rate42

dAp

dt
¼ � 1

sf

Ap � Asph

� �
(7)

where the mean characteristic fusion time sf (i.e., time needed
to reduce the excess agglomerate surface area, (Ap � Asph) by
63%) is estimated from individual sf(M) and s(MOx) weighted by
the respective volume fractions of the metal (M) and its oxide
(MOx)

sf ¼ suM

f Mð Þs
uMOx

f MOxð Þ (8)

to account for the predominant diffusion rates due to
dynamical variations in the M and MOx composition within
the particle. Depending on particle temperatures Tp, melting
points Tm(x) and physical states of material, individual

sf(x) (x ¼ M or MOx) are calculated as (1) sfðxÞ ¼ 3kbTpnx

64prsðxÞDeff

for grain boundary diffusion (solid-state sintering when Tp \
Tm(x)

43), where Deff is the effective diffusion coefficient15 (m2

s�1) (refer to the notation list), and (2) sfðxÞ ¼
lxdp effð Þ

2rlðxÞ
for

viscous diffusion (molten state liquid sintering when Tp �
Tm(x)

16), where dp effð Þ ¼ 6Vp=Ap accounts for multiple sinter-

ing necks on one particle.15

Tm(x) (x ¼ M or, MOx), being highly sensitive to particle
sizes (dp) at nanoscale is determined from the expression for
size-dependent melting point of nanomaterials44

TmðxÞ dp

� �
¼TbðxÞ 1� 4

hLqsðxÞdp

rsðxÞ�rlðxÞ
qsðxÞ
qlðxÞ

 !2=3
2
4

3
5

8<
:

9=
;

(9)

The respective thermochemical and physical properties
used in Eq. 9 (explained in the notation list) are specifically
reported in Table 2 for the Al/Al2O3 case-study.

Surface oxidation: transport model and species balance

The surface oxidation model has the following features (1)
uniform oxide shell formation, based on the shrinking
core-like model45; hence, the core shrinks in size while
maintaining the same morphology (given by Ds) as the exter-
nal particle surface (refer to the schematic in Figure 2), (2)
only surface oxidation of solid and liquid material leads to
solid oxide (ash) formation, (3) O2 diffuses through the ash
layer to oxidize the metal at shell-core interface (reaction
front indicated in Figure 2), (4) molten metal from unreacted
core diffuses in opposite direction through the ash layer to
react with O2 at particle surface (reaction front indicated in
Figure 2), (5) pressure gradient in nanoparticle core opposing
the inward diffusion of O2 and resulting in rupturing or thin-
ning of ash layer33 is not considered, and (6) Ds driven
shape parameter factors account for particle morphology.

The Damköhler number (Da) determines the relative roles of
reaction (Da � 1) or diffusion limited (Da � 1) oxidation
mechanisms. It is defined for reacting species (m¼ O2 or, metal)
diffusing through mediums (n ¼ gas film or, ash layer) as

Table 1. Numerical Values of the Integral I(gi, gj) in Eq. 4 for Ds fi 2 and Ds fi 3

Ds 2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 Mean

I(gi, gj) Ds ! 3 6.739 6.702 6.657 6.624 6.576 6.578 6.569 6.546 6.576 6.572 6.615 6.576

I(gi, gj) Ds ! 2 6.624 6.576 6.578 6.569 6.546 6.576 6.572 6.615 6.651 6.694 6.744 6.577

AIChE Journal November 2012 Vol. 58, No. 11 Published on behalf of the AIChE DOI 10.1002/aic 3343



Da m njð Þ ¼
sdiff m njð Þ
srxn

(10)

Characteristic reaction time srxn for surface oxidation of
nanoparticles is defined as

srxn ¼ 1

fsvkf T; dp

� � (11)

Where fsv ¼ Ap

�
Vp is surface-to-volume ratio (m�1) and

kf(T,dp) [�aoxid exp (�Eoxid/(kbTp))] is the temperature and
size (based on Al nanoparticle oxidation studies in size
regimes of: \ 50 nm, 50–100 nm and [ 100 nm31) depend-
ent first-order reaction rate coefficient (see Table 2). Charac-
teristic diffusion time sdiffðm nÞj for species, m diffusing
through medium, n is defined as

sdiffðm nÞj ¼ 1

f2
svDm nj

(12)

In this study, the following oxidation routes are consid-
ered:

(a) Bare metal particle: Diffusion of O2 through the gas
film. For all cases studied, characteristic DaðO2 GasÞj � 1
(where sdiffðO2 GasÞj is determined from Eq. 12 using DO2 Gasj

56)
for O2 diffusion to the bare particle surface indicates the pro-
cess to be always reaction controlled. Hence, the reaction
rate is expressed as

_xO2 Gasj ¼ � dnO2

dt
¼ ApkfCO;1 (13)

(b) Oxide coated particle. Oxide shell formation prompts
the following parallel processes: (1) diffusion of O2 through
oxide shell to core surface; net oxidation rate, mainly gov-
erned by the reaction at the core metal surface (Figure 2) is
derived as

Figure 2. Schematic for shell-core oxidation model.

Figure 3. Schematic of the relative time scales of
events during nanoparticle synthesis under-
going surface oxidation and simultaneous
collision-coalescence processes where in for
typical energetic oxidation processes scool >
scoll > sf > sdiff > srxn

Table 2. Thermochemical and Physical Properties of Al and Al2O3

Properties Al(Ref.) Al2O3
(Ref.)

Solid density, qs(x) (kg/m3) 2700(47) 3980(47)

Solid surface tension, rs(x) (J/m2) 1.14(47) 1.12(47)

Liquid density, ql(x) (kg/m3) 2377(48) 2930(49)

Liquid surface tension, rl(x) (J/m2) 1.05(50) 0.64(49)

Molecular weight (g/mol) 27 102
Molar volume, vmol (m3/mol) 1x10-5 2.56x10-5

Heat of vaporization, hv (kJ/mol) 294(47) 346.94(51)*
Latent heat of melting, hL (kJ/mol) 10.7(47) 109(49)

Heat capacity, cp(x) [J/(kg�C)] 917(47) 775(47)

Bulk melting point, Tm(x) (K) 933(47) 2327(47)

Viscosity, lX (Pa-sec) 4.97x10-4 [Tm/(Tp-Tm)]0.5714(52) (3.2x10-3) exp[4.32x104/(RuTp)](49)

Grain boundary diffusion coefficient, DGB (m2/s) (a/d) exp[-b/(RuTp)](47) (a/d) exp[-b/(RuTp)](47)

d:grain boundary width ¼ 0.5 nm a¼ 3x10-14m2/s; b ¼ 6x104 J/mol a¼ 3x10-3m2/s; b¼ 4.77x105 J/mol
Saturated vapor pressure, psat (Pa) exp(13.07-36373/Tp)(33) 101325. exp(13.42-27320/Tp)(53)

Other thermochemical properties:
Enthalpy of reaction (kJ/mol) 2324(31)

Temperature dependent surface tension (N/m) rAl(Tp) ¼ 0.001 [860-0.134(Tp-933)](54)

Thermal conductivity of Al2O3, kash [W/(m-K)] a þ b exp[-c(Tp-y)]/[(Tp-y)þe](55)

a¼5.85; b¼15360; c¼0.002; y¼273.13
First-order reaction rate coefficient, kf (m/sec)
dp \ 50nm 24. exp[-31.8x103/(RuTp)]
50nm \ dp \ 100nm 180. exp[-56.9x103/(RuTp)](31)

100nm \ dp (5.4x107) exp[-174.6x103/(RuTp)]
O2 ! Al2O3 Al ! Al2O3

Heterogeneous diffusion coefficient (m2/sec) DO2 Ashj ¼ a exp[-b/(RuTp)] DAl Ashj ¼ a exp[-b/(RuTp)]
a¼ 1.72x10-9 m2/sec; b¼ 69.5 J/mol(31) a¼ 2.8x10-3 m2/sec; b¼ 477.3 J/mol(53)

*hv (kJ/mol) for Al2O formation is considered by assuming the pathway for Al2O3 evaporation as: 4=3Al þ 1=3Al2O3 ! Al2OðgÞ ! 2AlðgÞ þ 1=2O2ðgÞ(51)
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_xO2 Ashj ¼ � dnO2

dt
¼ AckfCO;1

1 þ
Da O2 Ashjð Þ

ZO2

(14)

and (2) diffusion of molten metal through oxide shell to par-
ticle surface; net oxidation rate, mainly governed by the
reaction at the particle surface (Figure 2) is derived as

_xM Ashj ¼ � dnM

dt
¼ ApkfCM;c

1 þ Da M Ashjð Þ
ZM

(15)

Eqs. 14 and 15 are derived using the scaling law relations

Ap

�
Ac ¼ Vp

�
Vc

� �Ds=3
(self-similar shrinking core assump-

tion in the aforementioned feature 1 and Figure 2) between
the particle and its core-surface area and volume such that
the morphological complexity are accounted for through the

nondimensional shape parameters ZO2
¼

ffiffiffiffi
4p
Ap

q
k2

fsv k�1ð Þ (for O2

diffusing out through the ash layer), and ZM ¼ 1
k2 ZO2

(for

metal diffusing in through the ash layer) along with

k ¼ Vp

�
Vc

� �Ds=6
. The boundary conditions used for O2 con-

centrations45 in Eq. 14 are CO Ap

� �
¼ CO;1; CO Acð Þ ¼ 0,

while those for the metal concentrations in Eq. 15 are

CM Acð Þ ¼ CM;c; CM Ap

� �
¼ 0. Characteristic DaðO2 AshÞj (O2

diffusion through the ash layer), and DaðM AshÞj (metal diffu-

sion through the ash layer) are calculated from Eqs. 10 and
11 using the respective sdiffðO2 AshÞj and sdiffðM AshÞj (Eq. 12) as

estimated from DO2 Ashj and DM Ashj . It is noted that Eqs. 14

and 15, by their mechanistic design, shall drive the oxidation
to be reaction limited or, diffusion limited based on the

expressions
Da O2 Ashjð Þ

ZO2

and
Da M Ashjð Þ

ZM
being � 1 or vice versa,

respectively.
Specifically, for the Al/Al2O3 case-study used here to dis-

cuss the results obtained from this model, the extent of con-
version a (i.e., the amount of Al converted to Al2O3) is
defined as31,32,45

2Alþ3

2
aO2 ! 1 � að ÞAl þ aAl2O3 where;

a ¼ 2nAl2O3

2nAl2O3
þ nAl

ð16Þ

Finally, the stoichiometric species balance results in the
net oxidation rate as

_xO2
¼ _xO2 Ashj þ 3

4
_xAl Ashj (17)

Also, to account for compositional changes, mean particle
density, qp and surface tension, rp used throughout the simu-
lations for the Al/Al2O3 system are estimated as

qp ¼ uAlqAl þ 1 � uAl2O3

� �
qAl2O3

rp ¼ uAlrAl þ 1 � uAl2O3

� �
rAl2O3

where qAl andqAl2O3
are taken to be the bulk solid densitiesqs(Al)

and qsðAl2O3Þ, whereas surface tension of Al, rA1 is calculated

from rA1 (Tp), andrAl2O3
is taken asrsðAl2O3Þ or,rlðAl2O3Þ forTp\

Tm(Al2O3) or vice versa, respectively (refer to Table 2).

Energy balance

The net rate of bulk energy increase Ep, in a nanoparticle/
aggregate due to coalescence and oxidation, compensated by

the rate of heat losses by conduction and evaporation (radia-
tion being negligible in nanosized particles15) is given as

dEp Tp

� �
dt

¼ mMcpðMÞþmMOxcpðMOxÞ
� � dTp

dt

¼ _Ecoal þ _Eoxid � _Econd � _Eevap ð18Þ

Here Ėcoal, based on coalescence rate (Eq. 7) for surface
energy reduction, is given as15

_Ecoal ¼ �rp

dAp

dt
¼ rp

sf

Ap � Asph

� �
(19)

Ėoxid is calculated from oxygen consumption rate obtained
from Eq. 17 as

_Eoxid ¼ _xO2

Ho
rxn

Nav

(20)

where Hrxn
� is the enthalpy of metal oxidation (kJ mol�1).

Ėcond for the rate of heat loss via conduction is given as

_Econd ¼
RKin Tp � Tg

� �
1þ RKin

RAsh


 � (21)

where RAsh ¼ kash

ffiffiffiffiffiffiffiffi
4pAp

p
k�1

is the resistance term for heat

c o n d u c t i o n t h r o u g h t h e a s h l a y e r , w h e r e a s

RKin ¼ mgcg
pgApffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pmgkbTg

p accounts for collisions with gas

molecules at the particle surface as derived from kinetic
theory.15 Here, the assumption of lumped heat in the metal
core is valid for cp(M) [ cp(MOx).

Finally, Ėevap for the rate heat loss via evaporation is for-
mulated as

_Eevap ¼ eKin hv=Navð ÞAp

1 þ eKin

eDiff


 � (22)

where eDiff ¼ DM Ashj CM;c

ffiffiffiffiffiffiffiffi
4pAp

p
k�1

is the contribution from

molten core metal diffusing through ash layer which competes

with eKin¼
pdropffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pkbTpmM

p due to evaporation of the molten metal

from particle surface,33 where vapor pressure on a droplet is
related to that on a flat surface at temperature, Tp via Kelvin
relation

pdrop ¼ psat Tp

� �
exp

ffiffiffiffiffiffi
p

Ap

r
4rpvmol

RuTp

� �
(23)

For completely oxidized particles Ėevap is calculated from
the term eKin only based on hv, pdrop and psat of pure metal
oxide. The temperature ranges in this study makes oxide
shell evaporation, although built into the model as a safe-
guard against exceedingly high-particle temperatures, negli-
gible due to the fact that Tmp(M) � Tmp(MOx), as well as
psat being extremely low for most metal oxides. All thermo-
chemical and physical properties used in the aforementioned
equations for the simulation of Al/Al2O3 system in this study
are charted out in Table 2. All notations used here are
reported at the end of this article.
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KMC model

This KMC model is built on an earlier coagulation driven
constant-number (constant-N) MC model15 with periodic
boundary conditions,46 wherein MC particles undergoing
coagulation are replenished by replicating the system with
copies of the surviving particles whenever the particle num-
ber drops to 50% of the initial number, thereby enabling a
computationally efficient method without loss of accuracy.
The probability of occurrence of a coagulation event in the
KMC system is given as15

pij¼
bij

bmax

(24)

wherein, as per Eq. 2, bmax ¼ f(Vp, qp, Tp, Ds) is estimated
from all particles in the system. At any step, for pij � R [[0,1],
a collision event between two randomly chosen particles (i and
j) is accompanied by an advancement of the MC time-step
DTMC (mean interevent time between successive coagulations)
calculated from the inverse of the sum of the rates of all
possible collision events15

DTMC ¼ 2NMC

N1
PNk�1

i¼1

PNk�1

j¼1 bij

(25)

where, VMC ¼ NMC/N1 is the MC volume represented in the
system with number of simulation particles NMC.

Within each DTMC, Eqs. 7, 13 (bare metal particles), or 17
(oxide coated particles), and 18 are numerically solved for
coalescence, oxidation and energy/species conservations for
the ensemble particles. The schematic in Figure 3 elucidates
the characteristic time scales governing the interplay between
the aforementioned processes, i.e., collision (scoll), fusion (sf),
and diffusion (sdiff) or, reaction (srxn) limited oxidation in
relation to the characteristic time taken to quench the ener-
getic processes in a particle (scool). To capture the real physi-
cochemical processes, the rate-determining characteristic
time, sChar is taken as the fastest among scoll, sf, sdiff and
srxn, and it is used as the time step Dt within each DTMC as

Dt ¼ DTMC

kmax

where; kmax ¼ DTMC

sChar

	 k (26)

Figure 4. Temporal evolution of particle temperature
(K) obtained from the MC runs NMC 5 5,000
and 10,000 particles showing the statistical
accuracy of the results for the representative
case-study of Tg 5 1,000 K, pg 5 1 atm and /

5 1026.

Figure 5. (a) Determination of primary particle size,
dprim (nm) when Ap � Asph

� ��
Asph

 �
� 0 (t 5

7.52 3 1025 s), followed by the cross-over
point of characteristic fusion (sf), and colli-
sion (scoll) times as indicated by the dotted
arrow line, and (b) corresponding probability
distribution function of primary particle sizes
along with a peak fit indicating that the pri-
mary particles follow log-normal distribution
with <dprim> �3.8 nm, and rg 5 1.93 (Tg 5
800 K; pg 5 1 atm, and / 5 1026).

where kmax is the number of iteration loops for the numerical
integrations (k �10, or 100 to ensure accuracy). Typical par-
ticle temperature profiles obtained from simulations with
NMC ¼ 5,000 and 10,000 show negligible variations (see Fig-
ure 4). Since the computational time for 5,000 particles is
�3 days as compared to �3–5 weeks for 10,000 particles,
all results presented, henceforth, are for NMC ¼ 5,000 par-
ticles.

Results and Discussion

All results presented here are for the representative case-
study of the oxidation and evolution of Al/Al2O3 nanopar-
ticles during gas-phase synthesis.

Primary particle

For the estimation of the mean primary particle size, the
particle ensemble is assumed to be ‘‘mostly spherical’’ when
the ensemble averaged normalized excess surface area

Ap � Asph

� ��
Asph

 �
\ 0. As an example, for Tg ¼ 800 K,

the primary particle size is fixed at t ¼ 7.52 	 10�5 s when
Ap � Asph

� ��
Asph

 �
[ 0 (Figure 5a) which corresponds to

the crossing point between sf and scoll marking the onset of
aggregation,42 such that spherical particles formed for sf �
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scoll constitute the aggregates formed when sf [ scoll (colli-
sions faster than coalescence). Keeping in mind that the
slow approach of sf toward scoll (dsf/dt � dscoll/dt) at the
crossing point might lead to the formation of oblong par-
ticles with long necks,15 we strictly use Ap � Asph

� ��
Asph

 �
[ 0 as the criterion for primary particle-size selection to
ensure the choice of spherical primary particles only. Fur-
thermore, due to periodic boundary conditions, sufficient col-
lisions ensure a log-normal distribution for the uniform
spherical particles formed before the onset of aggregation,
beyond which the log-mean diameter of the most recent par-
ticle distributions is fixed as the primary particle size for the
rest of the particle evolution study. This is corroborated by
the probability distribution function of particle sizes in Fig-
ure 5b at t ¼ 7.5 	 10�5 s (corresponding to

Ap � Asph

� ��
Asph

 �
� 0 in Figure 5a), indicating a log-nor-

mal distribution with estimated log-mean diameters of
\dprim[ �3.8 nm (rg ¼ 1.93), which is commensurate with
\dprim[ (marked on Figure 5a) used as the primary particle
size (A0, V0) for the future particle evolution studies.

Particle morphology

Using A0 and V0 in Eq. 1, Ds ¼ 2.35 and 2.94 at two dif-
ferent stages of particle evolution are estimated from the
slopes of the two typical linear fits to ln(Ap/A0) vs. ln(Vp/
V0) plots (Figure 6) for Tg ¼ 800 K, pg ¼ 1 atm and/ ¼
10�6. The temporal variation of Ds in Figure 7 depicts the
particle morphology evolution in relation to the different
characteristic time scales sf, scoll, srxn and sdiff(O2|Ash) for the
aforementioned operating conditions. Rapid coalescence at
initial times, as compared to collision, oxidation due to sur-
face reaction or, diffusion through the ash layer (sf � scoll,
srxn or sdiff(O2|Ash)), generates spherical particles (Ds ¼ 2).
However, hard oxide shell formation slows down self-diffu-
sion, and, hence, coalescence. Thus, the particles transition
from the molten viscous to the solid-state diffusion regime
as sf rapidly crosses srxn and sdiff(O2|Ash) followed by scoll,
hereby quenching the exothermic coalescence-oxidation proc-
esses. Corresponding to these crossing points Ds rapidly devi-
ates from 2 (spheres) toward Ds [ 2 (nonspherical), leading
to aggregate formations (Ds �3 at later stages in Figure 7).
At lower Tg cases, surface oxidation due to extremely re-
tarded metal diffusion through oxide layer is negligible.

Results for Al/Al2O3 evolution under different
processing conditions

Simulation results are presented for processing conditions
of (1) Tg ¼ 400, 600, 1,000 and 1,400 K, (2) pg ¼ 0.1 and 1
atm, and (3) / ¼ 10�6 and 10�8 as encountered in typical
laboratory or, industrial gas-phase synthesis of Al nanopar-
ticles. Unless mentioned otherwise, all simulations are car-
ried out with initial particle diam. dini ¼ 1 nm in 5,000 par-
ticles system.

Effect of Gas Temperature (Tg). In contrast to the previ-
ous coalescence studies,15 the nonlinear energetic coupling
between coalescence and oxidation is manifested here
through the drastic rise in mean particle temperature \Tp[
for Tg ¼ 400 K, giving rise to the unique bimodal tempera-
ture profiles for Tg ¼ 1,000 and 1,400 K (Figure 8a). An
early rise in \Tp[ (bold arrow in Figure 8a) is followed by
a subsequent reduction and the formation of a second peak
that finally equilibrates to Tg. In early stages, higher Tg pro-
motes thermally activated processes such as (1) nonisother-
mal coalescence due to competing collision-coalescence
events (sf � scoll in Figure 8b), and (2) O2 and molten Al
(in this case) diffusion through relatively thin oxide layers.
Specifically, when \Tp[[ 1,000 K, enhanced Al diffusion
promotes rapid oxidation leading to hard oxide shell forma-
tion which, in turn, retards coalescence and results in the
temporary reduction of \Tp[. However, the oxide shell
insulation also retards conductive and evaporative heat losses
from the Al core which, for small cluster sizes (dprim ¼ 4.7
and 8.4 nm for Tg ¼ 1,000 and 1,400 K, respectively from
Figure 8b), activate a second heat release mechanism domi-
nated by the combined metal-metal oxide sintering (Figure
8a and sf � scoll in Figure 8b). Thick oxide shells hinder
both Al and O2 diffusion and quench coalescence (sf [ scoll

in Figure 8.b) through the final oxidation stages. Eventually,
fractal-like structures with large surface-to-volume ratio fSV
(Figure 9) promote evaporative and conductive heat losses
that relax \Tp[ back to Tg.

In relation to the sequence of aforementioned events, the
morphological evolution (Figure 9a) indicates that increasing
Tg delays the cross-over points between sf and scoll (Figure
8b). This concurs with the formation of nonspherical clusters
(Ds [ 2) with larger dprim (Figure 8b), and lower fSV (Figure

Figure 6. Typical plots of ln(Vp/V0) vs. ln(Ap/A0) indicat-
ing good linear fits used to determine Ds

from their slopes as described by Eq. 3.

Representative case studied for Tg ¼ 800 K, pg ¼ 1 atm

and / ¼ 10�6.

Figure 7. Temporal evolution of typical characteristic
times sf, scoll, srxn and sdiff(O2|Ash), and the sig-
nificance of their cross-over points with
respect to the fractal dimension, Ds evolution
for nanoparticles studied at Tg 5 800 K; pg 5
1 atm and / 5 1026.
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9a). While an earlier onset of fractal-like structures (Ds [ 2)
coincides with the peak in \Tp[ for Tg ¼ 400 K, particles
continue to coalesce into spheres (Ds ¼ 2), until the second
peak in \Tp[ (Figure 9a) for Tg ¼ 1,000 and 1,400 K.
Finally, fractal-like aggregates (Ds ¼ 3) form to reduce fSV
to a constant lower bound value except for Tg ¼ 1,400 K,
where dsf/dt 
 dscoll/dt (see Figure 8b) promotes the forma-
tion of partially sintered nonspherical particles (Ds \ 2.25 in
Figure 9a).

In Figure 9b, the extent of oxidation, a for Tg ¼ 400 K
indicates that spherical particles (Ds ¼ 2) oxidize until 4 	
10�6 s (Figure 9a) to form a critical shell (a ¼ 0.3 in Figure
9b), beyond which partially sintered nonspherical particles
with excess surface area (Ds �2–2.5 in Figure 9a) drive a to
a maximum (a ¼ 0.59 and da/dt 
 0 in Figure 9b). How-
ever, for Tg ¼ 1,000 and 1,400 K, subsidence of the first
peak in \Tp[ (Figure 8a) in unison with a ¼ 0.3 (Figure
9b) indicates surface oxidation as the dominant exothermic
contributor until this point. In the later stages, the formation
of spherical particles (Ds ¼ 2) until �10�4 s (Figure 9a)
implies a dominant coalescence (as discussed earlier),
wherein most of the oxidation ([ 85%) has already ensued
(Figure 9b). Eventually, nonspherical particles (Ds �2– 2.5)
attain the maximum a and fractal-like structures (DS ¼ 3) at
later times ([ 10�4 s) for Tg ¼ 1,000 K. In contrast, for Tg
¼ 400 K, the particles continue to exhibit a steady rise in a
(Figure 9b). The inflexion at a ¼ 0.3 (inset in Figure 9b and
prominent for Tg ¼ 1,400 K) separates the two energetic

regimes: (1) thermally controlled oxidation prompting higher
a with increasing Tg before the critical oxide shell formation,
and (2) morphologically controlled oxidation beyond this
point, wherein nonspherical particles for Tg ¼ 400 K (Ds ¼
2–2.5 from Figure 9 and \Tp[[ 1,000 K from Figure 8a)
attain higher a than those for the other Tg (Ds ¼ 2 until
�10�4 s from Figure 9a, while \Tp[[ 1,200 K from Fig-
ure 8a). This is specifically exemplified by the Tg ¼ 1,400 K
case (Figure 9b).

To probe into the roles of classical oxidation mechanisms,
Figure 10 compares residence times from KMC simulations
(tMC) with those for typical reaction (tReaction), and diffusion
(tDiffusion) limited processes theoretically determined based
on characteristic times for complete conversion via diffusion
(TDiffusion), or reaction (TReaction) as45

tReaction

TReaction

¼ 1 � 1 � að Þ
1=3; TReaction ¼

qmolðAlÞdp

8=3ð ÞkfCO;1
(27a)

tDiffusion

TDiffusion

¼ 1 � 3 1 � að Þ
2=3þ2 1 � að Þ;

TDiffusion¼
qmolðAlÞd

2
p

32DO2jAshCO;1
ð27bÞ

Figure 8. Temporal variation of (a) mean particle tem-
peratures <Tp>, and (b) characteristic collsion
(scoll), fusion (sf) times (black lines; left Y-axis),
and primary particle diameters normalized by
volume equivalent diameters dprim/<deq> (gray
lines; right y-axis) for Tg 5 400, 1,000 and
1,400 K (pg 5 1 atm and / 5 1026).

Corresponding dprim values when dprim/\deq[ [ 1 for

each of the Tg cases are indicated.

Figure 9. Temporal variation of (a) surface fractal
dimension, Ds (black lines; left y-axis); sur-
face-to-volume ratio, fSV (gray lines; right
y-axis), and (b) extents of Al conversion, a in
particles synthesized at Tg 5 400, 1,000 and
1,400 K (pg 5 1 atm and / 5 1026).

Schematics indicate corresponding morphology during

different stages of particle evolution. (Inset: Blow-up of

a around the inflexion point, i.e., critical oxide shell, a�
0.3). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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where, qmol(Al) is the molar density of Al (mol m�3). For Tg
¼ 400 K, unlike common nanoparticle oxidation mod-
els,31,33 the mechanism starts off as reaction-limited, but
shifts between diffusion and reaction limited regimes
(morphology controlled) as the particle evolves whereas
for Tg ¼ 1,400 K, immediately after the initial oxide shell
formation, tMC uniformly follows the diffusion-limited
mechanism trend (thermally activated with dominant coales-
cence), leading to continuous increase in a as discussed
earlier.

Effect of Gas Pressure (pg). With decreasing pg, the lack
of gas molecules to facilitate the heat dissipation from nano-
particles15 promotes an enhanced energetic behavior as indi-
cated by the activated rise in \Tp[ (Figure 11a for rela-
tively low Tg ¼ 600 K). Figure 11a indicates the familiar
monomodal profile for pg ¼ 1 atm and a strong bimodal pro-
file (similar to earlier high Tg cases) for pg ¼ 0.1 atm. For
pg ¼ 0.1 atm, the first peak is a result of nonlinear coupling
between uninhibited exothermic coalescence (weaker con-
duction heat losses due to fewer gas molecule collisions
between successive particle collisions), and oxidation driven
by the enhanced metal and oxygen diffusion through ash
layer. As described earlier, a temporary retardation in coales-
cence due to oxide shell formation lowers the \Tp[ en
route to its second peak due to the sintering of oxide coated
small particles (dprim \ 12 nm in Figure 11c). Specifically,
for pg ¼ 0.1 atm, the second peak in \Tp[ (�2,300 K)

concurs with the melting point of Al2O3 (¼ 2,327 K),
wherein activated evaporative heat losses initiate the relaxa-
tion of \Tp[. This upper limit of the second peak in \Tp[,
as consistently noted earlier (Figure 8a) for Tg ¼ 400 as
well as Tg ¼ 800 K at pg ¼ 0.1 atm (not shown here), enfor-
ces an upper bound for ignition temperatures once oxide
shells are formed.

Despite the higher \Tp[ for pg ¼ 0.1 atm, Al nanopar-
ticles indicate a higher a ¼ 0.74 for pg ¼ 1 atm as compared
to a ¼ 0.5 for pg ¼ 0.1 atm (Figure 11a). This can be
rationalized based on the particle morphology evolution. For
both pg ¼ 0.1 and 1 atm, rapid oxidation in fully coalesced
(sf � scoll in Figure 11c) spherical nanoparticles (Ds ¼ 2

Figure 10. Variation of theoretical effective residence
time for reaction (tReaction) and diffusion (tDif-
fusion) limited oxidation mechanisms as cal-
culated from Eqs. 27a and b compared to
the KMC simulation residence time (tMC) as
a function of extent of conversion a for: (a)
Tg 5 400 K, and (b) Tg 5 1,400 K (pg 5 1
atm and / 5 1026).

Figure 11. Temporal variation of (a) mean particle tem-
perature, <Tp> (black lines; left y-axis),
extents of Al conversion, a (gray lines; right
Y-axis), (b) surface fractal dimension Ds, and
(c) characteristic collision (scoll; gray dash
dot-dot line), fusion (sf; all black lines) times
(left y-axis) and dprim/<deq> (gray lines; right
y-axis) for pg 5 0.1 and 1 atm (Tg 5 600 K
and / 5 1026).
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until 6 	 10�5 and 10�3 s, respectively, in Figure 11b)
forms the critical oxide shell (a ¼ 0.3 in Figure 11a). At this
point, the inflexion in a for pg ¼ 0.1 atm coincides with sub-
sidence in the first peak of \Tp[. Beyond this point, oxida-
tion rate for fully sintered spherical particles (sf � scoll in
Figure 11c and Ds ¼ 2 till �10�3 s in Figure 11b) for pg ¼
0.1 atm is distinctly retarded (see Figure 11a) as compared
to that for pg ¼ 1 atm due to the available excess surface
area (Ds [ 2 in Figure 11b) of partially coalesced (sf
approaching scoll in Figure 11c) nonspherical particles at rel-
atively elevated \Tp[ (Figure 11a) in the latter case.
Beyond 10�3 and until 6 	 10�3 s a slight increase in da/dt
for pg ¼ 0.1 atm, owing to the second peak in \Tp[ and

nonspherical particle morphology (Ds [ 2), is rapidly
thwarted by significant oxidation on relatively large particles.
Finally, a reaches its respective maximum values as sf [
scoll, and Ds ¼ 3. Furthermore, smaller dprim ¼ 2.0 nm for
pg ¼ 1 atm as compared to dprim ¼ 12.6 nm for pg ¼ 0.1
atm (Figure 11c) suggests that exothermic coalescence and
particle morphological complexity have significant impact on
the oxidation behavior of smaller sized nanoclusters (\ 10
nm). It needs to be mentioned that results for pg ¼ 10 atm
(not shown here), despite large O2 partial pressure, indicated
minimal oxidation (a ¼ 0.06) in conjunction with negligible
\Tp[ rise.

Effect of Volume Loading (/). At pg ¼ 1 atm and Tg ¼
400 K, Al nanoparticles with volume loadings of / ¼ 10�6

exhibit a higher energetic behavior than that for / ¼ 10�8

which shows a minimal rise in \Tp[ (Figure 12a). In con-
junction with this, for / ¼ 10�8, the formation of nonspheri-
cal particles (Ds [ 2 in Figure 12b), and sf approaching scoll

(Figure 12c) concur with the initiation of particle oxidation

(a [ 0 in Figure 12a), beyond which a continuously

Figure 12. Temporal variation of (a) mean particle tem-
perature <Tp> (black lines; left y-axis) and
extents of Al conversion, a (gray lines; right
y-axis), (b) surface fractal dimension Ds, and
(c) characteristic collision (scoll; gray dash
dot-dot line), fusion (sf; all black lines) times
(left Y-axis) and dprim/<deq> (gray lines; right
y-axis) for / 5 1026 and 1028 (Tg 5 400 K
and pg 5 1 atm).

Figure 13. KMC simulations comparing temporal varia-
tions of (a) extents of conversion, a (solid
lines on left y-axis) and surface fractal
dimension Ds (dash-dot lines on right y-
axis), and (b) volume equivalent dia. <deq>
(solid line on left y-axis), and surface-to-vol-
ume ratio, fSV (dash-dot line on right y-axis)
(dini 5 1 nm, Tg 5 400 K, pg 5 1 atm, and /

5 1026) for particles undergoing exothermic
coalescence mediated morphological evolu-
tion (all black lines), and particles assumed
to be spherical without any coalescence (all
gray line).
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increases to a maximum (a ¼ 0.48) as the particles

approach complete fractal like structures (Ds ¼ 3). In con-

trast, for / ¼ 10�6 particles attain nonspherical shape (Ds

[ 2 in Figure 12b, and sf approaching scoll in Figure 12c)

only at the onset of critical oxide shell formation (a � 0.3

in Figure 12a), beyond which partial fractal-like structures

(Ds � 2–2.5) undergo the maximum conversion (a � 0.59).

Thus, armed with relatively weak \Tp[, the particle evolu-

tion and relatively weaker oxidative processes for / ¼
10�8 are driven by competing collision-coalescence proc-

esses, and, hence, largely morphologically controlled. This,

in turn, implies that the benefit from morphology mediated

nanoparticle oxidation is significantly enhanced in the pres-

ence of large thermal activation. Thus, earlier attainment of

fractal-like structures for / ¼ 10�6 (Ds being higher than

those for / ¼ 10�8 at any instance in Figure 12b) reflects

in the respective a being consistently much higher for / ¼
10�6 (Figure 12a). It needs to be highlighted here that, de-

spite a relatively weak \Tp[ rise for / ¼ 10�8, the signif-

icant increase in a would not have been possible if fractal-

like morphology of nanoparticles was not accounted for

(discussed in the next section). Also, despite the crossing

points between sf and scoll being earlier for / ¼ 10�6, the

enhanced collisions from higher particle number density

results in relatively larger dprim ¼ 1.24 nm for / ¼ 10�6

as compared to dprim ¼ 1.01 nm for / ¼ 10�8 (Figure

12c). This reiterates the idea that while weak thermally

activated processes prompt nanoparticle morphological com-

plexity to play important role in tuning their reactivity, a

stronger presence of the former process significantly boosts

their energetic behavior.
Implications of Coalescence Mediated Fractal like Mor-

phology. The unique contribution of this study is high-
lighted by comparing results for Al nanoparticle oxidation
starting with an initial diameter dini �1 nm at Tg ¼ 400 K,
and pg ¼ 1 atm, while accounting for (1) exothermic coales-
cence mediated morphological evolution of nonspherical
nanoparticles generated via collision-coalescence mecha-
nisms, and (2) no morphological variations or, exothermic co-
alescence under the assumption of instant coalescence of col-
liding particles into spheres. As seen from Figures 13a and b
for Tg ¼ 400 K, as particles in case 1 evolve from spherical
shapes (Ds ¼ 2) into fractal-like structures (Ds ¼ 3), the
extents of oxidation, a for case 1 is significantly higher than
that for case 2 (black lines for case 1, and gray lines for case
2). In conjunction to this, final fSV (Figure 13b) for particles
with complex morphology and larger surface area (case 1) is
significantly higher than that for spherical particles (case 2),
thereby supporting the enhanced a for case 1. Moreover, in
case 1 the onset of fractal-like aggregates (Ds [ 2 in Figure
13a) generates particles with larger volume equivalent diame-
ters \deq[ (Figure 13b) as compared to their instantly coa-
lesced spherical counterparts. It is noted that for case 1 sig-
nificant amount of oxidation (a �0.59) ensues in the size re-
gime of \deq[\ 10 nm (t �10�4 s.). Enhanced coalescence
mediated thermal activities in spherical particles dominate the
early stages until \deq[ �1.5 nm (t �4 	 10�6 s) beyond
which, until \deq[ �10 nm (t �10�4 s), coalescence medi-
ated nonspherical morphology drives the final stages of parti-
cle oxidation, i.e, a �0.3–0.59 as Ds �2–2.5 (as discussed
earlier). In comparison, case 2 shows much slower and yet,
continuous rise all through its evolution, regardless of particle
size or morphology.

Conclusion

A high-fidelity coagulation driven KMC model has been
developed to study the impact of fractal-like morphology on
the oxidation behavior of metal nanoparticle aggregates evolv-
ing via collision-coalescence mediated energetic processes
under different processing conditions of background tempera-
ture (Tg), pressure (pg), and material volume loading (/). Sim-
ulation results, as exemplified by the Al/Al2O3 system, reveal
that a complex nonlinear coupling between nonisothermal coa-
lescence and surface oxidation, while generating nonspherical/
fractal like structures, manifest a bimodal particle temperature
profile under high Tg and low pg conditions. The first bout of
heat release is temporarily abated by the formation of critical
oxide shell (a �0.3) which acts as an insulation against core
heat losses to prompt the second heat release through thermally
activated coalescence of the metal/metal oxide (Al/Al2O3 in
this case) nanostructures. This self-enforcing heat release is
finally quenched by the formation of large fractal-like particle
structures and an upper bound of the high melting point of
metal oxides (specifically, �2327 K for Al2O3). For relatively
low Tg (�400– 600 K), and high pg conditions, the commonly
observed monomodal particle temperature profile drives the
process through (1) thermally controlled oxidation till the criti-
cal shell formation, beyond which (2) morphologically con-
trolled oxidation sets in, wherein nonspherical particles with
excess area (Ds ¼ 2–2.5) and \Tp[[ 1,000 K give rise to
enhanced oxidation in comparison to their spherical particle
counterparts evolving under high Tg and low pg conditions.

Present simulations elucidate the role of process parame-
ters (Tg, pg, /) in tailoring the energetic properties of metal/
metal oxide nanostructures generated via gas phase synthe-
sis. High Tg, low pg and low / conditions produce relatively
uniform structures with extensive oxidation and spent core
energy whereas, intermediate Tg [ 600 K with high pg and
high / conditions lead to highly fractal-like structures with
thin oxide shells that passivate the surface to preserve ener-
getic properties of the metal aggregates. Specifically, simula-
tion results accounting for nonisothermal coalescence in
fractal-like particle morphology, when compared to those
obtained with the assumption of instantly coalescing spheri-
cal particles, reveal the significant impact of the former case
on surface oxidation of nonspherical metal nanoparticles
(specifically in the size ranges of \ 10–15 nm).
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Notation

A0 ¼ primary particle surface area, m2

Ac ¼ core-surface area at the shell-core interface, m2

Ap, Ai, Aj ¼ surface area of particle/aggregates with cluster sizes i, j,
m2

Asph ¼ surface area of volume equivalent spherical particle, m2

cg ¼ specific heat capacity of gas (air), J kg�1 K�1

cp(x) ¼ specific heat capacity of x ¼ Al, or Al2O3 in the particle
CO,1 ¼ number concentrations of free stream O2 molecules, #

m�3

CM,c ¼ number concentrations of metal atoms in particle core, #
m�3

Deff ¼ effective solid-state diffusion coefficient, m2 s�1:

Deff ¼ DGB
d

dp smallð Þ


 �
Ds ¼ surface fractal dimension

DGB ¼ grain boundary self-diffusion coefficient (m2 s�1) as
reported in Table 2
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Dm|n ¼ heterogeneous diffusion coefficient of m ¼ O2 or, Al in
n ¼ Ash/Al2O3 as reported in Table 2

Da(m|n) ¼ Damköhler number for m ¼ O2 or, metal diffusion in n
¼ gas film, or metal oxides

dp ¼ volume equivalent particle diameter, m
dp(eff) ¼ effective diameter of particle such that dp(eff) ¼ 6Vp/Ap

dp(small) ¼ diameter of smallest coalescing particle in an
aggregate15

hv ¼ heat of vaporization for metal or, metal oxides, kJ mol�1

hL ¼ latent heat of melting for metal or, metal oxides, kJ
mol�1

Hrxn
� ¼ enthalpy of metal oxidation, kJ mol�1

i, j ¼ cluster sizes
kash ¼ thermal conductivity of metal oxide, W m�1 K�1

kb ¼ boltzmann’s constant, 1.38 	 10�23, J K�1

kf ¼ first-order reaction rate coefficients, kf (T,dp), m sec�1

mg ¼ mass of gas molecule, 4.8 	 10�26, kg
mx ¼ mass of x ¼ metal (M) or, metal oxide (MOx), kg

nO2
¼ number of O2 molecules

nx ¼ number of x ¼ metal (M) atoms or, metal oxide (MOx)
molecules in a particle

Nav ¼ Avogadro’s number, 6.02 	 1023, # mol�1

NMC ¼ Monte-Carlo number of particles
N1 ¼ total number concentration of particles, # m�3

pdrop ¼ vapor pressure on a droplet as given by Kelvin effect, Pa
pg ¼ background gas pressure, atm
pij ¼ Monte-Carlo collision probability

psat (Tp) ¼ saturated vapor pressure over flat surface at Tp

Ru ¼ universal gas constant, 8.31, J mol�1 K�1

si, sj ¼ surface area accessibility of cluster sizes i and j
tReaction,
tDiffusion

¼ effective residence times for reaction and diffusion
limited processes, respectively

TReaction,
TDiffusion

¼ characteristic times for complete conversions via
reaction or diffusion, respectively45

T ¼ ensemble averaged particle temperature, K
Tg ¼ background gas temperature, K

Tm(x) ¼ melting point for x ¼ metal (M) or, metal oxide (MOx)
Tp, Ti, Tj ¼ temperature of particles/aggregates with cluster sizes i

and j, K
vmol ¼ molar volume of metal (M) or, metal oxide (MOx)
V0 ¼ primary particle volume, m3

Vc ¼ core volume, m3

VMC ¼ Monte-Carlo volume space, m3

Vp, Vi, Vj ¼ volume of particles/aggregates with cluster sizes i and j, K

Greek symbols

a ¼ extent of conversion (specifically, amount of Al
converted to Al2O3)

bij ¼ collision kernel or frequency function, m3 s�1

v ¼ surface area scaling factor40

d ¼ grain boundary width, m
DTMC ¼ Monte-Carlo time step, s

Dt ¼ numerical integration time-step, s
/ ¼ particle volume loading

gigj ¼ nondimensional particle volume in SPD
/x ¼ volume fractions of metal or, metal oxides, specifically,

for x ¼ Al or, Al2O3

k ¼ shape parameter expressed as k ¼ Vp

�
Vc

� �Ds=6

lx ¼ viscosity of x ¼ metal (M) or, metal oxide (MOx), Pa s
qs(x) ¼ solid density of x ¼ metal (M) or, metal oxide (MOx),

kg m�3

ql(x) ¼ liquid density of x ¼ metal (M) or, metal oxide (MOx),
kg m�3

qmol(Al) ¼ molar density of Al, mol m�3

qp, qi, qj ¼ mean density of particles/aggregates of cluster sizes i
and j (kg m�3)

q ¼ ensemble averaged particle density, kg m�3

rs(x) ¼ solid surface tension for x ¼ metal (M) or, metal oxide
(MOx), J m�2

rl(x) ¼ liquid surface tension for x ¼ metal (M) or, metal oxide
(MOx), J m�2

rAl(Tp) ¼ temperature-dependent surface tension of Al (see Table
2), J m�2

rp ¼ mean particle surface tension, J m�2

sf ¼ mean characteristic fusion/coalescence time, s
sf(x) ¼ characteristic fusion times for x ¼ metal (M) or, metal

oxide (MOx), s

scoll ¼ characteristic collision time, s
sdiff(m|n) ¼ characteristic diffusion times for species, m diffusing in

medium, n s
srxn ¼ characteristic reaction time for surface oxidation, s
_xm nj ¼ oxidation rates at core (m ¼ O2) or, surface (m ¼ M)

where n ¼ Ash (s�1)
_xO2

¼ net oxidation rate in particles, s�1

W(gi), W(gj) ¼ size distribution function in SPD
fSV ¼ surface to volume ratio of particles/aggregates, fSV ¼

Ap/Vp (m�1)
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