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In-situ fabrication of the reinforcing particles directly in the metal matrix is an answer to many
of the challenges encountered in manufacturing metal matrix nanocomposite materials. In this
method, the nanosized particles are formed directly within the melt by means of a chemical
reaction between a specially designed metallic alloy and a reactive gas. The thermodynamic and
kinetic characteristics of this chemical reaction dictate the particle size and distribution in the
matrix alloy, as well as the nature of the particle/matrix interface, and consequently, they govern
many of the material’s mechanical and physical properties. This article focuses on alu-
minum-aluminum-nitride nanocomposite materials that are synthesized by injecting a nitro-
gen-bearing gas into a molten aluminum alloy. The thermodynamic and kinetic aspects of the
process are modeled, and the detrimental role of oxygen is elucidated.
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I. INTRODUCTION

ALUMINUM matrix nanoparticle composite mate-
rials have mechanical and physical properties that make
them attractive for many applications in the aerospace,
automotive, and microprocessor industries. These prop-
erties derive from the lightweight of aluminum and the
attractive properties of aluminum nitride, which include
low density (3.026 g cm�3), low average coefficient of
thermal expansion [4.5 3 10�6 K (�C)�1], and good
thermal conductivity [110 to 170 W m�1 K(�C)�1].
However, producing these materials on a large scale
remains difficult despite the many attempts that have
been made to overcome the issues associated with their
manufacture. Recently, Borgonovo and Makhlouf[1]

reviewed the various methods used to manufacture
nanocomposite materials and concluded that manufac-
turing methods that are based on adding ex-situ
particles to molten metal and employing mechanical
stirring to disperse them, as well as methods that are
based on liquid infiltration of ceramic substrates, and
methods that are based on powder metallurgy have
serious limitations when dealing with nanometer size
particles. Paramount among these limitations is the high
tendency of the particles to cluster and particle/matrix
interface debonding. Also the review asserts that more
recent fabrication methods, such as spray deposition,
ultrasonic-assisted cavitation, and plasma synthesis are
not easily scalable and invariably costly. Synthesizing

the reinforcing particles inside the metal matrix over-
comes many of these issues because the nanoparticles
are formed directly within the molten metal by means of
a controlled chemical reaction between the liquid alloy
and an appropriate gas. In-situ particle synthesis ensures
good distribution of the reinforcing particles in the
matrix alloy, a relatively small particle size, and a clean
thermodynamically stable particle/matrix interface.[2]

Moreover, production costs of the final component are
comparatively low because the expensive nanoparticles
are formed in situ. In-situ synthesis of nanocomposite
materials is typically performed by introducing a reac-
tive gas into a molten metal alloy to cause a chemical
reaction that produces the reinforcing particles. The
present article focuses on the synthesis of aluminum-alu-
minum nitride nanocomposites by injecting a nitro-
gen-bearing gas into molten aluminum that has been
prealloyed with magnesium and/or lithium. The under-
lying thermodynamic and kinetic aspects of the process
are investigated, and the mechanism of formation of the
aluminum nitride particles is explained. Also, the effect
on particle size and particle distribution of the matrix
and gas composition, the process temperature and time,
and the level of melt stirring during gas injection are
elucidated. Finally, the process is mathematically mod-
eled in order to provide means for process control and
optimization.

II. APPARATUS AND PROCEDURE FOR
SYNTHESIZING AL-ALN NANOCOMPOSITES

Borgonovo and Makhlouf[3] and Borgonovo et al.[4]

designed and built the apparatus shown schematically in
Figure 1 and used it to synthesize Al-AlN nanocom-
posite material. This apparatus is used here to study the
thermodynamic and kinetic aspects of the process. Prior
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to use, the furnace chamber is thoroughly cleaned in order
to remove any contaminants such as dust. A conically
shaped alumina crucible is positioned in the furnace with
the help of a fiberscope video camera. The camera is
inserted from the top of the furnace through a resealable
fitting and the cover of the furnace is then closed. Care is
taken to locate the crucible in a uniform temperature
region in the furnace in order to achieve and maintain the
correct temperature for the synthesis reaction. A specially
designed gas injection rotating impeller that has been
previously coated with boron nitride is inserted from the
top into the furnace chamber and its alignment inside the
crucible is insured by means of the fiberscope camera.
Once the alignment is completed, the camera is extracted
and the fittings are placed. A high vacuum pump is then
connected to the furnace and the chamber is evacuated to
10�2 torr. The furnace is then flushed with high-purity
Argon gas. Evacuation and back filling of the chamber
with Argon gas is repeated several times in order to
remove as much oxygen from the reaction chamber as
possible. Then the heating process is started and the
temperature is monitored by two k-type thermocouples.
During the heating process, a flux of Argon gas is
maintained in the furnace. Once the melt has reached the
prescribed temperature, the rotating impeller is dipped
into the crucible and the reactive gas (either nitrogen or
ammonia) is injected into the melt. Two high capacity
oxygen getter traps are placed in series along the gas
delivery line and the gas is bubbled through them before
reaching the furnace. These oxygen removal traps have a
removal efficiency that allows less than 1 ppb oxygen in
the gas stream.

III. THERMODYNAMIC CONSIDERATIONS

A. The Detrimental Effect of Oxygen

The chemical affinity between oxygen and aluminum
is higher than that between nitrogen and aluminum.
Consequently, as the Ellingham diagram in Figure 2
shows, aluminum oxidation is more likely to occur than
aluminum nitridation. Therefore, it is necessary to
determine the minimum amount of oxygen that can be
tolerated as impurity in the nitrogen-bearing gas so that
nitridation is not hindered.

When oxygen is present in the gas stream, then
Eqs. [1] and [2] will occur with Eq. [2] being preferred.
Equation [3] can be deduced from Eqs. [1] and [2]:

4Alþ 2N2 ! 4AlN ½1�

4Alþ 3O2 ! 2Al2O3 ½2�

2Al2O3 þ 2N2 ! 4AlNþ 3O2: ½3�

The Gibbs free energy of formation of Eq. [3], DG36,
as a function of temperature is given by Eq. [4]:

DG36 ¼ 4DGAlN þ 3DGO2
� 2DGAl2O3

� 2DGN2
¼ 2078; 000� 185T: ½4�

The permissible partial pressure of oxygen in the gas
stream,PO2

, and hence, the maximum tolerable amount
of oxygen for Eq. [3] to proceed toward the right is

DG36 ¼ �RTlnP36 ¼ �RTln

PO2

Patm

� �3

PN2

Patm

� �2 � �RTln
PO2

Patm

� �3

:

½5�

Since the nitrogen flow rate is very low (~0.2 L min�1),
the calculation can be simplified by assuming that the
partial pressure of nitrogen, PN2

; is equal to the total
pressure in the reaction system Patm ¼ 1atm ¼ 1:01325�
105Pa. From Eq. [3] and Eq. [5], and using thermody-
namics data from,[5,6] Eq. [6] is derived to describe the
change in PO2

with temperature

lnPO2
¼ 19� 82; 487

T
: ½6�

By employing Eq. [6], it is found that the permissible
partial pressure of oxygen for aluminum nitridation at
1273 K (1000 �C) is 5 3 10�20 Pa, which is extremely
low, and unlikely to be achieved even with ultrahigh-pu-
rity (Grade 5) nitrogen gas. When ammonia gas is
employed instead of nitrogen, the partial pressure of
oxygen may be determined from Eqs. [7] and [8]:

Al2O3 þN2 þ 3H2 ! 2AlNþ 3H2O ½7�

H2 þ
1

2
O2 ! H2O: ½8�

The Gibbs energy of formations for Eqs. [7] and [8],
i.e., DG40 and DG41, are

DG40 ¼ 2DGAlN þ 3DGH2O � DGAl2O3
� DGN2

� 3DGH2
¼ 313; 000þ 29T

½9�

DG41 ¼ DGH2O � 1

2
DGO2

� DGH2
¼ �242; 000þ 134T:

½10�

Expressing DG40 and DG41 in terms of partial pres-
sures yields Eqs. [11] and [12]:

DG40 ¼ �RTlnP40 ¼ �RTln

PH2O

Patm

� �3

PN2

Patm

� �
PH2

Patm

� �3

� �RTln
PH2O

PH2

� �3

:

½11�

DG41 ¼ �RTlnP41 ¼ �RTln

PH2O

Patm

� �

PH2

Patm

� �
PO2 amm

Patm

� �1=2 : ½12�
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The permissible partial pressure of oxygen when
ammonia is use for nitridation is determined from
Eqs. [9] through [12] to be around 5 9 10�3 Pa, which is
possible to achieve even with commercial grade anhy-
drous ammonia gas. It is reported by Zheng et al.[7] that
the permissible oxygen partial pressure for nitriding
aluminum by nitrogen gas is about 20 orders of
magnitude lower than the permissible oxygen partial
pressure for nitriding aluminum by ammonia gas (e�22

vs e�2 Pa). It is therefore obvious that nitridation of
aluminum is easier when ammonia, rather than nitro-
gen, is used.

B. The Role of Alloying Elements, Mg and Li

Given the harmful effect of oxygen on the nitridation
reaction, the oxygen partial pressure in the melt may be
lowered by adding elements such as magnesium and/or
lithium to aluminum.[3,4,8–10] These elements act as
catalysts to ‘get’ oxygen and mitigate the aluminum
oxidation reaction. Magnesium and lithium are ideal for
this purpose because the Gibbs free energy for their
oxidation is lower than that for oxidation of aluminum,
and so oxygen will preferentially combine with them
rather than with aluminum. The continuous flow of the
nitrogen-bearing gas in the furnace chamber removes
the evaporating species (magnesium and MgO, and/or
lithium and Li2O) from the reaction chamber; thus, it
maintains a nonequilibrium condition in the melt, which
is conducive to high mass flow of the volatilizing lithium
(or magnesium). Both magnesium and lithium have been
used from Borgonovo and Makhlouf,[3,4] and Bor-
gonovo and Apelian[8,9] to encourage nitridation of
aluminum surfaces and also to synthesize AlN powder.
Knowing the partial pressure of oxygen after it reacts

with magnesium or lithium allows establishing which
one of the two elements is a more effective ‘oxygen-get-
ter.’ Magnesium volatilizes when Al-Mg alloys are
melted at elevated temperature, i.e., 1273 K (1000 �C),

Fig. 1—Schematic representation of the apparatus.

Fig. 2—Ellingham diagram for oxidation and nitridation of Al, Mg,
and Li.
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which is typically used to synthesize AlN. The vapor
pressure of pure magnesium, P�

Mg, at 1273 K (1000 �C)
is 136.45 kPa,[11] and the vapor pressure of magnesium
in Al-Mg alloys, PMg, is given by Eq. [13] in which aMg

is the activity of magnesium in Al-Mg alloys.

PMg ¼ P�
MgaMg: ½13�

The chemical reaction that leads to formation of MgO
is given by Eq. [14], and the Gibbs free energy of this
reaction, DG47, is given by Eqs. [15] and [16]:

Mgþ 1

2
O2 ! MgO ½14�

DG47 ¼ �748; 000þ 223T ½15�

DG47 ¼ �RTln
1

PMg

Patm

� �
PO2

Patm

� �1=2 : ½16�

Combining Eqs. [13], [15], and [16] yields

lnPMg ¼ 42:8� 889; 061

T
� 1

2
lnPO2

: ½17�

By using these equations, the partial pressure of
magnesium and the permissible partial pressure of
oxygen in the gas stream when aluminum is alloyed
with magnesium are calculated to be 5564 and
3 3 10�28 Pa, respectively.

In the case of alloying aluminum with lithium, phase
equilibrium calculations in the Al-Li-O-N system predict
that lithium combines with oxygen to form Li2O at low
oxygen levels and LiAlO2 at higher oxygen levels
according to Eqs. [18] and [19]:

2Li þ 1

2
O2 ! Li2O ½18�

LiþAlþO2 ! LiAlO2: ½19�

The oxygen content in the high-purity nitrogen-bear-
ing gases typically used in the synthesis of AlN is in the
order of parts per billion (ppb), i.e., the partial pressure
of oxygen in the nitrogen-bearing gas is �10�9Pa, and
Eq. [18] is the relevant reaction. Similar to magnesium,
lithium volatilizes at the temperatures used to make
AlN. The vapor pressure of pure lithium, P�

Li, at 1273 K
(1000 �C) is 136.45 kPa,[12] and the vapor pressure of
lithium in Al-Li alloys, PLi, is given by Eq. [20] in which
aLi is the activity of lithium in Al-Li alloys[13,14]:

PLi ¼ P�
LiaLi: ½20�

The chemical reaction that leads to formation of Li2O
is given by Eq. [18] and the Gibbs free energy of this
reaction, DG51, is given by Eqs. [21] and [22]:

DG51 ¼ �919; 700þ 343T ½21�

DG51 ¼ �RTln
1

PLi

Patm

� �2 PO2

Patm

� �1=2 : ½22�

Combining Eqs. [20], [21], and [22] yields

lgPLi ¼ 41:4� 110; 807

T
� 1

2
lnPO2

: ½23�

By using these equations, the partial pressure of
lithium and the permissible partial pressure of oxygen in
the gas stream when aluminum is alloyed with lithium
are calculated to be 2635 and 4.7 3 10�49 Pa, respec-
tively. Adding to this, the fact that the energy required
to ionize lithium atoms (5.37 v) is lower than that
required to ionize magnesium atoms (7.61 v)—which
suggests that lithium is more reactive than magne-
sium—it becomes clear that lithium is much better at
removing oxygen from the system than magnesium, and
hence, a significantly smaller amount of lithium com-
pared to magnesium is necessary to facilitate aluminum
nitridation.

IV. KINETIC CONSIDERATIONS

In order to react with the aluminum melt, nitrogen
gas has to diffuse from inside the gas bubble to the bulk
liquid aluminum where AlN forms according to the
reaction[15]:

2Al lð Þ þN2ðgÞ ¼ 2AlNðsÞ: ½24�

The diffusion-reaction process has been modeled with
the two-film approach, which is represented schemati-
cally in Figure 3 and is typically used for gas-liquid
interactions in bubble column reactors.[16–30] Several
assumptions were made in order to facilitate the
analysis; they are as follows: (1) the bubble is spherical,
(2) diffusion of gas in and out of the bubble, and the
consequent bubble shrinkage (or growth) occurs isother-
mally, (3) the liquid domain is finite and steady, (4) the
liquid is incompressible, (5) the gas within the bubble is
pure and obeys the ideal gas law, (6) the bubble surface
is free of contaminants, (7) liquid-phase resistance
controls mass transfer in the melt, (8) Henry’s law
applies at the gas-liquid interface to couple the gas
pressure in the bubble with the dissolved gas concen-
tration at the bubble surface, (9) mass transfer in the
liquid phase is ruled by Higbie’s penetration the-
ory,[16–30] (10) the initial concentration of nitrogen in
the liquid bulk is zero, and finally (11) the confining
walls of the crucible have negligible effect on the
bubbles.
Close examination of the reaction that leads to the

formation of the aluminum nitride particles reveals that
the following five steps are involved:
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Step 1 dissociation of ammonia into hydrogen and
nitrogen molecules (this step does not occur when
nitrogen is employed as the nitriding gas)
Step 2 mass transfer of nitrogen molecules from the
gas bulk to the gas-liquid interface
Step 3 chemisorption of nitrogen molecules at the
gas-liquid interface according to Eq. [25]

N2 gasð Þ $ N chemisorbedð Þ: ½25�

Step 4 mass transfer of nitrogen atoms into the liquid
boundary layer according to Eq. [26]

NðxN;iÞ ! NðxN;0Þ: ½26�

Step 5 growth of solid AlN particles in the liquid
boundary layer and in the liquid bulk according to
Eq. [27]

N in liquidð Þ þAl lð Þ ¼ AlNðsÞ: ½27�

If nitrogen is used as the nitriding gas, then Step 3,
i.e., chemisorption of nitrogen molecules and their
conversion into nitrogen atoms at the gas-liquid inter-
face, is rate limiting.[18] This can be concluded from
Eq. [28], which gives the rate of chemisorption of
nitrogen atoms:

rN ¼ c 2pMRTð Þ�
1
2 PN2;i �

xN;i

K 12ð Þ

� �
exp

�Ea

RT

� �
: ½28�

Equation [28]* shows that once the nitrogen mole-

cules are physisorbed by the gas-liquid interface, they
have to overcome an energy barrier (Ea) in order to be
chemisorbed into the interface. If they do not possess
this energy, they eventually become desorbed into the
gas bulk. The activation energy Ea for nitrogen
chemisorption is very high (308 kJ mol�1) compared
to the reversible physisorption state (around 50
kJ mol�1),[15,31] which makes the rate of nitrogen
chemisorption very slow. On the other hand,

chemisorption of oxygen molecules into the gas-liquid
interface is much more favorable since it consistently
lowers the Gibbs free energy of the system compared to
the physisorbed state as shown in Figure 4. Conse-
quently, if present in the nitriding gas, oxygen will
occupy the majority of the bonding sites at the gas-liq-
uid interface, thus further hindering the chemisorption
of nitrogen into the gas-liquid interface. The extent of
occupancy of the available adsorption sites in the
gas-liquid interface is given by the ‘coverage,’ h, which
is expressed as the ratio of occupied adsorption sites qads
and total (saturation) adsorption sites qsat, and the rate
of chemisorption is proportional to the number of free
adsorption sites; so that[32,33]

h ¼ qads
qsat

½29�

rNað1� hÞ: ½30�

Because the rate of chemisorption of nitrogen atoms
into the gas-liquid interface is proportional to the
number of free adsorption sites, it is important to
minimize the amount of oxygen in the nitrogen gas
before its injection into the melt.
Another factor that can lower the rate of chemisorp-

tion of nitrogen molecules into the gas-liquid interface is
the distribution of nitrogen molecules on the interface. If
the nitrogen molecules in the gas bulk are unevenly
distributed or clustered, then their chemisorption will
not be homogenous on the gas-liquid interface. When
ammonia is employed as reactive gas, molecular hydro-
gen dissociates at temperatures higher than 773 K
(500 �C) according to Eq. [31] and the aluminum
nitridation reaction proceeds according to Eq. [32]:

2NH3 gð Þ ¼ N2 gð Þ þ 3H2ðgÞ ½31�

2Al lð Þ þ 2NH3 gð Þ ¼ 2AlN sð Þ þ 3H2ðgÞ: ½32�

It has been observed[1,3,4] that free hydrogen is an
oxygen getter that lowers the oxygen content in the

Fig. 4—Change in the energy of the system caused by chemisorption
of N2 and O2. Reprinted from Ref. [15] with permission from
Springer.

Fig. 3—The ‘Two-film’ model for N2 diffusion outside the gas bub-
ble. Reprinted from Ref. [15] with permission from Springer.

*In Eq. [28], coverage (h) is accounted for in the constant c.
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reaction atmosphere, and by doing so it enhances the
adsorption of N2 molecules at the gas-liquid interface
and accelerates the rate of AlN formation. When
anhydrous ammonia, rather than pure nitrogen, is
employed as the reactive gas, Step 3 becomes faster
and the rate-limiting step of the reaction becomes Step 4
because of the very low diffusion coefficient of nitrogen
atoms in liquid aluminum. Zheng et al.[7] have analyzed
the kinetics of AlN formation in aluminum alloys and
found that the mean rate of forming AlN from ammonia
is ten times that from nitrogen. The quantity of AlN,
WAlN; that forms during a given gas injection time, t,
depends on (1) the rate of AlN formation, rAlN, and (2)
the total area of the gas bubbles that are dispersed in the
melt, At, as given by Eq. [33]:

WAlN ¼
Z t

0

rAlNAtdt: ½33�

A. Rate of AlN Formation (rAlN)

Higbie’s penetration theory considers the gas-liquid
interface to be composed of a variety of elements
continuously brought up to the interface from the bulk
of the liquid. The diffusion domain of nitrogen atoms in
the liquid is a liquid boundary layer of thickness dl given
by Eq. [34][16–30]:

dl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNptd

p

2
whereDN ¼ 3:75� 10�7exp

�3184

T

� �
:

½34�

The local diffusion time, td, indicates how long the
bubble stays in contact with a single element ahead of its
interface, and therefore, it indicates the time available
for nitrogen atoms to diffuse into the liquid metal. It
depends on the diameter of the bubble, d, and its rising
velocity, Ub, according to Eq. [35]:

td ¼ dðPN2;I; xN;iÞ
UbðdÞ

: ½35�

The rate of AlN formation rAlN can be written as

rAlN ¼ EKLðxN;i � xN;0Þ: ½36�

In Eq. [36], the mass diffusion coefficient of nitrogen
in the boundary layer,KL, is given by Eq. [37] and the
enhancement factor, E, which is a nondimensional
parameter that accounts for the decreasing level of
nitrogen atoms in the melt due to the formation of AlN,
is given by Eqs. [38] through [39].[17]:

KL ¼ 2

ffiffiffiffiffiffiffi
DN

ptd

r
½37�

E ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M0 Ei � E

Ei
� 1

� �r

tanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M0 Ei � E

Ei
� 1

� �r ½38�

M0 ¼ p
4
KAlNxAltd ½39�

Ei ¼
ffiffiffiffiffiffiffiffi
DN

DAl

r
þ xN;i

xAl;i

ffiffiffiffiffiffiffiffi
DAl

DN

r
: ½40�

B. Total Area of Gas Bubbles (At)

The total surface area of gas bubbles in the melt is
determined by the properties of the gas and the liquid,
the gas flow rate, and the size of the nozzle, as well as the
number of bubbles in the melt, Nb, during the injection
time and their residence time in the melt, tr, as shown in
Eq. [41][34]:

At ¼ NbAb ¼ Nb
p
4
d2 ½41�

Nb ¼ trfb ¼
L

UbðdÞ
fb: ½42�

The frequency of formation of gas bubbles, fb, can be
derived from Eqs. [43] through [47] and it is a function
of the nozzle diameter of the injection tube, dno, the
hydrostatic pressure in the melt at the injection depth,
PGo, and of the state of the gas at the inlet of the tube
(Pin;Vin;Tin):

fb ¼
Vg

Vbo
½43�

Vbo ¼ 4

3
p

do
2

� �3

½44�

do ¼ 6dnoc
gðqI � qgÞ

 !1=3

½45�

Vg ¼
PinT

PGOTin
Vin ½46�

PGO ¼ Patm þ qIgLþ 4c
dno

½47�

fb ¼
gVinPin qI � qg

� �
T

pcPGOTindno
: ½48�
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In terms of gas flow rate, Eq. [48] may be written as

fb ¼ 79:5QT

0:001ðPatm þ qIgLÞ þ 4c
: ½49�

Previous work[35] calculated At and rAlN as constants
across the entire liquid domain; as a consequence, these
calculations show the amount of reinforcement, WAlN,
that form near the bottom regions of the crucible to be
equal to that formed in the topmost regions. In reality,
this is not the case because the nitrogen bubbles tend to
lose mass to the liquid and are subjected to decreasing
hydrostatic pressure as they rise. The former effect
causes the bubbles to shrink, whereas the latter causes
them to expand. Therefore, the bubble diameter varies
continuously in the liquid and rAlN and At vary with it
according to their dependencies on bubble diameter
given by Eqs. [35], [37], [41], and [42]. The Navier-Stoke
simplified expression for the problem of a rising bubble
in a liquid wherein the bubble size varies with time is
shown as Eq. [50]:

dr

dt
¼ ðPN2;i � PIÞ

4g
� c
2g

: ½50�

The pressure and concentration at the bubble surface
are coupled through Henry’s law, Eq. [51], and conser-
vation of mass at the interface, Eq. [52]:

xN;i ¼
PN2;i

He
½51�

d

dt

4pPN2;ir
3

3RT

� �
¼ 4pr2DN

@c

@R

				
R¼r

: ½52�

The concentration gradient at the bubble surface,
@c
@R

		
R¼r

, is determined by means of Fick’s second law of

diffusion, Eq. [53], with the initial condition for pressure
inside the gas bubble expressed by Eq. [47]:

@c

@t
¼ DN

@2c

@r2
: ½53�

Figures 5(a) and (b) show, respectively, the progres-
sive decrease in the total surface area of gas bubbles,
and the progressive decrease in the number of bubbles
as the bubbles rise toward the surface of the melt.
Figure 6 was obtained from calculations based on the
preceding analysis. It is believed that bubble coales-
cence is responsible for this decrease in the total
surface area of the gas bubbles and the associated
decrease in their number. This belief has been con-
firmed by others, e.g., Ref. [36]. When two bubbles that
are rising in a liquid coalesce, the process occurs in
three steps:[36–39] (1) the two bubbles collide and trap
liquid between them, (2) the surface of the bubbles
flatten and the liquid film that was initially trapped
between them thins as the liquid drains out, and (3) the
two bubbles coalesce into one

The second of the three steps is normally rate limiting.
The rate of thinning of the liquid film between the two
bubbles may be expressed by Eq. [54] in which l is the
original liquid film thickness, Rd is the liquid disk
between the coalescing bubbles, U is a measure of the
surface drag or velocity gradient at the surface due to
the absorbed layer of gas, and l is the static viscosity of
the liquid, in this case, aluminum.[39]

dl

dt
¼ � 32l3c

3UR2
dld

: ½54�

Equation [54] shows that liquids that have high
surface energies, such as aluminum [c = 813 dyn/cm
at 1273 K (1000 �C)], are more prone to bubble
coalescence. Bubble coalescence adversely affects the
total concentration of the nitrogen gas that diffuses
into the liquid boundary layer ahead of the gas-
liquid interface**, which in turn adversely affects the

rate of formation of AlN particles.

V. SENSITIVITY ANALYSIS

A. Effect of Melt Temperature (T)

Comparison of Figures 5 and 6 shows that when the
temperature of the melt is increased from 1273 K to
1573 K (1000 �C to 1300 �C), the gas-liquid interfacial
area doubles and the density of gas bubbles increases by
about ten times.

B. Effect of Gas Flow Rate (Q)

The model presented herein is based on the assump-
tion that the effect of gas flow rate on the bubble volume
at the time of its detachment from the nozzle, Vbo, is
negligible. However, when the gas flow rate exceeds a
threshold value, the gas flow may transfer into the
‘constant-frequency’ regime in which Vbo, and hence dno,
correlates with gas flow rate according to Eq. [55][34]:

Vbo ¼ 1:378
Q2

g

� �3=5

: ½55�

Comparison of Figures 6 and 7 confirms the occur-
rence of the constant-frequency regime as it shows that
the number of gas bubbles, Nb, does not increase with
increasing flow rate, whereas the gas-liquid interfacial
area increases significantly. This is due to the effect on
the detaching bubble diameter, dno, which influences the
size of the bubble during its rise. This ‘additional’
gas-liquid interfacial area affects diffusion at the gas-liq-
uid interface and leads to a nitrogen concentration in the
melt that is almost three times higher compared to its
value with the lower gas flow rate. The increase in

**This is a consequence of the drop in the partial pressure of
nitrogen inside the bubble, PN2 ;i, as the bubbles coalesce (Henry’s law).
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amount of AlN particles that form with the increase in
gas flow rate has been observed by others.[7]

C. Effect of Pressure in the Reaction Chamber (Patm)

Comparison of Figures 8(b) and 9(b) shows that when
the pressure above the melt is increased from 1 to 5 atm,
the density number of bubbles, Nb; increases since the
frequency of bubble formation, fb, increases, as sug-
gested by Eq. [48]. The increase in pressure affects the

bubble volume, Vg according to Eq. [46] in that its
diameter at the high pressure is smaller than at the low
pressure. As a result, the bubble rises more slowly and
its residence time in the melt, tr; is longer, which,
according to Eq. [42], further contributes to a higher Nb.
Figure 8(a) shows that the total interface area, At,
reaches a fairly stable value, which is very important to
ensure homogeneous distribution of AlN particles in the
melt. Figures 9(a) and (b) show that at Patm ¼ 5 atm,
gas velocity is more or less constant throughout the melt

Fig. 5—Calculated (a) total gas interface area per unit volume, and (b) number of gas bubbles per unit volume both as functions of distance
from the bottom of the crucible. T = 1273 K (1000 �C), Patm = 1 atm, Q = 0.5 L/min.

Fig. 6—Calculated (a) total gas interface area per unit volume, and (b) number of gas bubbles per unit volume both as functions of distance
from the bottom of the crucible. T = 1573 K (1300 �C), Patm = 1 atm, Q = 0.5 L/min.

Fig. 7—Calculated (a) total gas interface area per unit volume, (b) number of gas bubbles per unit volume, and (c) concentration of nitrogen per
unit volume, all as functions of distance from the bottom of the crucible. T = 1573 K (1300 �C), Patm = 1 atm, Q = 1 L/min.
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and it is almost 10 times smaller than its value at
Patm ¼ 1 atm. This results in longer bubble residence
times in the melt. The most noteworthy consequence of
employing high pressure is the nitrogen concentration
profile which, as shown in Figure 10, exhibits values
that are three orders of magnitude higher at Patm ¼ 5
atm than at Patm ¼ 1 atm. Moreover, bubble coales-
cence is minimized by the increased pressure. It is known
that surface tension decreases and liquid viscosity
increases with increasing pressure[38,39] also the param-
eter U increases with increased pressure.[35–37] These

changes contribute to reducing the bubble coalescence
rate with increased pressure as indicated by Eq. [54].
Furthermore, the frequency of bubble collisions, which
is the first step in bubble coalescence, decreases with
increasing pressure.

VI. CONCLUSIONS

Synthesizing aluminum-aluminum nitride nanocom-
posite materials by injecting a nitrogen-bearing gas into

Fig. 8—Calculated (a) total gas interface area per unit volume, and (b) number of gas bubbles per unit volume, both as functions of distance
from the bottom of the crucible. T = 1573 K (1300 �C), Patm = 5 atm, Q = 1 L/min.

Fig. 9—Calculated gas velocity as a function of distance from the bottom of the crucible (a) Patm = 1 atm, and (b) Patm = 5 atm.

Fig. 10—Calculated concentration of nitrogen per unit volume as a function of distance from the bottom of the crucible. (a) Patm = 1 atm, and
(b) Patm = 5 atm.
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molten aluminum is thermodynamically and kinetically
feasible, provided that the oxygen content of the system
is maintained at a low level. Thermodynamic and kinetic
analysis of the process show that attaining this low
oxygen content may be helped by alloying aluminum
with magnesium and/or lithium, with lithium being the
more efficient of the two elements in this regard. As little
as 1 wt pct. lithium is sufficient to suppress oxidation of
aluminum and promote its nitridation. The analysis also
shows that an increase in process temperature signifi-
cantly increases the density of reactive gas bubbles. For
example, when the process temperature is increased
from 1273 K to 1573 K (1000 �C to 1300 �C), the
density of reactive gas bubbles increases by about ten
times, and the gas-liquid interfacial area doubles. This
has positive consequences on the size and distribution of
the AlN particles in the matrix alloy. However, high
temperature adversely affects the equipment’s life
expectancy, particularly the rotating impeller and fur-
nace walls. The temperature should be maintained
around 1273 K (1000 �C) for best results. In addition,
the analysis shows that a relatively high flow rate of the
reactive gas increases the gas-liquid interfacial area. The
gas-liquid interfacial area affects diffusion at the gas-liq-
uid interface and positively affects the size and distribu-
tion of the AlN particles in the matrix alloy. Although
high-purity nitrogen and anhydrous ammonia are not
prohibitively expensive, for economic reasons, the gas
flow rate should be kept no higher than 0.5 L/min.
Finally, the analysis shows that an increase in the
pressure above the melt increases the density number of
reactive gas bubbles and reduces the bubble volume; as a
result, the bubbles rise more slowly, their residence time
in the melt increases, and their coalescence is minimized.

NOMENCLATURE

aLi Activation extent of Li in Al-Li alloys at
high Li content (>5 pct)

aMg Activation extent of Mg in Al-Mg alloys
at high Mg content (>5 pct)

c Surface tension of aluminum
dG Thickness of the diffusion layer in the gas

bulk
dL Thickness of the diffusion layer in the

liquid bulk
g Dynamic viscosity of liquid aluminum
h Coverage, defined as h ¼ qads

qsat
U Measure of the surface drag or velocity

gradient at the surface due to the
absorbed layer of the gas

l Static viscosity of aluminum
qg Density of gas
ql Density of liquid aluminum
At Total gas-liquid interface area
c Constant in Eq. [28]
d Bubble diameter
DAl Diffusion coefficient of aluminum
DN Diffusion coefficient of nitrogen in

aluminum
do Bubble diameter at bubble detachment

dno Diameter of the nozzle of the tube
E Enhancement factor
Ea Activation energy for chemisorption of

nitrogen atoms
fb Frequency of formation of gas bubbles
He Henry’s constant for N2 in liquid Al at

T = 1273 K (1000 �C)
Kð12Þ Partition coefficient of Reaction 25
KAlN Equilibrium constant of Eq. [27]
KL Mass transfer coefficient of nitrogen in the

liquid boundary layer
l Thickness of liquid film in between

coalescing bubbles
L Depth of the melt
M Molar mass of the gas molecule
Nb Number of gas bubbles in the melt
PGO Pressure of the gas bubble at the moment

of detachment from the injection tube
Pl Pressure in the liquid at the injection level
PN2;0 Partial pressure of nitrogen in the gas bulk
PN2;i Partial pressure of nitrogen at the

gas-liquid interface
Pin;Tin;Vin Initial state of reactive gas at the inlet of

the injection tube
P�
Li Vapor pressure of pure Li at 1273 K

(1000 �C)
P�
Mg Vapor pressure of pure Mg at 1273 K

(1000 �C)
Q Gas flow rate
qads Occupied adsorption sites on the

gas-liquid interface
qsat Total adsorption sites on the gas-liquid

interface
R Bubble radius that varies in the melt. R =

r at the interface
Rd Radius of the liquid disk between the

coalescing bubbles
rN Rate of chemisorption of nitrogen atoms
T Temperature
t Gas injection time
td Local diffusion time
tr Residence time of the gas bubble in the

melt
Ub Velocity of the gas bubble
Vbo Volume of gas bubble at bubble

detachment
Vg Volume of the gas bubble
WAlN Amount of AlN formed
xAl Concentration of aluminum
xAl;i Concentration of aluminum at the

gas-liquid interface
xN;i Concentration of nitrogen atom on the

gas-liquid interface
xN;0 Concentration of nitrogen atoms in the

liquid bulk
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