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Impact of structure and flow-path on in situ synthesis
of AlN: Dynamic microstructural evolution of
Al-AlN-Si materials
Zhe Wang1*, Xin Wang1, Yigang Tong1 and Yaping Wang1,2*

ABSTRACT The Al-AlN-Si composites were prepared in the
gas-in-liquid in situ synthesized flow-reaction-system, which
was implemented by a powder metallurgy and reaction sin-
tering route. The experimental results showed that Al-AlN-
50SiB material (prepared by ball-milling powders) and Al-
AlN-50SiM material (prepared by mixing powders) exhibited
the semi-continuous Si structures and the isolated Si islands,
respectively. Subsequently, the Al-AlN-50Si materials were
selected as the model materials by phase identification and
microstructure analysis. The dynamic microstructural evolu-
tion of Al-AlN-50Si materials was investigated using the
computational fluid dynamics (CFD) method. Mathematical
models and simulation results showed that the in situ synthesis
of AlN was strongly influenced by the structure and the flow-
path ((cg,N2

/lg,N2
)+(cs,AlN/ls,AlN)). The flow paths of Al-AlN-50SiB

material were restricted by the semi-continuous Si. These Si
structures can promote the formation of the strong turbulence
with gradually weakened fluctuation, so that the in situ
synthesis of AlN was interconnected and surrounded by an
interpenetrating Si network. In contrast, the flow paths of Al-
AlN-50SiM material can easily pass through the isolated Si due
to its mild turbulence with linear relationship. As a result, AlN
was separated by the isolated Si and agglomerated in the
matrix. Overall, the present work provides new insights into
dynamic microstructural evolution in in situ reaction sinter-
ing systems.

Keywords: Al-AlN-Si materials, flow-reaction-system, turbu-
lence, flow path

INTRODUCTION
Al-AlN-Si materials, one of the Al-Si based composites
[1–4], have a wide range of potential application in

thermal management materials due to their low thermal
expansion coefficient and high thermal conductivity [5–
11]. Al-AlN-Si materials with high Si content can be
prepared in the gas-in-liquid in situ synthesized flow-
reaction-system. All the processes are implemented by a
powder metallurgy and reaction sintering route, which is
an efficient, economical and environmentally friendly
way to synthesize Al-AlN-Si composites. However, the
flow-reaction may be affected by the flow paths of gas and
liquid turbulence, due to the in situ reaction of N2 with
molten Al in Al-AlN-Si materials during the nitrogen
sintering process. Thus, the evolution process of micro-
structures can become complex with the advancing
multiphase-flow-solidification, especially in the Al-Si
matrix with high Si content. To better understand the
formation mechanism of AlN in Al-AlN-Si materials, the
investigation of microstructural dynamic evolutions are
required.

In recent years, in order to reveal the microstructural
evolution of Al-Si based materials, experimentally, some
studies have investigated the effect of the modifier ele-
ments (e.g., sodium, strontium and phosphorus) on the
microstructural evolution of Al-Si based composites [12–
15]. The morphology of Al-Si based alloys can be affected
by the modifier content, due to the formation of alumi-
nous mesophase [16–17]. Others focused on the impact of
the additional or the in situ synthesized phases on mi-
crostructure of Al-Si based materials, such as magnesium,
silicon carbide, silicon nitride [18–20], etc. However, the
dynamic evolution process of microstructure cannot be
easily detected by observers, and the understanding of
formation mechanism of microstructure is substantially
incomplete. The mathematical computation and simula-
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tion can be reasonably effective in predicting the detailed
insight into the dynamic evolution of microstructure [21,
22]. For example, Eiken et al. [23] reported the impact of
the addition of P and Sr on solidification sequence of Al-
Si alloys by means of the thermodynamic computation.
Researchers have also elucidated the evolution of the
eutectic morphology using the 3D phase-field simulation.
However, so far, few studies focus on the dynamic mi-
crostructural evolution of in situ synthesized phase in Al-
Si based composites, likely due to their complex reaction-
turbulence interaction. Additionally, the observation of
microstructural evolution, especially in the Al-Si based
materials with high Si content, is unachievable in ex-
periments. Thus the formation mechanism of micro-
structure for the in situ synthesized Al-Si based
composites remains unclear.

In this study, the Al-AlN-50Si materials were fabricated
by the high-energy ball milled or the mixed powders
following nitrogen atmosphere sintering. Subsequently,
the Al-AlN-50Si materials with semi-continuous Si
structures (Al-AlN-50SiB) and isolated Si islands (Al-AlN-
50SiM) were selected as the model materials by phase
identification and microstructure analysis. Aiming at
understanding the dynamic evolution of microstructure,
we employed the mathematical models and CFD (com-
putational fluid dynamics) with UDF (user defined
function) simulations to obtain detailed insight into the
in situ synthesis of AlN. With the help of the multiphase-
flow-solidification system, the impact of gas and liquid
turbulence, microstructure and flow-path on the dynamic
microstructural evolution was investigated, and the me-
chanism of in situ synthesized AlN was elucidated.

METHODS

Experimental methodology
The Al powders (99.9% purity) and Si powders (99.9%
purity) were commercially available pure powders. The Si
powders with the contents of 50 wt.% were mixed or
high-energy ball milled with Al powders together. The
mixing was carried out in a Simoloyer miller with har-
dened alloy vial and balls in the absolute ethanol media
for 1 h at room temperature, and the parameters of high-
energy ball milling process are listed in Table 1. In the
first step, the as milled and mixed powders were dried in
vacuum oven at room temperature. The mixture was
compacted under the pressure of 100 MPa into
φ35×15 mm billets, which were then consolidated by the
nitrogen atmosphere at 1020°C for 4 h, further con-
solidated by hot-pressing in the graphite die at 600°C and

held for 1 h at 30 MPa. In parallel, a mixed sample was
also prepared in the same process.

The phase structure of the powders and samples were
determined by an XRD-7000S diffractometer (Shimadzu,
Ltd., Kyoto, Japan) using Cu Kα radiation (λ=1.54060 Å)
operated at 40 kV and 40 mA. The morphology of the
powders and the microstructure of the specimens were
characterized by a field-emission scanning electron mi-
croscope (SEM, JEOL JSM-7000F) equipped with an en-
ergy dispersion spectrometer (EDS) and a backscattered
electron detector (EBSD).

Numerical model
The simulation of reaction sintering process for Al-AlN-
50SiB and Al-AlN-50SiM materials was performed using
the computational fluid dynamics code, ANSYS-FLUENT
software (ANSYS Inc., USA) which uses a finite element
numerical method [24,25]. The conservation principles of
mass, momentum and energy were calculated considering
the continuity equation for the incompressible fluid. At
steady state, the meshed strand geometries were gener-
ated by the pre-processing tool GAMBIT (ANSYS, Inc.,
USA). After functional volume meshes had been pro-
duced, mesh refinement was continued iteratively until
numerical flow solutions converged. Subsequently, all
flow simulations were performed by ANSYS-FLUENT,
and the flow-reaction of species was solved by using UDF
function and SIMPLE algorithm [26]. A 3D scale model
of columnar sample (φ3.5×1.5 mm) of Al-50Si (wt.%)
with N2 reaction was considered. To ensure a relatively
high accuracy solution, the time step was determined
empirically by test simulations. In this study, all calcula-
tions were run with a time step of 0.01 s, and the max-
imum iteration per time step was set to 100. The details of
the material properties, boundary conditions and model
parameters were summarized in Table 2. For the sim-
plicity of the discussion, some parameters were simplified
in this case. In addition, the implementation of the ex-
perimental and simulated procedures was illustrated in
Fig. 1.

The diffusion-reaction-system can be constructed to
study the formation mechanism of AlN in Al-AlN-50SiB

and Al-AlN-50SiM materials deeply. At the interface be-
tween Al and N2, we assume that the instantaneous ve-
locity of liquid and gas phases is zero. Additionally, the

Table 1 High-energy ball milling parameters

Ball/powder ratio Milling
speed (rmp)

Milling
time (h) Milling media

10:1 500 1 Ethanol
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participation of Al in the reaction can be considered as
infinite and the incomplete reaction of N2 is ignored, so
that the gaseous N2 can be completely consumed by the
liquid Al to form the solid AlN. To focus on the effect of
flow on the in situ synthesis of AlN, the flow caused by
density difference of species on the reaction interface can
be ignored for the instantaneous reaction of gas to solid,
i.e., ρg=ρs (from reaction interface). While the density
difference of species which do not participate in the re-
action cannot be ignored. For the simplicity, the species
conservation equation in the reaction areas is written as:

f c f c td( + ) / d = 0g g g s s s (f is volume fraction; ρ is the
density; c is species concentration.), i.e.
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Figure 1 Schematic illustration of the experimental and simulated procedures of materials.

Table 2 Material properties, boundary conditions and model parameters

Parameter Al Si N2 AlN

Atomic fraction (%) 27.0 28.1 28.0 41.0

Melting point (K) 933 1683 62 2500

Density (kg m−3) 2698 2328 313 3260

Specific heat (J kg−1 K−1) 896 710 741 940

Viscosity (kg m−1 s−1) 1.420×10−3 — 0.025×10−3 —

Heat conductivity (W m−1 K−1) 237 148 25×10−3 320

Thermal expansion coefficient (K−1) 23.6×10−4 4.1×10−6 3.7×10−3 4.5×10−6

Initial temperature (K) 993

Maximum temperature (K) 1293

External temperature (K) 300

Grid size (mm) 1×10−3

Walls Adiabatic, non-slip
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[22,27]
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In the left hand side of Equation 7, the term is the
enrichment from gas to solid (i.e., in situ synthesis of
AlN), which governs the microstructural dynamic evo-
lution of materials. The dynamic microstructural evolu-
tion is the result of two contributions, corresponding to
the two right hand (RHS) side terms of Equation 7. The

denominators of RHS is the diffused concentration dis-
tribution of species (i.e., structural formation), and the
numerator of RHS is the flow lengths of species (i.e., flow-
path). The flow paths of solid phase are the interaction
between liquid and gas flow paths. Hence, the in situ
synthesis of AlN is strongly influenced by two factors: (1)
structure, (2) flow-path.

RESULTS

Powder characterization
The morphology of feedstock and precursor powders is
shown in Fig. 2. Fig. 2a and b present the micrographs of
Si and Al powders, respectively. Noticeably, the Si pow-
ders show an angular flake like shape with a mean particle
size of 5 μm, and the Al powders show a regular spherical
shape with an average size of approximately 20 μm. The
micrographs of Al-50Si (wt.%) powders after high-energy
ball milling and mixing are shown in Fig. 2c and d, and
the XRD patterns of Al-50SiB and Al-50SiM powers are
presented in inset of Fig. 2c and d, respectively. It is
shown that the Al in the mixed Al-50Si powders have a
regular spherical shape with an average size of approxi-
mately 20 μm, which is same as that of initial Al powders.
The Al in the milled Al-50Si powders with the average
size of 14 μm is noticeably different from that of the
mixed Al-50Si powders. It has an irregular cracked shape
which is refined by the shear force of the Si particles and
cracked into some small Al particles in the high-energy
ball milling process. In addition, the peak of Al2O3 was
hardly seen in XRD pattern of the milled and mixed Al-

Figure 2 SEM images of the morphology of powders: silicon (a), aluminum (b), high-energy ball milled powders (c) and mixed powders (d). XRD
spectra of high-energy ball milled powders (inset of Fig. 2c) and mixed powders (inset of Fig. 2d).
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50Si powders, revealing that a few oxide films can be
striped on the high-energy ball milled powders in ethanol
and the formation of new-born oxide film decreases. The
high-energy ball milled Al-Si powders have many defects
and high surface energy, and the mixtures can easily react
with enough N2 to form AlN. Hence, the oxide films
cannot widely exist in Al surface, and the effect of ex-
tremely thin oxide films on in situ synthesis of AlN can be
ignored.

Microstructure and phase analysis
Fig. 3a and b show the SEM images of Al-AlN-50SiB and
Al-AlN-50SiM materials, respectively. The XRD patterns
of the samples are presented in Fig. 4. It is observed that
the main phases are aluminum, silicon and aluminum
nitride, and no additional intermetallic or compound can
be detected, indicating that AlN can be synthesized by
flowing nitrogen gas which reacts with Al-Si materials
aided by Si particles. The magnified image of XRD spectra
in the green box of Fig. 4 suggests that the main peaks of
Al, Si and AlN of the Al-AlN-50SiB materials move to
right compared with that of Al-AlN-50SiM materials, due

to the increased strain in crystals. Additionally, the inset
images of Fig. 3a and b show the microstructures of
materials, and the summary composition of these mate-
rials are analyzed by EDS. The results indicate that the
dark gray background is Al-rich zone while the light gray
zones are Si/AlN/Si-AlN rich zones. The AlN-rich zones
of Al-AlN-50SiB materials are surrounded by some semi-
continuous structures of Si-rich zones (inside white dot-
ted curves) in interpenetrating Al-rich zones (inside
magenta dotted curves). While the Al-AlN-50SiM mate-
rials show the isolated islands of Si-rich (inside white
dotted curves), AlN-rich (inside green dotted curves) and
the Si-rich zones are separated from each and agglom-
erated in Al matrix.

3D model and simulation results
The numerical simulations were based on this work’s
experimental results. The numerical simulations only
emphasize the mechanism of in situ synthesized AlN
during the flow-solidification process, but do not con-
sider the diffusion reaction of solid phases, i.e., the si-
mulation process from 300 to 933 K is ignored. Based on
the phase identification and microstructure analysis of
Al-AlN-50SiB and Al-AlN-50SiM materials, the Al-AlN-
50Si materials with semi-continuous structure of Si (Al-
AlN-50SiB) and isolated islands of Si (Al-AlN-50SiM) are
selected as the model materials. The magnified SEM
images of Si-rich zones (gray translucent marked-re-
gions), AlN-rich zones (yellow translucent marked-re-
gions) and Al-rich zones (transparent marked-regions) in
Al-AlN-50SiB and Al-AlN-50SiM materials are shown in
Fig. 5a and d. In the Al-AlN-50SiB material, the tiny
ceramic phases are agglomerated in some areas and

Figure 3 SEM images showing typical microstructures of Al-AlN-50SiB

material (a) and Al-AlN-50SiM material (b).

Figure 4 XRD spectra of Al-AlN-50SiB and Al-AlN-50SiM samples.

Figure 5 3D model and simulation results of materials. The magnified
SEM images of model materials, Al-AlN-50SiB material (a) and Al-AlN-
50SiM material (d). Schematic illustrations of microstructures Al-AlN-
50SiB material (b) and Al-AlN-50SiM material (c). Simulation results of
3D model of Al-AlN-50SiB material (e) and Al-AlN-50SiM material (f).
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formed ceramic-metal interpenetrating networks (Fig.
5b). However, in the Al-AlN-50SiM material, the cluster
regions of ceramic phases are separated and agglomerated
in the form of isolated structures (Fig. 5c) [28].

Further, the basis of the experimental microstructures
of Al-AlN-50SiB and Al-AlN-50SiM materials, the 3D scale
models of columnar samples (φ3.5×1.5 mm) are con-
structed. We employ the CFD with UDF simulations to
obtain the detailed synthesis of materials and a dynamic
evolution of their microstructures by means of the mul-
tiphase-flow-solidification model. The initial models in-
clude three phases: solid Si phase, liquid Al phase and
gaseous N2 phase. We define the initial N2 and molten Al
as fluid, which are distributed uniformly in the semi-
continuous structure of Si solid matrix (Al-AlN-50SiB)
and the isolated islands of Si solid matrix (Al-AlN-50SiM),
due to the fact that the initial temperature condition can
be assumed as 933 K (the melting point of Al) and then
the temperature increases from 933 to 1293 K, and then
cools down to 300 K. In this process, N2 reacts with Al to
form AlN when the temperature exceeds 933 K. To study
the formation of AlN, we focus on the reaction with
temperature from heating 933 K to cooling 933 K, due to
the fact that the final AlN are formed mainly at tem-
perature from 1293 to 933 K and few N2 as reactant re-
mained in the matrix at temperature from 933 to 300 K
[29,30]. The transient simulation results of Al-AlN-50SiB

(Fig. 5e) and Al-AlN-50SiM (Fig. 5f) at cooling stage (e.g.,
1093 K) show the light-gray, yellow and transparent re-
gions are Si-rich, AlN-rich and Al-rich phases.

DISCUSSION

Dynamic microstructural evolution of materials
Based on the 3D model of materials, the microstructural
dynamic evolution of Al-AlN-50Si materials is in-
vestigated in detail. The magnified 3D images (red box in
Fig. 5e, f) of the transient simulation results of Al-AlN-
50SiB and Al-AlN-50SiM materials are shown in Fig. 6. In
Fig. 6a and b, the 3D images of Si phases (light gray
regions), AlN phases (yellow regions), Al phases (trans-
parent regions) and flow streamlines (blue and red ar-
rows) in Al-AlN-50SiB and Al-AlN-50SiM materials are
shown, respectively. As seen in Fig. 6a, the flowing N2 and
Al can form many flow channels (streamlines) in the
matrix and the AlN is formed around the semi-con-
tinuous Si in the flow paths. Generally, the formation of
complex flow channels can be determined by density
difference and thermal convection between the liquid and
gas phases [31–34]. However, in the Al-AlN-50SiB mate-

rial, the semi-continuous structure of Si can lead to a
more anisotropic structure which strongly influences the
flow paths of N2 and Al. These anisotropic structures can
form many flowing resistances for N2 and Al, which cause
the increase of the flow paths tortuosity. To understand
the flowing behavior of N2 and Al, we define the red
streamline as large angle flow deflection of flow path. It is
observed that the large tortuosity of flow paths is likely to
occur around the semi-continuous Si phases (the red
streamlines of Fig. 6a). The deflection angles of this re-
gion are about 154.8°, 157.6° and 156.0°, respectively. It is
indicated that the large deflection angle of flow paths can
increase the flow paths tortuosity and the turbulence in-
tensity (inside the green dotted box), so that the length of
flow paths is extended by the semi-continuous Si. Thus,
the reaction-time of N2 with Al is increased and further
leads to the probability of AlN formation increased in
these regions with large deflection angles.

Unlike the Al-AlN-50SiB material with semi-continuous
Si, the Al-AlN-50SiM material has a relatively isolated Si
structure which has little effect on the flow deflection of
N2 and Al. As seen in Fig. 6b, the isolated island of Si in
Al-AlN-50SiM material has a smaller flow deflection angle
than that of Al-AlN-50SiB material, the deflection angles
are about 112.2°, 114.7° and 117.6°, respectively. Com-
pared with the semi-continuous Si of Al-AlN-50SiB ma-
terial, the isolated Si of Al-AlN-50SiM material is not easy
to create a large number of strong turbulent flows in the
matrix, and the flow paths with small deflection angle can
get around the isolated Si. Thus, AlN is isolated in Al
matrix and not easily formed around the Si.

The deflection angles distribution of flow paths in Al-
AlN-50SiB and Al-AlN-50SiM materials (Fig. 7) reveals
that the number of deflection angles of Al-AlN-50SiB

material in the >120° region is greater than that of Al-
AlN-50SiM material. The number of deflection angles for
Al-AlN-50SiB material at about 120° is much higher than

Figure 6 Three-dimensional characterizations of Al-AlN-50SiB material
(a) and Al-AlN-50SiM material (b). The deflection angles and streamlines
of the flow paths are also shown.
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that of Al-AlN-50SiM material in the zones with stronger
turbulence intensity. Moreover, the number of deflection
angles for Al-AlN-50SiM material is significantly de-
creased with increasing deflection angles in the >120°
region, due to the relatively mild turbulence. Therefore,
the flow path is strongly influenced by the deflection
angle.

The impact of structure on the in situ synthesis of AlN
According to Equation 7, the in situ synthesis of AlN is
governed by the interaction between the structure (D·c)
and the flow-path (l). To further discuss the effect of

turbulence on in situ synthesis of AlN in Al-Si materials,
the flow streamlines and the species concentration of Al-
AlN-50SiB and Al-AlN-50SiM materials can be calculated
using Equation 7. The dynamic evolution of the in situ
synthesis of AlN in the profiles of the 3D models of Al-
AlN-50SiB material at 10, 20 and 80 s and Al-AlN-50SiM

material at 10, 15 and 30 s is shown in Fig. 8 and 9,
respectively. During the reaction process, the semi-con-
tinuous structure of Si can form many flow channels with
multiple directional scales, exhibiting good flow re-
sistance in the presence of multiple directional channels.
The isolated island of Si exhibits a relatively free flow path
in their flow channels.

In the early stage of the sintering reaction of Al-AlN-
50SiB material, when the temperature exceeds 933 K, the
flowing N2 could in situ react with Al to form AlN in
some channels and then to form the flow paths. More-
over, these complex multiphase flows through the Si
matrix (color scale) can influence the formation of AlN
(magenta isolines), which can be synthesized in the flow
paths of N2 (pink area) and Al, as shown in the color map
(X=[−0.0300 mm, −0.0220 mm], Z=[0.0120 mm,
0.0200 mm]) of Fig. 8a. The fraction solid is shown in Fig.
8d (the black dash line in the color map). Combined with
Fig. 8a, the formation of AlN in the semi-continuous Si
leads to high flowing resistance to control the flow paths.
As sintering time increases, the flow paths are further
restricted by the flow channels and the semi-continuous
structures can lead to the increase of the flow path tor-
tuosity as well as the direction change of AlN flow (Fig.

Figure 7 The deflection angles distribution of flow paths in Al-AlN-
50SiB and Al-AlN-50SiM materials.

Figure 8 The dynamic evolution of the in situ synthesis of AlN in the profiles of the 3D model of Al-AlN-50SiB material at 10 s (a), 20 s (b) and 80 s
(c). The fraction solid of the black dash line in the color map of Al-AlN-50SiB material at 10 s (d), 20 s (e) and 80 s (f).
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8b). Thus, the AlN concentration is continuously in-
creased in their flow paths, while the flow areas are re-
duced (Fig. 8e), especially in the later stage of reaction
sintering when the strongly turbulence is formed via the
flow channels and the flow paths are completely restricted
by the semi-continuous Si (Fig. 8c). As a result, AlN is
synthesized around the semi-continuous Si gradually
formed at the end of the flow paths by the advancing
solidification interface (Fig. 8f).

The sintering processes of Al-AlN-50SiM material are
shown in Fig. 9a–f. The early stage of sintering is shown
in the color map (X=[−0.0296 mm, −0.0216 mm], Z=
[0.0256 mm, 0.0336 mm]) of Fig. 9a. Obviously, the iso-
lated island of Si is not easy to change the flow direction
at a large deflection angle. The flow paths are hardly
constrained by this structure, and the AlN can relatively
stable in the flow channel without large deflection of
angle. The fraction solid at the black dash line in the color
map (Fig. 9a, d) reveals that AlN is formed in the left flow
path due to the isolated Si islands which would not be
able to effectively restrain the flow path. In this process,
the flow direction of AlN remain nearly unchanged (Fig.
9b), and the flow-reaction of N2 with Al are almost un-
affected by the isolated Si. The AlN concentration in-
creases by the reaction of N2 with Al, and there is no
obvious strong turbulence observed in the flow path, as
shown in Fig. 9c and f. Finally, AlN is synthesized mainly
only by the advancing solidification interface.

Fig. 10a and b show the Si concentration and the AlN
passing position (the black dash line) in the color map

(Figs 8, 9). In Fig. 10a, the semi-continuous Si structure of
Al-AlN-50SiB material can create the flow-restrained
areas with low Si concentration, and the special Si
structure can cause a valley of Si concentration. In this
restrained area, the gas and liquid turbulence leads to the
formation of the special flow channels where the AlN is
formed by the flow-reaction of N2 and Al. The formed
AlN is restricted in the Si-rich zones, thus can pass
through the black dash line many times by turbulence as
shown in the red curve of Fig. 10a. Additionally, AlN is
mainly located in the valley of Si concentration curve and
finally is enriched around the Si network and forms an
interpenetrating structure (the light grey zone of Fig.
10a). For the Al-AlN-50SiM material with isolated islands
of Si, it is not easy to create the flow restrained areas. The
isolated islands of Si cause many free flow channels and
the flow-reaction of N2 with Al is hardly constrained by
this structure. Therefore, the free AlN passes through the
black dash line just once in this case (the red curve of Fig.
9b). In addition, the isolated structure could not form a
valley of Si concentration curve. Finally, the AlN is
formed in the flow free areas and separated by the iso-
lated Si in the matrix, as seen in the light grey zone of Fig.
10b.

The impact of flow-path on the in situ synthesis of AlN
To better understand the effect of flow path on the in situ
synthesis of AlN, the detail of the flow-path of Path I in
Fig. 8c and Path II in Fig. 9c is analysed. Fig. 11a shows
dependence of z on time from Path I (red box) of Fig. 8c.

Figure 9 The dynamic evolution of the in situ synthesis of AlN in the profiles of the 3D model of Al-AlN-50SiM material at 10 s (a), 15 s (b) and 30 s
(c). The fraction solid of the black dash line in the color map of Al-AlN-50SiM material at 10 s (d), 15 s (e) and 30 s (f).
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The curve shows a gradually weakened fluctuation inside
the red dotted line. Due to the fact that the complex semi-
continuous Si leads to strong turbulence in the flow path,
not disordered anisotropic flow, it can be restricted by Si
and cause relatively regular turbulence. The initial flow
path is restricted by the semi-continuous Si, and leads to
the formation of original turbulence (the flow path tor-
tuosity of Fig. 11b). With the advancing solidification, the
amplitude of flow path is reduced gradually by solidifi-
cation of semi-continuous Si, and a part of N2 is enriched
around the small Si connector and flow-reacted with Al
(inside the red dotted box of Fig. 11b). The AlN is in-
terconnected in the interpenetrating Si network, and the
AlN-Si composite has good connectivity of Si and AlN
phases shown as blue arrow in Fig. 11a. Therefore, the
flow path is significantly affected by the semi-continuous
Si structure and the advancing solidification, so that the
in situ synthesis of AlN is strongly influenced by micro-

structures and flow paths (black dotted box of Fig. 11b).
In addition, during the high-energy ball milling process,
some tiny Si particles are embedded into ductile Al par-
ticles and form some special compound powders with
many defects and high surface energy, and these powders
have an irregular cracked spherical structure (Fig. 11c).

Similarly, the in situ formation mechanism of AlN in
Al-AlN-50SiM material is presented in Fig. 12a–c. Fig. 12a
shows the position of z axis with the time increases from
Path II (red box) of Fig. 9c, exhibiting a nearly linear
relationship between the position and the sintering time.
Compared with the semi-continuous Si of Al-AlN-50SiB

material, the isolated Si of Al-AlN-50SiM material can
entail relatively mild turbulence in the flow path. The
flowing N2 and AlN can easily pass through Si, and the in
situ synthesis of AlN cannot be restricted by the isolated
Si (Fig. 12b). Thus, the flow paths are mainly affected by
the advancing solidification, N2 is hardly enriched around

Figure 10 The Si concentration and the AlN passing position of the black dash line in the color map (Figs 8, 9) for Al-AlN-50SiB material (a) and Al-
AlN-50SiM material (b).

Figure 11 The flow path of Path I for Al-AlN-50SiB material (a) in Fig. 8(c). The mechanism of in situ synthesized AlN (b). SEM images of high-
energy ball milled powders (c).
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the Si and flow-reacted with Al (inside the red dotted box
of Fig. 12b). Owing to the mixed powders with a relatively
stable interface with poor wettability (Fig. 12c), the AlN
and Si cannot form the continuous AlN-Si composite. In
short, the in situ synthesis of AlN is strongly influenced
by microstructures and flow paths (black dotted box of
Fig. 12b). Therefore, the AlN is separated and agglom-
erated in the form of isolated structures shown as blue
arrow in Fig. 12b.

Flow-path and structure interaction
RHS of Equation 7 can be written as the (cg,N2

/lg,N2
)+(cs,AlN/

ls,AlN). The dynamic evolution of the Path I and the Path II
of Figs 8, 9 are further analyzed in Fig. 13 by tracking
cg,N2

/lg,N2
, cs,AlN/ls,AlN and (cg,N2

/lg,N2
)+(cs,AlN/ls,AlN) along the

flow path in the simulation domain. Fig. 13a shows the
cg,N2

/lg,N2
and cs,AlN/ls,AlN curves of the path (Path I, as

marked in Fig. 8c) cross one channel, from 10 to 80 s
(sintering time). In the Al-AlN-50SiB material, the cg,N2

/
lg,N2

curve shows a rapid decrease and then tends to be
stable finally, due to the continuous N2 consumption by
flow-reaction. However, the cs,AlN/ls,AlN curve first in-
creased and then decreased. When the sintering time at

25 s, the cs,AlN/ls,AlN reached the maximum due to the AlN
enrichment in the flow path. The semi-continuous Si
structure restricts and decreases the flow path of AlN. For
the Al-AlN-50SiM material, the cg,N2

/lg,N2
curve shows quite

similar behavior to that of Al-AlN-50SiB material, but the
large different in the cs,AlN/ls,AlN curve. Because the Si is-
lands cannot be able to effectively restrain the flow path
of AlN, the relatively free flow path of AlN can cause the
cs,AlN/ls,AlN curve increasing slowly. Further, the (cg,N2

/lg,N2
)

+(cs,AlN/ls,AlN) curves of Al-AlN-50SiB and Al-AlN-50SiM

materials are shown in Fig. 14. Obviously, although they
have small difference in the trend of curves, the decreased
ratio of the (cg,N2

/lg,N2
)+(cs,AlN/ls,AlN) curve of Al-AlN-50SiB

material is greater than that of Al-AlN-50SiM material
indicating that the in situ synthesis of AlN is affected by
the (cg,N2

/lg,N2
)+(cs,AlN/ls,AlN). Consequently, the in situ

synthesis of AlN in Al-AlN-Si materials is strongly in-
fluenced by structure and flow-path. The dynamic mi-
crostructural evolution of Al-AlN-Si materials is
dependent on the initial formation of microstructures
prepared by different precursor powders. In this context,
the Al-AlN-50Si materials were selected as the model
materials, and the 3D scale models of Al-AlN-50SiB and

Figure 12 The flow path of Path II for Al-AlN-50SiM material (a) in Fig. 9(c). The mechanism of in situ synthesized AlN (b). SEM images of mixed
powders (c).

Figure 13 The cg,N2
/lg,N2

and the cs,AlN/ls,AlN curves of Al-AlN-50SiB material (a) and Al-AlN-50SiM material (b).
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Al-AlN-50SiM materials were constructed in parallel. In
the present simulation, the flow paths of Al-AlN-50SiB

material were restricted by the semi-continuous Si
structure, which lead to large flow deflection angles in the
flow paths. These regions can create the strong turbulence
with gradually weak fluctuation, thus the in situ synthesis
of AlN was interconnected and surrounded by an inter-
penetrating Si network. However, the Al-AlN-50SiM ma-
terial flow can easily pass through the isolated Si
structure, due to its small flow deflection angles. The mild
turbulence with linear relationship can affect the in situ
synthesis of AlN in the flow paths. The AlN was separated
by the isolated Si and agglomerated in the matrix.

CONCLUSION
In this work, we have designed and prepared the Al-AlN-
Si materials with semi-continuous and isolated structures,
and then the 3D scale models of Al-AlN-50SiB and Al-
AlN-50SiM materials were constructed based on the phase
identification and microstructure analysis. From our ex-
perimental and simulative study we conclude:

(1) The Al-AlN-50SiB material (prepared by high-en-
ergy ball milled powders) exhibits the characteristic semi-
continuous AlN-Si structures, while the Al-AlN-50SiM

material (prepared by mixed powders) shows the isolated
Si and AlN islands.

(2) The semi-continuous Si can lead to the large flow
deflection angles, attributed to the more anisotropic flow
channels in the matrix. The formation of AlN is not only
affected by the advancing solidification interface but also
limited by the Si structure.

(3) The semi-continuous with more anisotropic struc-

ture can create the strong turbulence with gradually
weakened fluctuation in the flow-path. However, the
isolated Si structure shows the mild turbulence with lin-
ear relationship in the flow-path that can significantly
influence the formation of interconnected AlN and iso-
lated AlN in the matrix.

(4) The decreased ratio of the (cg,N2
/lg,N2

)+(cs,AlN/ls,AlN)
curve of Al-AlN-50SiB material is greater than that of Al-
AlN-50SiM material, resulting in the formation of inter-
penetrating AlN in the Al-AlN-50SiB material. In sum-
mary, the in situ synthesis of AlN is strongly affected by
the interaction of structure and flow-path.
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微观结构和流动路径对AlN原位合成的影响: Al-AlN-Si微观组织形成的动力学演变研究
王哲1*, 王欣1, 仝毅刚1, 王亚平1,2*

摘要 本文采用粉末冶金结合原位反应方法制备了不同结构的Al-AlN-Si复合材料. 基于物相鉴别和显微分析方法, 建立了具有半连续Si
结构(由高能球磨粉末制备)和孤岛Si结构(由混合粉末制备)的Al-AlN-50Si微观模型, 使用计算流体动力学(CFD)方法对Al-AlN-50Si微观
组织形成过程进行了研究, 并分析了其动力学演变机理. 数学模型和模拟结果表明: 微观结构和流动路径((cg,N2

/lg,N2
)+(cs,AlN/ls,AlN))会强烈影

响AlN的原位合成. 对于Al-AlN-50SiB(由高能球磨粉末制备)材料, 其流动路径会被半连续Si结构限制而促进强湍流的形成, 这种逐渐减弱
的强湍流使AlN原位合成在Si骨架周围并呈现出相互贯穿的组织结构; 相比之下, 在Al-AlN-50SiM(由混合粉末制备)材料内部会形成线性
趋势的弱湍流, 其流动路径可以很容易的绕开孤岛Si, 使AlN相被隔离并富集形成在基体中. 该工作为原位反应系统中复合材料微观组织
动力学演变过程的研究提供了新的思路.
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