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Abstract—In the pressure infiltration process of metal-matrix composites, molten metal is injected
under external pressure into a porous preform of the reinforcing phase and solidified, either during
infiltration or after the mold is filled. To simplify the problem, the assumption of isothermally
saturated fibrous preform with molten metal is adopted. The flow of molten metal is a moving
boundary phenomenon which is similar to a fluid flowing through a porous medium. A numerical
technique, body-fitted finite element method (FEM), is used to generate grids inside the physical
domain and to calculate the distribution of pressure and other relative properties. Results show that
the injection flow rate exponentially decreases with the infiltration time. Increasing injection pressure
can effectively reduce the infiltration time. A simple and practical prediction of infiltration time under
the various parameters is also provided in this study.

Keywords: Metal matrix composite; infiltration process; body-fitted finite element method.

NOMENCLATURE

f fiber volume fraction

K permeability (m?)

P pressure (Pa)

Py injection pressure (Pa)

Re Reynolds number

e the radius of the flow front (m)

i the radius of the inlet gate (m)
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u,v velocity components in x, y direction (m/s)

Ve contacting velocity (m/s)

Uy radial fluid velocity (m/s)

w mold width (m)

X,y coordinate components in the physical domain (m)
Greek

En coordinate components in the computational domain
D shape function

QW control functions in the body-fitted method

0 molten metal density (kg/m?)

7 molten metal viscosity (kg/(ms))

T time increment (s)

1. INTRODUCTION

The advantages of fiber-reinforced metal-matrix composites (MMCs), such as
their high specific stiffness, wear resistance and high temperature performance,
have been known for many years; but the high cost of manufacturing near-net
shape MMCs and fabrication difficulties have been major reasons for limiting their
commercial application.

The fabrication techniques for MMCs depend very much upon the choice of fiber
and matrix [1]. In recent years, several low-cost manufacturing techniques for
MMCs have been developed based on casting technologies, such as squeeze/die
casting, compo-casting and continuous casting. Among these fabrication methods,
the pressure-casting technique appears to be effective in that it offers an improve-
ment in wettability and the elimination of porosity due to solidification under pres-
sure. Therefore, the pressure-casting technique seems to be most suitable to obtain
economic parts of near-net shape MMCs. However, the phenomena governing infil-
tration are complex. A number of physical, mechanical, and chemical phenomena
interact, including flow of liquid metal in a porous medium, heat and mass transfer
related to metal solidification and chemical interfacial reactions between the rein-
forcement and matrix. These phenomena have been addressed over the past twenty
years and several are now rather well identified [2—9]. Analytical and numerical
solutions have been given and compared to experimental data, for unidirectional in-
filtration under constant applied pressure, including non-isothermal infiltration by
a pure metal or by a binary alloy [6, 10]; for non-isothermal infiltration by a pure
metal, taking into account the influence of preform deformability [11, 12]; and for
isothermal infiltration, taking into account the influence of capillary phenomena [7].
For all these cases, the boundary condition of constant applied pressure and the uni-
directional configuration allowed the use of a single combined variable to describe
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time and position, thus yielding an analytical solution of the coupled phenomena.
By using the one-dimensional solution, Aboulfatah et al. [13] proposed an experi-
mental procedure to measure the mobility of the molten metal through the fibrous
preform as a function of the volume fraction of solidified metal. Xia et al. [14] also
proposed an approximate analytical solution for unidirectional saturated flow under
a linearly increasing pressure function.

More general cases have been treated as well. In these, analytical solutions can no
longer be derived, and numerical tools such as finite-element and finite-difference
methods are applied. Lacoste et al. [15] presented a model for the infiltration of
aluminum into a preform. A one-dimensional model was compared with existing
analytical solutions and solved as well. The solutions, however, show that two-
dimensional patterns would be restricted to the vicinity of the solidification front
for the operating conditions analyzed. Tong and Khan [16] developed a numerical
finite-difference model: the mold walls are insulated; only heat exchange between
fibers and metal are taken into account. Recently, Biswas et al. [17] proposed a
phenomenology model to describe fluid flow and transport phenomena for the case
of unidirectional infiltration. From a finite elements model initially developed in
hydrogeology, Dopler et al. [18] carried out a numerical simulation of the metal
infiltration of a rigid fibrous preform with isothermal and low constant pressure.
They could thereby follow the evolution of saturation according to the impregnation
depth of the preform.

The aim of this study is to carry out an investigation for liquid metal flowing
through fibrous preform in MMC processing to understand the flow phenomena
under various conditions. The flow behavior of the infiltration process is considered
two-dimensional in the present study. A numerical technique, based on the body-
fitted FEM, is developed to solve the transient and irregular physical domains.
Predictions of the changes in physical properties and the flow front of the molten
metal are attempted. Furthermore, the limitation of the time increment for the quasi-
steady-sate process is also discussed. Through this study more detailed knowledge
of flow behavior in MMC process will be expected.

2. NUMERICAL MODEL

The schematic diagram of the apparatus used in the pressure-casting process for
MMC s fabrication is shown in Fig. 1. The model assumes a two-dimensional
description of MMCs fabrication during the infiltration process, since the dimension
of the mold thickness is much smaller than the dimensions in the planar direction.
The size of the mold cavity is 0.25 m x 0.15 m x 0.005 m. A domain is symmetric
for the x- and y-axes, so only one-quarter of the mold cavity needs to be considered
in the numerical simulation, as shown in Fig. 2. The fibrous preform inside the
mold cavity is assumed to be a porous medium. The infiltration process in MMCs
can be regarded as a series of quasi-steady-state processes of molten metal flowing
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Figure 1. The schematic diagram of the apparatus in the die-casting process.
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Figure 2. Boundary conditions.

through a porous medium. For simplification, several assumptions are made as
follows.

(1) The fibrous preform is isotropic.

(2) The initial temperature of fibrous preform is equal that of molten metal so there
is no heat-exchange between molten metal and fiber.

(3) The viscous dissipation is negligible.
(4) The inertial force is negligible compared to the viscous force because Re < 1.

Under the above assumptions, the momentum equation based on Darcy’s law can
be written in a two-dimensional form

K. dP

U=—— (1)
(I = fm dx

v= K, 9P (1b)

(= fpay’
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where K is the permeability of the fibrous preform, u is the viscosity of molten
metal and f is the fiber volume fraction. The conservation of mass is

8u+8v_0 2)
ax Ay

The governing equation can then be deduced by combination of equations (1) and

(2) as
d ( K, 8P) 0 ( K, 8P)
—N-———— )+t ——-—————) =0 3)
dx\ (I—flndx ay\ (I —f)uay

Since the fibrous preform is isotropic, i.e. K, is equal to K, equation (3) is further
reduced to
3PP 9P
— 4+ —=0. 4
0x? + dy? @

The corresponding boundary conditions applicable to equation (4), as shown in
Fig. 2, are

P = P, (time) at the inlet gate, (5a)

P . .

Fr 0 along the x, y-axis and side-wall, (5b)
n

P=0 along the flow front. (5¢)

Equation (5a) represents the inlet condition at the entrance. The injection pressure is
a function of infiltration time. Equation (5b) interprets a symmetric condition along
the x- and y-axes or no fluid flowing through the side wall. The gauge pressure is
adopted so the pressure of the flow front is null in equation (5c¢).

3. NUMERICAL PROCEDURE

One of the difficulties of simulating the infiltration process is the numerical
treatment of the moving, irregular front surface of the molten metal. The body-fitted
FEM [19], the combination of body-fitted grid generation with the FEM, provides
numerous advantages, such as uniformly spaced grids, easy application of surface
boundary conditions and modular technique, etc. It is well suited to solve the free
moving boundary problem.

3.1. Galerkin’s method

In the present FEM model, the method of weight residual adopts the Galerkin
method. Galerkin’s residual equation for governing equation (4) can be derived
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Figure 3. A 2D, 6-nodal quadratic isoparametrical triangular element.

from

(e) P
f f — |®;dxdy =0, j=12,...,6, (6)
3x2

where @ ; is the shape function or trial function [20]. The element type applied in
the present simulation is a 2D, 6-nodal quadratic isoparametrical triangular element,
shown in Fig. 3. The corresponding shape functions are

Q1(¢5,m==0=-E+n)A-2E+n),
D2(8,m) =825 - 1),
P3(5,m) =n2n - 1),
D45, ) =451 = (§ +n)),
Os(&, 1) = 4,
Ps(5, 1) =4n(l — (£ +n),
where & and 7 are the local coordinates for each element. Integrating equation (6)

by parts once and applying boundary conditions into the equation, the pressure
distribution can be calculated numerically.

(N

3.2. Nodal coordinates

The nodal coordinates of the present FEM scheme are generated by the body-fitted
method [21]. A set of elliptic partial differential equations is used as follows.

E + £y =QE NE +E), (8a)

Nex + Ny = W(E M7 + 1), (8b)
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where 2 and W are the control functions. Interchanging the dependent vari-
ables (&, n) with the independent variables (x, y) in the above equations yields

a(xge + Qx¢) — 2bxgy + c(xyy + Yx,) =0, (9a)

a(yes + Qyg) — 2bygy + c(yyy + Wyy) =0, (9b)

where @ = x] 4+ yi, b = xexy + yeyp and ¢ = x; + yZ: & and 7 are
taken as coordinates in the computational domain. Based on the assumptions that
the curvature along the geometric boundaries is locally zero and the grid lines
are orthogonal to each other in the vicinity of geometric boundaries, the control
functions are determined by

Q = —(xgexs + Yeeye)/(5F + ¥, (10a)

W = — (X Xy + Y yn)/(x] + ¥7), (10b)

along the geometric boundaries. For the interior points, the control function is
interpolated from that on the geometric boundaries. The form of equations (9) in
finite difference method (FDM) is

a(Riy1,j — 2R, j + Ri—1j + Q(Rit1,; — Ri—1,;)/2)
—2b(Riy1j+1 — Ri—1jy1 + Ry j-1 + Ri—1j-1) /4
+c(Rij41 —2R;j + Ri—1j + Y(R; j41 — R j—1)/2) =0, (11)

where R can be x or y. The moving mesh techniques are adopted in the present
paper. The techniques can achieve a better accuracy of the free surface. Thus,
the nodal coordinates are updated for each time step. For the purpose of saving
computational space and time, the number of elements is proportional to the
volume of filled liquid. Certainly, a transformation of numbering of nodes between
the body-fitted FDM and FEM is necessary in the pre-process of the FEM.
Figure 4 illustrate the transformation mapping. Thus the body-fitted FEM is an
auto-meshed scheme. The details of the numerical procedure are described by the
flow chart as shown in Fig. 5.

4. RESULTS AND DISCUSSION

In the present study, Wood alloy (50% Bi, 25% Pb, 12.5% Cd, and 12.5% Sn) is
used for the numerical test. The solidification temperature of Wood alloy is 70°C
and, because it is close to a eutectic composition with an invariant solidification
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Figure 4. A transformation of numbering of nodes between FDM and FEM. (a) The numbering of
grid points in FDM. (b) The nodal numbering of a 6-nodal quadratic triangular element.

temperature, it is similar to pure metal. The fibrous preform composition is 42%
alumina and 58% silica and its fiber volume fraction is 0.1. The ratio of K/u is
9.72 x 1071 m3 s/kg at 90°C [13].

Figure 6 shows the flow front of the molten metal at various times during the
infiltration process. Since the fibrous preform is isotropic, the fluid expands radially
in the early time of the infiltration process. During this period, the governing
equation (4) can be written in polar coordinates as

9°P L 1aP
ar: ror

The boundary conditions are P(r;) = Pi,j and P (r) = 0, where r; is the radius of
the gate and ry is the radius of the flow front. The pressure distribution in the flow

0. (12)
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Figure 5. Flow chart of the numerical simulation.

region is
P(r) = Py x (Inr —Inrp)/(Inr; — Inry). (13)

Substituting equation (13) into Darcy’s law, the radial fluid velocity (v;) is written as

(14)

Ur

. dl"f . K dpP o K 1 Pinj
Sdt - (A= fHu\dr ) A= Hurdnrg—Inr)’

For the case of linearly increasing injection pressure, i.e. P, = Py + Pit, we can
integrate equation (14) from the radius of inlet gate r = r; and time t = 0, to r
and ¢, and the analytical relationship between flow front and time is

_ 2 2 2
Pot + Pt = (%) x {%(?) ln<§) n %(1 — (?) )} (15)

The analytical flow front is also denoted by a dashed line as shown in Fig. 6.
Apparently the analytical solution and the flow front obtained by the numerical
prediction are almost identical. After the flow front contacts the side wall, the



Downloaded by [Siauliu University Library] at 06:59 17 February 2013

296 C.-Y. Chang

P,,=(1+0.1*time) MPa — Numerical
Ku=9.72x10"m*s/kg = e Analytical
7s
| I | | | |
5.0 7.5 10.0 12,5

X (x10% m)

Figure 6. Motion of flow fronts of molten metal inside fibrous preform.
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Figure 7. The velocity distribution at the infiltration time of 8.24 s.
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fluid is gradually transformed from a radial flow to a uniform flow since the flow is
restricted by the side walls. The tendency of flow transformation is also observed
in the velocity distribution as illustrated in Fig.7. Figure 7 shows the velocity
distribution of the molten metal in the infiltration process of the MMCs at the time
of 8.24 s. Due to the viscous resistance, the fluid velocity decreases gradually from
the inlet gate to the flow front. Calculation of the Re values during the infiltration
process shows that they are about 1072, Since Re is much less than 1, the viscous
force is significant and Darcy’s law is applicable.

Figure 8 shows the exponential decrease of inlet flow rate during the infiltration
process. In the early time of the infiltration process, the decrease of the inlet flow
rate is sharp because the friction between the fluid and fibrous preform increases
rapidly. After that, the slow decrease of the inlet flow rate is due to the fact that
the driving force and viscous friction equilibrate gradually. Evidently a significant
reduction in infiltration time can be achieved by using the high injection pressure.
This is because the high injection pressure increases the inlet velocity.

The transient infiltration process is approximated by a series of quasi-steady-
state processes in this study. A proper time increment can ensure a reasonable
approximation. Through the numerical results, a suitable time constant related to

45
) Data 1. P, =1 MPa
( Data 2. P, =(1+0.1*time) MPa
------ Analytical
35

+++ 1=0.01s

Radial flow
—~

Flow Rate (x10° m®)
&
I

-
Radial flow

/

5 | L L L l L L L L l L | L | I Il L Il L l L L | L l L Il L Il
0 3 6 9 12 15 18

Time (sec)

Figure 8. The variation of inlet flow rate during the infiltration process.
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Table 1.
The relationship between infiltration time and injection pressure

A linearly increasing Infiltration time (s)

injection pressure (MPa)
Wood alloy at 90°C K /u = Aluminum at 700°C K/ =
9.72 x 10710 m3 s/kg 5.48 x 10719 m3 s/kg

0.5+ 0.025 * time 16.48 22.36

1.0+ 0.1 x time 8.24 11.18

1.5 + 0.225 * time 5.49 7.45

2.0+ 0.4 x time 4.12 5.59

2.5 4 0.625 x time 3.30 4.47

processing parameters for the infiltration process is proposed

VK _ (L= HrW/2) In(W/2)/ri)

16
Ve Pinj x K05 ( )

where v, is the velocity of flow front at the contacting time when the molten metal
contacts the side wall. W is the width of the mold cavity. The term on the right-hand
side of equation (16) is obtained by W /2 substituting for r¢ in equation (14). Since
K %3 can be regarded as the characteristic length of the pore in the porous medium,
the physical meaning of the time constant is the time required to advance one pore
length for the fluid particle of flow front at the contacting time. If the time increment
is chosen to be larger than the time constant, an excessive drop of inlet flow rate will
occur about the contacting time, as shown in Fig. 8. This result agrees with that in
a previously published paper [19].

The relationship between infiltration time and injection pressure is shown in
Table 1. From the data a simple and practical prediction of infiltration time under
the various parameters is found as follows.

[
———— ) dr = constant. (17)
o \u(l—=f)

The physical meaning of the above equation can be considered as the volume
of injection fluid being equal to that of the mold cavity. This is because the
injection flow rate is directly proportional to K x Py;/(u x (1 — f)) as Darcy’s
law described. By the analysis, the predicted infiltration time is about 12.94 s for
the case in which pure molten aluminum at 700°C (1 = 1.15 x 1073 kg/ms) and
fiber volume fraction of preform equal to 0.24 (K = 6.3 x 10~!3 m?) are adopted
under applied pressure of 1 MPa.
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5. CONCLUSIONS

The aim of this study is to investigate by numerical simulation the behavior of
molten metal flowing through a fibrous preform during MMC processing. To
simplify the problem, the assumption of isothermally saturated fibrous preform
with molten metal is adopted. The body-fitted FEM, the combination of body-fitted
grid generation with the FEM, is used to solve the transient and irregular physical
domains. For the case of a rectangular mold with center gate, the flow behavior of
the molten metal is found to be radial in the early time of the infiltration process.
After the flow front contacts the side wall, the fluid is gradually transformed
to uniform flow. The inlet flow rate shows an exponential decrease during the
infiltration process. A proper time increment can ensure a reasonable approximation
when the infiltration process in MMCs is modeled as a series of quasi-steady-state
processes. This study also provides a simple and practical prediction of infiltration
time under the various parameters.
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