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a  b  s  t  r  a  c  t

The  infiltration  characteristics  of  liquid  AZ91D  alloy  into  carbon  fiber  preform  were  investigated  through
a measuring  device.  The  infiltration  processes  were  monitored  continuously  using  the  thermocouples  and
electrical  proportional  valve.  Experimental  data  were  analyzed  to  establish  the  infiltration  kinetics  model
and threshold  pressure  model,  in  which  the  uncertainties  in the  model  about  the  fractal  characters  of
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porous  media  have  been  determined.  The  theoretical  models  and experiment  data  are  compared  and  well
matched.  Results  for the infiltration  kinetics  and  threshold  pressure  were  discussed  also.  The  threshold
pressure  was  found  to  be  proportional  to  the  volume  fraction  of  fibers  in the  preform.  And the  control
methods  to improve  the  quality  of the  infiltration  were  also discussed.

Crown Copyright ©  2012 Published by Elsevier B.V. All rights reserved.

hermodynamic modeling

. Introduction

Due to the excellent mechanical and physical properties, Csf/Mg
omposites are currently attracting much more attention from
esearchers [1,2]. In recent years, a number of techniques were
eveloped which include powder metallurgy and the spray depo-
ition and so on [3,4]. Liquid metal infiltration process is one of
fficient methods for fabricating Csf/Mg  composites due to their sig-
ificant potential at low costs [5].  Previous work on the infiltration
as been conducted thoroughly on process and process modeling.
pecific process routine was developed based on the liquid metal
nfiltration to apply external pressure to overcome the pressure
ifferential due to capillary at the infiltration front [6],  such as
queeze casting [7,8], gas pressure infiltration [9],  vacuum infiltra-
ion [10,11],  and extrusion directly following vacuum infiltration
echnique (EFVI) [12,13]. A more quantitative understanding of
he infiltration behavior would enable better selection of infil-
ration materials, surface preparation, and processing parameters
o that processing practice may  be optimized [14]. For different
iquid infiltration process, much research work had also been con-
ucted on the calculation of the threshold pressure for initiation of

nfiltration [15,16],  modeling of the infiltration processes [17,18],
ow behavior of melt in the fiber preform [19,20] and multiscale

imulation of unsaturated flows [21]. However, these theoretical
esults are different for different experimental conditions and also
o not match with experimental results quantitatively. The suitable

∗ Corresponding author.
E-mail address: qilehua@nwpu.edu.cn (L.H. Qi).

925-8388/$ – see front matter. Crown Copyright ©  2012 Published by Elsevier B.V. All ri
oi:10.1016/j.jallcom.2012.02.133
process models are required to investigate the infiltration behavior
of melt magnesium into short carbon preform.

Additionally, the infiltration model is usually built by deter-
mining the relationship between the infiltration depth and the
infiltration time. Due to the difficulties presented by the high
temperature and high pressure applied during liquid infiltration
processes for metal matrix composites (MMCs) fabrication, it is
hard to investigate the flow behavior of molten alloy in the
fiber preform by conventional techniques used in hydrodynamic
research in porous media [22]. Concurrently three methods were
reported to determine the infiltration depth in the literature. The
infiltration depth can be measured with a precision gauge from the
sectioned samples taken out of the melt [23]. In this method, series
of experiments under different pressure need to be conducted in
which the position of infiltration front can be obtained to relate the
infiltration front with process parameters. The second method is
that the infiltration depth can be indicated by pre-placed thermo-
couples in the preform through their rapid thermal response to the
variation of ambient temperature, which was used to monitor the
flow behavior of liquid alloy in the preform [15]. Another method
used by Mortensen et al. [24] is that a sensor was developed to mea-
sure the position of the liquid metal in the fibrous preform during
the infiltration process. SiC filament and molten metal were used as
a variable resistor, and the liquid metal front could be calculated in
order to change in the resistance of the sensor. These methods were
suitable to investigate the flow behavior in fabricating aluminum

matrix composites. Due to the complexity of infiltrating magne-
sium into carbon fiber preform caused by the inflammable property
of liquid magnesium, gas protection device should be considered
in experiments. The flow behavior of molten magnesium into the

ghts reserved.
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Fig. 1. Illustration of the experime

reform has not been investigated through the mentioned meth-
ds. So it is necessary to develop a realistic mathematical model to
escribe the infiltration characteristics of liquid magnesium alloy

nto a chopped short carbon fibrous preform. On the other hand,
ew experimental device also need to be developed to infiltrate
agnesium into carbon preform which can monitor the evolution

f infiltration depth changing with the time.
In this paper, mainly based on the second method above-

entioned, a measuring device of vacuum assistant pressure
nfiltration was developed to investigate the infiltration charac-
eristics of liquid AZ91D alloy into carbon fiber preform, which
an monitor the dynamic infiltration process. At the same time,
nfiltration models were introduced to calculate the infiltration
elocity and threshold pressure of infiltration process. The effects
f fiber volume fraction of preform and infiltration pressure on the
nflow velocity of molten metal were examined and discussed the-
retically. The theoretical model was verified through infiltration
xperiments by use of the new developed infiltration experimental
evice.

. Experimental and materials procedures

.1. Materials
The main properties of the short carbon fiber used in this work are given in
able 1. The preform was  prepared by wetting method in three steps. Firstly, car-
on fibers were immersed into acetone to remove the organic binder and then were

able 1
roperties of short carbon fibers.

Item Value

Fiber type T300
Fiber diameter (�m) 6–8
Tensile strength (MPa) 3500
Young’s modulus (GPa) 230
Elongation (%) 1.5
Density (g/cm3) 1.76
cility and thermocouple locations.

stirred in 0.5% aqueous sodium polyacyrlate solution for dispersing the fibers. Sec-
ondly, the carbon fiber slurry was  poured into a mold to be shaped into the cylindrical
preform of 25 mm in height and 45 mm in diameter which was later dried at room
temperature for 24 h. The dried preform was baked at 120 ◦C in electronic furnace
for 2–4 h. Thirdly, the baked preform was  put into an isothermal chemical vapor
infiltration furnace to be sintered at 1600 ◦C for several hours. More experimen-
tal details can be found elsewhere [25]. The fabricated preform was homogeneous
porous medium. The fiber volume fraction of the preform was about between 10%
and  15%. Compression experiments were performed to test the deformation resis-
tance of the preform under the applied load. The preform deformed relatively small
under the pressure of about 1.2 MPa. Therefore, applied pressure was kept between
0  and 1.2 MPa  to avoid sever deformation of preform in infiltration experiments.

The  chemical compositions and physical properties of AZ91D magnesium alloy
are listed in Tables 2 and 3, respectively. The alloys were melted in stainless steel
crucible and bubbled up to reduce the oxygen content in liquid alloy with argon
flowing through for at least 60 min. Although the reaction between stainless steel
and melt magnesium alloy can be happened somewhat, our studies show that this
reaction is not serious under the experimental scale. So it is safe. Surface tension
and contact angle between carbon fiber and magnesium alloy are 600 mN m–1[26]
and 120 ◦C[27], respectively.

2.2. Experimental procedures

Visualization is frequently used to study the flow nature of fluid in porous pre-
form at macro and micro levels [15,20] which bridges the gap between physical
modeling and real flow phenomena. For this purpose, a measuring device for vacuum
assistant pressure infiltration monitored by data acquisition system was  designed.
Its  main features were schematically illustrated in Fig. 1. The experimental device
was assembled by infiltration systems, pressure control system, temperature con-
trol system, vacuum system, and temperature measurement system. The pressure
control system can keep the pressure in the crucible precisely from 0 to 1 MPa.
Temperature control system was used to melt AZ91D alloy and preheat short car-

bon fiber preform. The vacuum in the crucible was maintained at 10–15 kPa by the
2XZ-2B vacuum pump. The high-precision K-type thermocouples of 1 mm in diam-
eter  were used in the temperature measurement system to obtain the temperature
information during infiltration process. All the thermocouples were inserted into the

Table 2
Chemical compositions of AZ91D alloy.

Al Zn Mn  Si Mg

9.1 0.84 0.30 0.04 Bal.
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Fig. 2. Thermocouple locations in the preform.

reform, seven from which were in the vertical direction and four from which were
n  the radial direction. Thermocouples 4, 8, 9 and 10 were used to observe whether
he  magnesium alloy infiltrated into carbon preform in laminar way. The vertical
istance between thermocouples was 10 mm,  which can minimize flow disturbance
long the vertical direction. The locations of thermocouples were shown in Fig. 2. A
ulti-function data acquisition card PCI-1710-B and HGWR2061 temperature trans-
itters were used to segregate, amplify and filter signals of the temperature. During

he  infiltration experiments, temperature of every thermocouple was  recorded at
requency 500 per second.

The dynamic evolution of infiltration front was visualized by analyzing the tem-
erature variation of specific points in the preform during the infiltration process.
fter assembled, a vacuum of 10 kPa was attained by means of vacuum pump, fol-

owed by the introduction of argon up to a pressure of 0.1 MPa  to prevent the molten
agnesium and carbon preform being oxidized during the melting process. The

reform was  preheated to an average temperature of 600 ◦C and AZ91D magnesium
lloy was superheated to 800 ◦C for complete melting. When magnesium alloy ingot
as  completely melted, the liquid alloy was in equilibrium state in an argon atmo-

phere. Then, vacuum pump was  turned on to exhaust out the argon of the preform
hrough the graphite paper and pressure was raised up to a chosen value at the same
ime. Under the driving force from the pressure difference, the melting magnesium
lloy infiltrates into the carbon fiber preform. By recording the time of temperature
hanging monitored by the thermocouples placed in the preform, evolution of infil-
ration front could be determined according to Fig. 3. From the experimental results,
t  can be seen that the temperature gradient of preform in radial direction was  in
he  range of 20 ◦C. The effects of radial temperature on the infiltration front were
ery  small. Infiltration was  with a relatively plane front and with small perturba-
ion  from cooling along the side walls. So the relationship between the infiltration
eight and infiltration time can be obtained based on the thermocouples from 1 to
.  In Experiments, three different gas pressures were used to infiltrate liquid mag-
esium into preform, namely 0.4, 0.5 and 0.6 MPa, through which effect of pressure
n  the infiltration behavior can be investigated.

To measure directly the threshold pressure of AZ91D magnesium alloy infiltrat-

ng into carbon preform, an electrical proportional valve was  used to control the
nfiltration pressure linearly from 0 kPa to the setting value. A thermocouple was
nserted into the bottom of perform to monitor the time for the infiltration initi-
ting. Threshold pressure can be calculated from the product of determined time
nd  the rate of pressure growth. Fig. 4 shows the recorded pressure–temperature

Fig. 3. Temperature variations during the experiment at gas pressure of
Fig. 4. The pressure–temperature relationship of liquid AZ91D magnesium alloy
into 12% carbon perform.

relationship of AZ91D magnesium alloy into 12% carbon preform. In particular, infil-
tration experiments were performed at preheat temperature 600 ◦C for preform and
the gas pressure was  controlled to linearly increase from 0 kPa to 200 kPa in 2 s. It can
be seen that when the gas pressure was  less than the threshold pressure, liquid mag-
nesium alloy could not infiltrate into the carbon perform. Until the gas pressure was
increased to the threshold pressure, the temperature monitored by thermocouple
increased suddenly and infiltration began. Although the infiltration process is so fast
due to the very high permeability of the carbon preform, the proposed method is still
capable of measuring threshold infiltration pressure accurately. In Fig. 4, the thresh-
old infiltration pressure corresponding to the time of a first temperature changing
can  be found as 54 kPa.

3. Results and discussion

3.1. Infiltration kinetics and permeability

3.1.1. Darcy’s law and permeability
Fig. 5 shows the experimental results for the square of the infil-

trated height z2 to infiltration time t at a different constant applied
pressure p. The linear relationship between the square of infiltra-
tion height and the infiltration time at different infiltration pressure
can be obtained which can be satisfactorily described by Darcy’s law
as shown in Eq. (1) [28].

z2 = 2t

A
·  �p  = 2t

A
(pa − pth) (1)
where t is the infiltration time, pa is the applied pressure, pth is the
threshold pressure for the initiation of infiltration, A can be consid-
ered as an intrinsic parameter of the infiltration process comprising

 0.5 MPa: (a) thermocouple 1–7 and (b) thermocouple 4 and 8–10.
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ig. 5. Square of the infiltrated height z2 vs the infiltration time for different applied
ressures. The fitted straight lines are: z2 = 8166t for 0.6 MPa, z2 = 6772t for 0.5 MPa,
2 = 4933t for 0.4 MPa.

roperties from the liquid metal and porous fiber preform, which
s given by

 = �(1 − vf)
K

(2)

It should be noted that the value of A depends on the viscosity of
he liquid alloy, �, the volume fraction of the fiber preform, vf, and
he permeability K. K is termed the “permeability” of the porous

edium, and is a function of the medium’s geometry such as the
onnectivity and dimensions of the pores.

.1.2. Threshold pressure model
A minimum pressure is required for initiating infiltration when

he metal does not wet the preform [29]. Studies on infiltration of
article preform have shown that the threshold pressure can be
ccurately predicted by use of the capillary law [30]. However, for
nfiltration of preform made from short fibers, systematic studies
ave not been reported yet. In addition, the gas anti-pressure was
ot considered in the analysis of the threshold pressure before.

The threshold pressure [17,23] pth for infiltration of short fiber
reform can be obtained as

th = −2�lg cos �

req
= − 6��lg cos �vf

df(1 − vf)
(3)

here �lg is the liquid–vapor surface tension and � is a geometri-
al factor introduced to describe deviations from fiber shape and
urface roughness. re is the equivalent radius and defined as

eq = n

2vf
df = 1 − vf

2vf
df (4)
For the Csf/AZ91D composite, the contact angle and the surface
ensions were 120◦ and 600 mN  m−1, respectively. Based on the
xperimental threshold pressure 54 kPa for the preform of the vol-
me  fraction of 12%, � can be determined as � = 3. The threshold

able 3
hysical properties of AZ91D.

Item Value

Kinematic viscosity (Pa s) 0.003 (at 963 K)
Specific heat (J/kg·K) 1014(at 20 ◦C)
Thermal conductivity (W/m K) 72 (at 20 ◦C)
Density (g/cm3) 1.81
Solidus (◦C) 470
Liquidus (◦C) 595
Fig. 6. The relationship between gas resistance and the percentage of infiltration
completion during infiltration.

pressure for the Csf/AZ91D composite by the vacuum infiltration
can be expressed as Eq. (5) without a consideration of anti-pressure
after introducing � into Eq. (3).

pth = −2�lg cos �

req
= −18�lg cos �vf

df(1 − vf)
(0 ≤ z ≤ L) (5)

It is noted that the above procedures are based on the ideal
vacuum state of the process. However, it is difficult to achieve an
ideal vacuum in experiments. The anti-pressure of gas plays an
essential role in the infiltration process and especially during the
determination of the threshold pressure. The anti-pressure of gas
increases dramatically with the increase of the infiltration depth.
It is also affected by ambient temperature. Increase or decrease of
the temperature will cause related increase or decrease of the anti-
pressure. When the infiltration height arises from z0(t = 0) to z, the
volume ratio of gas remaining in the preform is V0/V1 = L/(L − z). By
the state equation of the ideal gas PV = nRT, the gas anti-pressure
can be defined as

pg(z) = p0TZL

T0[L − z]
(0 ≤ z ≤ L) (6)

where p0 is the gas pressure at initial time, T0 is the temperature at
initial time, Tz is the gas temperature as the infiltration height is z,
and L is the total length of preform.

As seen in Fig. 6, if the residual gas in the preform is not dis-
charged, the anti-pressure generated by gas compression increases
rapidly with the infiltration processing. High pressures are needed
for the infiltration to occur. It is suggested that gas volumes in pre-
form have a significant effect on the determination of infiltration
parameters.

According to the above analysis, the threshold pressure for the
infiltration of AZ91D magnesium alloy into the short carbon fiber
preform can be determined through Eq. (7) considering the anti-
pressure.

pth = −18�lg cos �vf

df(1 − vf)
+ p0Tz

T0
(7)

3.1.3. Validation and discussion of the threshold pressure model
Experimental measurement of the threshold pressure was car-
ried out to verify the results from Eq. (5) first by use of the preform
with volume fraction in the range 10–15%. The facility set-up for the
experiment is schematically shown in Fig. 1. The experimental pro-
cess has been described in Section 2.2. For this purpose, preforms
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Fig. 7. SEM micrographs of the Csf/AZ91D composites prepared un

ith a height of 25 mm and a diameter of 45 mm were prepared by
 wet forming process. The experimental result of threshold pres-
ure is 54 kPa when the volume fraction is 12%, while the predictive
alue is 52.6 kPa calculated by Eq. (5).  As shown in Table 4, the maxi-
um  deviation between the measuring threshold pressure and that

f model prediction is about 4.6%. The main reason of a lot of dif-
erence in experimental result and calculated value is the anti-gas
ressure of residual gas in preform. In experimental process, the gas

s not easy to be exhausted, resulting in the larger anti-gas pressure.
o, the experimental results are greater than the calculated values.
owever, it still can be concluded that the models are capable of
redicting the actual infiltration results.

.2. Effects of infiltration pressure

The melt alloy tends to flow into the largest pores of the preform
rstly while the narrowest pores, which require higher pressures
o be infiltrated, can only be filled under enough pressure [31].
herefore pores with different shape and size may  be left after the
nfiltration which cause infiltration defects. For example, at lower
ressures, the composite would have a large number of micropores
ith a size of about 50–100 �m.  Fortunately, increasing infiltration

ressure can reduce the size and number of pores so that the quality
f composite materials was improved, as shown in Fig. 7.

Preform is infiltrated over a specific range of pressures, and there
lways exists a region of unsaturated metal flow during infiltration,

able 4
hreshold pressure for infiltration of AZ91D alloy into short carbon perform with
ifferent volume fraction.

Carbon fiber (vol.%) Exp. pth (kPa) Cacul. pth (kPa) Error (%)

10 45 42.9 4.6
12  54 52.6 2.6
15 71 68.1 4
fferent infiltration pressures: (a) 0.4 MPa, (b) 0.5 MPa, (c) 0.6 MPa.

in which the liquid metal only fills a partial preform. On the other
hand, according to Darcy’s law, the increasing infiltration pressure
can increase the depth of infiltration and the speed of molten metal,
which helps to reduce heat loss during the infiltration process. So
an optimized infiltration pressure must exist to ensure the liquid
metal to infiltrate into the preform while maintaining the stability
of the fiber preform in experiment. The experiments results showed
that composite has no obvious pore defects when the infiltration
pressure reaches 0.6 MPa. So the suitable infiltration pressure can
be set 0.6 MPa.

4. Conclusions

1.  Isothermal unidirectional infiltration experiments have been
carried out with pressurized gas, in which quantitative measure-
ments of infiltration kinetics and threshold infiltration pressure
can be realized.

2. Theoretical models have been empirically quantified by the
experimental results of short carbon fiber preform infiltrated
by melting AZ91D magnesium alloy with different infiltration
pressures.

3. The infiltration pressure is slightly underestimated by the model
presented here. This is attributed to air-entrapment in the pre-
form during infiltration.
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