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The reactive wetting behavior in molten aluminum and AI alloy was investigated by the sessile drop method for threealumina-silicon carbide composites, namely TC, TQ, and MC. The initial contact angle for all the three refractory substrat~swas obtuse in spite of a gradual decrease with time in the first hour of the experiment. TC showed a higher contact angle thanTQ and MC. The difference in wetting properties among these refractories is attributed to their compositional and microstructural variations. The effects of magnesium in the molten AI alloy on the wetting kinetics and the reaction with therefractory substrates are also discussed.

Introduction

There is a greatly increased interest in reducing the
corrosion of refractory materials in the metallurgical
processing industries. The refractory erosion and corro
sion products can be sources of nonmetallic inclusions
and contamination of aluminum, which leads to energy
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and production losses. One of the approaches adopted
to minimize the corrosion is to reduce the metal-ce
ramic contact surface by reducing the wettability be
tween the ceramic and liquid metal. Many studies were
performed to investigate the molten aluminum (AI)
penetration in various ceramic materials. 1 The majori
ty of these studies addressed the penetration of Si02
substrates by molten AI.2

-
7 Specific reports of exposure

of SiC base plates to molten AI were found. 8 Various
crystal configurations ofSiC were tested on wetting with
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molten AI in order to study the crystal plane directional
effects on the contact angle.9 Additionally, research re
garding the wetting properties of molten AI on poly
crystalline Ti02 substrates10 and the wettability of
TiC by molten AI has been reported. 11 Wetting SiC
by molten aluminum alloys was also studied in the field
of silicon carbide-reinforced aluminum matrix compos
ites. 12

,13 Most of the past effort on this topic was to
improve the wetting of SiC by aluminum on modifying
the aluminum with surface active alloying elements and/
or the SiC by surface coating. 14

For the interaction of Si02 substrates with molten
AI, a linear dependence of the reaction-layer thickness
and composition with time was found. 2

,6 In addition,
the wetting behavior was dependent on the formation of
a reaction zone by redox reactions and consisted of three
different regions with varying chemistries, dependent on
the interdiffusion of Si2 +, AI+, AI2 +, and Al3 +.3 Dur
ing a reaction, it was found that Si is released into the
liquid metal and diffuses toward the Al source.5 This
reaction was found to occur in up to five separate steps.7

On the other hand, the penetration of silica refrac
tories by molten AI at 700-IOOO°C was studied by
Brondyke using both traditional cup testing and im
mersion testing.4 Ail tested commercial alumina-silica
refractories, used for aluminum melting applications,
were found to be wetted and subsequently penetrated on
exposure to molten Al. The results indicated that the
problems associated with alumina-silica refractories re
sulted from the penetration of molten AI, side-wall
build-up, and formation of corundum and metallic
silicon due to the metal reaction of AI with the Si and
Si-bearing constituents. Subsequently, there was an
increase in the volume of the penetrated product, which
would lead to generation of tensile stress due to alumi
num oxide build-up caused by oxidized aluminum and
its alloy components around the metal line. The pres
ence of tensile stress would ultimately cause cracking in
the refractories. In addition, dissolution of Si occurred
in the molten AI, with the penetration rate controlled by
diffusion of AI and Si through the aluminum oxide.

Regarding the wetting of AI20 3 by Al alloys, it has
been found that the contact angles between the AI20 3
substrate and molten pure AI decrease with time and
reach 82° after 4500 s at I300°C. 15 In addition, adding
La and Y in the molten AI can reduce the contact angle
to 57° and 69°. It was also found that Cu (up to 33%)
and Ni (up to 60/0) in molten AI have no effect on the

. h .. fAI 0 16wettIng c aracterIStlcs 0 2 3'

In this work, the wettability and corrosion ofdiffer
ent compositions of SiC-AI20 3-AI-Si composite re
fractory materials by liquid AI/AI-Mg systems were
investigated. Wetting was studied by the sessile drop
method, while corrosion was studied through the char
acterization of the solid-liquid interfaces using spectro
scopic methods. From results of this testing, the wetting
and corrosion mechanisms are examined.

Experimental Procedure

Materials

Three composite refractory materials studied,
which were supplied by Fireline TCON Inc., (Youngs
town, OH) contained a continuous microscopic net
work of interpenetrating microscopic-scale ceramic and
metallic phases. The presence of metallic phases pro-'
vides a significant improvement in toughness and dam
age tolerance, while the ceramic phases would lead to
high hardness and improved performance at elevated
temperatures. The compositions of these materials are
listed in Table 1. The microstructures of these three
composite refractories are shown in Fig. 1.

The TCON materials evaluated in the present
study are produced utilizing the displacement reactions
in the· following equation:

3Si02 + 4AI ~ 2Al20 3 + 3Si (base reaction)
3Si02 + (phases) + 4AI ~

2Al20 3 + (phases) + 3Si*
(*Si retained in the final product is < 50/0)

(1)

Owing to volumetric contractions caused by loss of
silica and formation of alumina, void spaces created as
the reactions proceed (starting from the outside surfac
es) would be completely filled with Al metal. The silicon
by-product subsequently dissolves into molten AI, with
the resulting composite containing 70 wt°A> (63 vol%)

Table I. Refractory Substrate Compositions

Composition (wt. 0/0) MC TC TQ

Silicon Carbide 54 50 /
Aluminum Oxide 38 35 70
Aluminum/Silicon 8 15 30
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Fig. 1. Microstructure ofrefractory materials (a) MC, (b) TC, and (c) TQ

Al20 3 and 30 wt% (37 voloA» aluminum-silicon alloy.
The process of transforming a silica pre-form into a
TCON component is efficient, in that there are mini
mal dimensional changes; the part's shape and size are
essentially unchanged as the silica is converted to the
alumina-aluminum alloy composite. In addition, sili
con carbide particles can be added to the composites to
increase the toughness, strength, wear resistance, and
thermal shock resistance.

Refractory plates (12 mm x 12 mm x 3 mm) were
used as substrates in subsequent wetting studied. Alu
minum pigs (99.990/0 pure) and aluminum alloy 5083,
with the composition given in Table II, were machined
down to cubes (5 mm x 5 mm x 3 mm) for melting
during static testing or wire segments of 3 mm diame
ter that were melted to produce sessile drops during
dynamic testing. Experiments were carried out in puri
fied Ar-40/0 H 2 at 900°C and changes in contact angle
between molten Al and refractory substrates were mon
itored with time using a high-speed CCD camera.

Wetting Tests

Static and dynamic sessile drop methods were used
for studying the wettability. According to the static
method, which is the most conventional method, a sol
id cube of Al/Al alloy is placed on the refractory sub
strate before heating. A modified dynamic method was
also used in which a molten Al/Al alloy was dropped on
the refractory substrate by a heated delivery device. This

modified method was developed to study the dynamic
wetting behavior of the refractory/metal system as this
approach has been suggested to be closer to the appli
cation conditions.? The apparatus used for both meth
ods of sessile drop experiments is schematically
illustrated in Fig. 2. It consisted of a 33 kW horizontal
circular infrared furnace, using an evacuating system
with a rotary pump and a refilling gas system supplying
purified Ar-40/0H2 • The quartz furnace chamber was
enclosed on one end by a copper lid and slide device,
which was used to move the experimental assembly in
side the chamber. A small-diameter quartz tube was also
passed through the copper lid and extended to a loca
tion directly above the sample substrate where the tube
was bent 90° and its diameter was reduced. This tube
was used to contain the Al/Al alloy wire segment during
heating and melting, which produced the molten metal
drop for the dynamic test. Both sealed end caps of the
furnace assembly contained quartz windows, allowing a
color CCD camera to monitor the experiments contin
uously. The resolution of the camera was 640 x 480.
Three Type-S thermocouples (with ceramic sheath)
were inserted into the horizontal quartz test chamber
through the copper end plate to monitor the refractory
substrate temperature, molten metal drop temperature,
and the reaction temperatures, respectively.

Before the experiment, the refractory substrate and
the Al/Al alloy cube or wire segment were ultrasonically
cleaned in acetone. The substrate was then carefully slid
into the center of the horizontal chamber. For the static

Table II. Chemical Composition of Aluminum Alloy 5083
Component AI Cr Cn Fe Mg Mn Si Ti Zn
Wt. % 92.4-95.6 0.05-0.25 Max 0.1 Max 0.4 4-4.9 0.4-1 Max 0.4 Max 0.15 Max 0.25



www.ceramics.org/ACT Wetting and Reaction Characteristics ofAl2 0 31SiC Composite Refractories 517

__II-~

YMuumfGI. tRIM

'_Hold.Slid

....~fIIt:==:=======:=!!==3it

Fig. 2. The sessile drop unitJ schematic sketch.

sessile drop method, a cube ofAllAl alloy was placed ontop of the refractory substrate. The sealed chamber wasevacuated to a vacuum of 1 x 10-6 Pa and then refilledwith the purified Ar-4%Hz gas. Following evacuationand refilling, the IR quartz chamber was heated to900°C at a rate of 30°C per minute. The cube of metal was allowed to melt and the wetting behavior betweenthe metal and refractory substrate was observed.
For the dynamic sessile drop method, a wire segment of an AllAl alloy was placed in the quartz tubeused for delivering molten metal to the substrate. Thistube was inserted through the copper end plate into theIR chamber. The chamber was evacuated and refilled, inthe same manner as for the static test. While the AIsegment in the quartz tube was kept in the cold zone,the IR quartz chamber was heated up to 900°C at a rateof 30°C per minute. The furnace was allowed to stabilize for 20 min before the AI segment was slowly movedfrom the cold zone to the hot zone of the furnace whereit was allowed to melt and pass through the verticalportion of the delivery tube as a molten drop onto therefractory test substrate. Similar to the static test method, the entire duration of the experiment was capturedand recorded by the camera and VCR, from which thevideo still frames were extracted and analyzed to determine the contact angle changes with the time.

At the end of each experiment, the substrate wasremoved from the furnace and prepared for examinationby a scanning electron microscope (SEM) , energy dispersive spectroscopy (EDS), and electron microprobe.Further data analysis was carried out using axisymmetric-drop-shape-analysis (ADSA) software, by which thecontact angle (CA) , the drop base diameter CD), anddrop height (H) were directly measured from the dropprofiles.

Experimental Results

Contact Angle

Contact angle and drop dimensional analysis for acomposite refractory (TC) and molten AI system is discussed here as an example of the behavior exhibited bythese materials. Figure 3 shows optical micrographs of amolten aluminum drop on the TC substrate duringisothermal dwelling at 900°C, illustrating the changes incontact angle and drop geometry with time. The initialcontact angle between the TC substrate and liquid AIwas an obtuse angle of ~ 125° ±1°. This value is similar to the value (120°) reported by Z. Yu for the AIz0 3AI system at 900°C. 17 The contact angle was found todecrease gradually to a value of 82° during a hold time

Fig. 3. Wetting progress ofa molten Al droplet on a TC substrate at 9000 C
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International Journal ofApplied Ceramic Technology-Xu, et aL Vol. 4, No.6, 2007of 65 min. The present experimental results are similarto the AIz0 3-AI system data reported previously,15,18 inwhich a steady value of 82° was observed after 40 min at1000°C. Yet, for the literature, the drop height continued to change with the dwell time until the end of the120-min experiment, when it reached an angle of 78°.This final state was considered to represent the onset ofwetting and the build-up of reaction equilibrium. Differences between the current experimental case and theliterature cases are expected to be due to the differencesin experimental temperature and substrate chemistries.Four parameters, namely, contact angle (CA), dropvolume (V), drop base diameter (D), and drop height(H), were plotted on a linear time scale revealing thewetting kinetics as shown in Fig. 4. The change in contact angle characterized by the advance of the triplephase reaction (where the solid substrate, liquid metal,and gaseous experimental environment are in contact)was due to the decrease in the drop height and/or theincrease in the drop base diameter. The determinantfactor was found to switch during the different substages of the wetting process, leading to the maximumof the drop volume achieved after 10 min of contact.The wetting kinetics could be inferred by a combinationof the changes in contact angle with those in dropsize.7

,19 After the initial rapid spreading stage (aroundlOs), the interfacial front advanced quickly, resulting inthe steep slope found in the initial portion of the contactangle plot and until the drop volume reached a maximum. After the initial stage, the decrease in drop heightwas dominant over the increase in drop base diameter,resulting in a decrease in the overall drop volume. Finally, a steady state was attained at around 65 min, during which CA, V, D, and H remained unchanged.Figure 5 shows the contact angle plots for the sixtested system, namely three types of composite refrac-

(ii)uo
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tory substrates wet by two types of molten metal drops.During the 5000-s dwell time, all the values of contactangle were found to be larger than 90 degree. Amongthese three materials, the TC base material displayed thebest wetting-resistance performance among the threeTCON substrates, regardless of wetting with either apure AI or a 5083 AIMg alloy. It was also found that forall the three materials, the contact angles with pure aluminum are always higher than that with the molten5083AI-Mg alloy, which means Mg addition in themolten AI drop aids the wetting process and interactionwith the base materials. This is believed to be the resultof formation of Mg silicides and/or carbides at the metal/refractory interface.zo These interfacial chemical reactions play an important role during the course ofwetting and thus, are important from the point of viewofwettability. More reaction details are discussed in thefollowing sessions. Comparing the wetting behaviorsamong three TCON substrate materials, TC surpassesthe other two in the property of wetting resistanceagainst a molten AI/AIMg alloy, as shown in Fig. 5.TQ and MC are comparable with each other during thetests.

Interfacial Morphology

Following completion of the experiments, polishedcross sections of samples were prepared using the standard metallographic procedures. The metal/refractoryinterface was examined by SEM/EDX and an electronmicroprobe to determine the chemical elements presentand distribution, as shown in Fig. 6.Interfacial regions for all three types of refractoryshowed a high concentration of silicon in the AI drop,indicating that the silicon diffused from the refractorysubstrate into the liquid AI drop during the experiment.

~
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Fig. 4. Variations in contact angle of TC substrate-liquid Al and droplet size (base diameter and height) during dwelling at 9000 C
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Fig. 5. Variations in contact angle ofthree types ofrefractory
substrates with a liquid AI/AI alloy during dwelling at 9000 C

It is known that the solubility for Si in AI at 900°C is 36
%wt Si.21 The observation of Si in the AI alloy drop by
SEM meant that the Si content in the drop was higher
than its solubility. In addition, low levels of Mn, Cr,
and Fe were also detected in the microprobe mapping at
both sides of the interface.

During the wetting process, AI was found to pen
etrate into the porosity of the refractory substrate. The
diffused liquid AI joined with the existing residual AI
metal present in the composite refractories, inhabiting

both the porosity as well as the positions vacated by the
diffusing silicon. It 'was reported from the research
of the AI-Si-C ternary system (Fig. 7) that thermo
dynamically three-phased monovariant equilibrium can
be reached by reacting aluminum and SiC at tempera
tures above 650°C.22

,23 The equation for such a reac
tion is

4Al(l) + 3SiC(s) ~ A14C3 (s) + 3Si(s) (2)

For a long time, it has been commonly accepted that
SiC was not attacked by aluminum. In fact, it is now
established that at the temperatures above the melting
point of AI, SiC becomes thermodynamically unstable
and an invariant reaction occurs at 650°C and leads to
the formation of aluminum carbide AI4C3 and silicon
according to the above reaction. Silicon formed in this
reaction dissolves in unreacted aluminum.24 The for
mation of AI4C3 was observed in BSE photomicro
graphs and microprobe mapping of the cross section of
the molten aluminum 5083 alloy droplets on TC (Fig.
6b) and MC substrates (Fig. 6c), both of which contain
SiC particles in the tested substrate materials. In Fig. 6b
and c, it is found that along the jagged outlines of SiC
particles, AI4C3 forms dark crystallites non-uniformly
distributed on the surface of the SiC particles. The
AI4C3 crystallites tend to join together, forming a reac
tion zone with an average thickness of about 1-2 flm.
This reaction zone still remains discontinuous and small

Fig. 6. BSEphotomicrographs and microprobe mapping ofthe cross section ofthe molten aluminum 5083 alloy droplets on (a) TQ (b) TC,and (c) MC substrates at 9000 C for 1 h.
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Fig. 7. (aJ Al-C-Si phase diagram at temperature of9000 C (1173 K) and (bJAI-Si phase diagram.

notches in which SiC being in close contact with the
Al-Si alloy can be observed. The non-uniformity of the
AI4C3 layer and the well-facetted character of the con
stituting crystallites are clearly visible in the back-scat
tered electron micrograph shown in Fig. 6c12.

Figure 8 shows back-scattering images (BSls) of the
TC substrate following wetting by pure molten alumi
num and 5083 aluminum-magnesium alloy drops after
2 h at 900°C. Plenty of Si was found scattering in the AI
drop from Fig. 8a, confirming that free Si diffused from
TC base to pure AI drop because originally molten AI
drop did not contain Si. Si diffusion was driven by the
concentration gradient of Si in AI, resulting in more Si
precipitation' at the interface due to the short diffusion
distance compared with the regime far away from the
interface. This finding is in accordance with the
observations that interfacial regions are the preferred

position for the element transferring across the interface
and into the other phase. 10,25 Figure 9 shows back-scat-
tering SEM micrographs of molten aluminum-magne
sium alloy drops on TQ, TC, and MC substrates after
the sessile drop experiments at 900°C for 1 h.

By comparing the wetting behavior of pure alumi
num with that of the aluminum alloy, the results
showed that the AI alloy exhibited a larger drop base
area and lower drop height, thus leading to a smaller
contact angle than that obtained for pure AI. This con
tact angle difference, based on the drop dimension after
the wetting tests, suggests that the alloying magnesium
promoted the wetting of the refractory with the molten
metal drop. When heated up to the testing temperature,
magnesium in the molten 5083 alloy readily diffused
into the substrate across the interface, leaving the
metallic drop without magnesium.

Fig. 8. Back scattering scanning electron photomicrograph ofa section ofthe TC substrate reacted with (aJ a molten Al droplet, and (bJ a
molten Al 5083 alloy droplet, after 2 h at 9000 C
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Fig. 9. BSEphotographs ofthe sections ofthe molten aluminum 5083 alloy droplets on (a) TQ (b) TC, and (c) MC substrates at900°Cfor 1 h.

(3)

Discussions

Wetting Characteristics

The wetting mechanism of the systems studied
could be described as follows: in general, the wettabil
ity of a solid by a liquid is indicated by the contact an
gle. The contact angle, 8, between solid, liquid, and gas/
vapor is related by the Young-Dupre's equation26

shown in the following equation

cos 8 == Ysv - Ysl

Ylv

where YIv is the surface tension of the liquid metal, Ysv is
the surface energy of the solid, and Ysi is the solid/liquid
interfacial energy. Based on the above equation, the
contact angle, 8, can be decreased by increasing the sur
face energy of the solid, Ysh decreasing the solid/liquid
interfacial energy, Ysh or by decreasing the surface ten
sion of the liquid, YIv' During heating, the silicon is be
lieved to diffuse from the refractory substrate into the
molten AI drop. The drop volume will therefore increase
because of the silicon diffusion. as indicated by Figs. 4
and 6. As the wetting test goes on, the silicon can reduce
the surface tension of molten aluminum, and thus YIv is
decreased1 by the adsorption of silicon on the interface
and surface (see Fig. 6) of the liquid. In the meantime,
the solid/liquid interfacial energy, Ysh can also be de
creased due to the enrichment of silicon on the interface.
As a result, the contact angle, 8, will be decreased.

Effects ofMagnesium in the Alloy on Wetting
Behaviors

It is well known that Mg27 enhances the wetting of
SiC by molten aluminum. Previous studies have shown

that the addition of a reactive metal, that is, Mg, to the
liquid drop accelerates the interaction with the sub
strate.28,29 It has been shown that magnesium additions
to aluminum lower molten drop surface tension3o and
its work of immersion in SiC.31 Consequently, alumi
num alloys that are specifically designed for infiltration
of SiC beds have invariably contained varying amounts
of Mg. Another investigation indicated that one of the
main functions of Mg as a surfactant element is to re
duce any aluminum oxide that may be present in the
interface.32 Although Al20 3 is thermodynamically sta
ble in contact with molten Al, when the alloy contains
Mg, several reactions that may cause the reduction of
Al20 3 are possible33; these include:

3Mg(l) + AI20 3 (s) ~ 3MgO(s) + AI(l)

I1G == -4.256 kcal (900°C)

4 2
Mg(l) + :3 Ah03 (s) ---. MgA120 4 (s) + :3 A1(1) (4)

I1G == -7.164 kcal (900°C)

Mg(l) + 2AI(l) +202 ~ MgAI20 4 (s)

I1G == -420.19 kcal (900°C)

In the case of TCON refractory materials, which con
tain SiC, Al20 3, Al, and Si, the magnesium, arising
from the molten drop, can diffuse and react with the
TCON base according to equation 5. The Gibbs free
energy is provided to 3 reactions in Eq. 5, all of which
are negative. This means theoretically those reactions
could occur under the experimental conditions (900°C).
Mg is also capable of forming magnesium aluminum
spinel with different stoichiometries. The micro
chemistry of these reaction products in the interface is
important from the point of view of wettability.34 Con
sidering the reaction kinetics under the experimental
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conditions in this paper, Mg penetrates into the base
materials, reacting with Al20 3 by forming MgO crys
tallites that intimately contact with Al20 3 crystallites
leftover. This process accelerates the wetting behavior,
even if the formation of the MgAl204 spinel does not
necessarily occur. As shown in Table I, the chemical
composition of three TCON substrates, Al20 3 content
of TQ, TC, and MC is 38%, 350/0, and 70%, respec
tively. With the lowest Al20 3 percentage, TC shows the
best wetting resistance during the sessile drop test, as
shown in Fig. 5. In addition, the grain size, distribution,
and morphology of Al20 3 particles in TCON substrate
materials play an important role into its wettability. It is
well known that the round-shaped Al20 3 particles have
less surface area than the angular-shaped Al20 3 particles
in morphology, leading to less reaction sites in contact
with Mg based on the reactions in Eq. 5. Palasamudram
and Bahadur reported that the reaction rate increases
with increases in particle angularity.35 From Fig. 6, it is
clear that TC has Al20 3 particles that are not clustered
and has a rounded shape, while TQ and MC has Al20 3
particles clustered and has an angular shape. Rounded
particle reinforcements are preferred in a metal matrix
because sharp corners associated with angular particles
can act as points of stress concentration where cracks
may initiate as mechanical deformation proceeds.36

However, magnesium has a low vapor pressure and
is, thus, easily lost from aluminum alloys at an elevated
temperature: Al[Mg] ~Al+Mg(g). The presence of a
protective atmosphere (Ar-40/0H2) and its flow helps to
remove the Mg vapor from the wetting system. This
could explain experimental results wherein no Mg was
found from TCON samples after sessile drop tests with
an Al-5Mg liquid drop applied.

Effects on Si and At in the Refractories on the
Wetting Behavior

On the other hand, Si was found to have a negative
effect on increasing the contact angle. It has also been
found that free Si around SiC particles improve the
spreading of molten aluminum on the SiC substrate. 12

Moreover, it has been shown that aluminum alloys bet
ter wet siliconized SiC substrates than unsiliconized SiC
substrates. This can be attributed to a chemical reaction
in which both Si and aluminum are active partici
pants. 13 The regions enriched with free silicon behaved
as preferential diffusion paths with the formation of an
{AI-Si} solution. 1This may be explained by referring to

the Al-Si Binary phase diagram shown in Fig. 7. At
900°C, when a drop of liquid Al (indicated by point C)
on the phase diagram contacts Si (indicated by point A),
wetting occurs readily as the Si from substrate becomes a
participant in a reaction that changes its surface com
position toward equilibrium (indicated by point B).
Simultaneously, the liquid Al becomes a participant in a
reaction that changes its composition toward point B.
Figure 6 shows the dissolution ofsilicon from the TCON
into an aluminum alloy at the interface. The contribu
tion of the reactions to reactive wetting may be repre
sented mathematically by modifying Young's equation
for a non-reacting, steady-state sessile drop to include
the contribution of the free energy of the reaction37:

It was also found that Al additions to TCON substrate
had a positive effect in increasing the contact angle by
reducing the compositional gradient of AI diffusion
from molten drop to TCON base, slowing down the
diffusion rate, and thus, resulting in better wetting re
sistance of the base materials. To rank the wetting per
formance of three types of TCON materials, a
combined consideration should be made of AI, Si, and
Al20 3 contents in TCON.

Conclusions

Reactive wetting tests were carried out in an Ar
4%H2 atmosphere using Al and Al-Mg alloys in contact
with three types of alumina-SiC composite refractory
materials. The interaction resulted in contact angle val
ues that were initially obtuse, but changed to acute an
gles in most cases. Some wetting and reaction
mechanisms were discussed based on the identification
of changes of contact angles and drops dimensions as
well as the interfacial elemental mappings.

Among the three refractory substrates tested, namely
TC, TQ, and MC, it was found that TC showed a higher
contact angle values than TQ and MC, which indicated
that TC shows better nonwetting performance in a mol
ten AI/Al alloy. The difference in the wetting properties
among three types of refractories is attributed to their
microstructural and compositional variations.

A strong diffusion of silicon from the substrate into
the liquid metal drop was observed and silicon was not
ed to accumulate on the interface and surface area of the
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drop. Additionally, AI was found to move into the
refractory.

The Mg found in the 5083 alloy apparently pro
moted the wettability of molten AI on refractory sub
strates as noted by the observations of changes in the
wetting behavior.

Acknowledgements

The authors acknowledge the contributions of
Randy Parton, Randy Howell, and Donny McInturff
of ORNL in support of the work described in this pa
per. The efforts of Edgar Lara-Curzio, HT Lin, and Jim
Keiser in reviewing this document are also appreciated.
This research was sponsored by the u.s. Department of
Energy, Office of Energy Efficiency and Renewable En
ergy, Industrial Technologies Program, for the u.s. De
partment of Energy under contract DE-FC36
04GO14038. Part of this paper's results was presented
at The 31st International Cocoa Beach Conference &
Exposition on Advanced Ceramics and Composites,
Daytona Beach, FL, January 21, 2007.

References

1. L. Mouradoff, P. Tristant, J. Desmaison, J. C. Labbe, M. Desmaison-Brut,
and R. Rezakhanlou, "Interaction Between Liquid Aluminium and Non-Ox
ide Ceramics (AlN, Si3N4' SiC)," Key Eng. Mater., 113 177-186 (1996).

2. A. E. Standage and M. S. Gani, "Reaction Between Vitreous Silica and Mol
ten Aluminum," j. Am. Ceram. Soc., 50 [2] 101-105 (1967).

3. C. Marumo and J. A. Pask, "Reactions and Wetting Behavior in the Alu
minium-Fused Silica System," j. Mater. Sci., 12 [2] 223-233 (1977).

4. K. J. Brondyke, "Effect of Molten Aluminum on Alumina-Silica Refracto
ries," j. Am. Ceram. Soc., 36 [5] 171-174 (1953).

5. E. Saiz and A. Tomsia, "Kinetics of Metal-Ceramic Composite Formation by
Reactive Penetration of Silicates with Molten Aluminum," j. Am. Ceram.
Soc., 81 [9] 2381-2393 (1998).

6. W. Fahrenholtz, K. Ewsuk, R. Loehman, and P. Lu, "Kinetics of Ceramic
Metal Composite Formation by Reactive Metal Penetration," j. Am. Ceram.
Soc., 81 [10] 2533-2541 (1998).

7. P. Shen, H. Fujii, T. Matasumoto, and K. Nogi, "Reactive Wetting of Si02
Substrates by Molten Al," Metal. Mater. Trans. A, 35A 583-588 (2004).

8. J. Marin, L. Olivares, S. Ordonez, and V. Martinez, "Study of the Effects of
the Atmosphere on the Wettability of SiC by Copper Alloys," Mater. Sci.
Forum, 416-418 481-486 (2003).

9. S. Takahashi and O. Kuboi, "Study on Contact Angles of Au, Ag, Cu, Sn, Al
and Al Alloys to SiC," j. Mater. Sci., 31 [7] 1797-1802 (1996).

10. N. Sobczak, L. Stobierski, W. Radziwill, M. Ksiazek, and M. Warmuzek,
"Wettability and Interfacial Reactions in Al/Ti02 ," Surf Interface Anal, 36
1067-1070 (2004).

11. A. Contreras, C. Leon, R. Drew, and E. Bedolla, "Wettability and Spreading
Kinetics of Al and Mg on TiC," Scripta Mater., 48 [12] 1625-1630 (2003).

12. M. I. Pech-Canul and M. M. Makhlouf, "Processing of Al-SiCp Metal
Matrix Composites by Pressureless Infiltration of SiCp Performs," J. Mater.
Synth. Proc., 8 [1] 35-53 (2000).

13. M. I. Pech-Canul, R. N. Katz, and M. M. Makhlouf, "Optimum Parameters
for Wetting Silicon Carbide by Aluminum Alloys," Metal. Mater. Trans. A:
Phys. Metal Mater. Sci., 31A [2] 565-573 (2000).

14. I. A. Ibrahim, F. A. Mohamed, and E. J. Lavernia, "Particulate Reinforced
Metal Matrix Composites-A Review," J Mater Sci, 26 [5] 1137-1156 (1991).

15. E. Rocha-Rangel, P. F. Becher, and E. Lara-Cuizio, "Reactive-Wetting of
Alumina by Molten Aluminum Alloys," Mater Sci. Forum, 442 97-102
(2003).

16. V. I. Nizhenko and L. J. Floka, "Wetting of Al20 3-Based Oxide Ceramics
by Molten Aluminum," Powder Metal Metal Ceram., 40 [5-6] 271-276
(2001).

17. Z. Yu, G. Wu, D. Sun, and L. Jiang, "Coating ofY20 3 Additive on Al20 3
Powder and its Effect on the Wetting Behavior in the System Al20 3p/Al,"
Mater. Lett, 57 [20] 3111-3116 (2003).

18. W. Jung, H. Song, S. W. Park, and D. Y. Kim, "Variation of Contact Angles
with Temperature and Time in the Al-Al20 3 System," Metal Mater. Trans.
B: Proc Metal. Mater. Proc. Sci., 27B [1] 51-55 (1996).

19. H. Fujii and H. Nakae, "Equilibrium Contact Angle in the Magnesium
Oxide/Aluminium System," Acta Mater., 44 [9J 3567-3573 (1996).

20. Materials Science International Team, MSIT:ll: "Ternary Alloy Systems 
Phase Diagrams, Crystallographic and Thermodynamic Data," Physical
Chemistry, Vol. 11, Non-Ferrous Metal Systems. eds. G. Effenberg, and S. 11
yenko. Springer Science Business Media, Berlin, Germany, 139-145, 2004.

21. J. R. Davis, "Aluminum and Aluminum Alloys," ASM Specialty Handbook,
4th Edition, ASM International, Materials Park, OH, 160-179, 1998.

22. J. C. Viala, P. Fortier, and J. Bouix, "Stable and Metastable Phase Equilibria
in the Chemical Interaction Between Aluminium and Silicon Carbide,"
j. Mater. Sci., 25 [3] 1842-1850 (1990).

23. M. Naka and J. C. Schuster, "Interfacial Structure and Strength of Ceramic!
Metal Couples," Mater. Sci. Forum, 502 105-110 (2005).

24. D. J. Lloyd, H. Lagace, A. McLeod, and P. L. Morris, "Microstructural
Aspects ofAluminium-Silicon Carbide Particulate Composites Produced by a
Casting Method," Mater. Sci. Eng. A: Struet. Mater. Prop. Microstruet. Proc.,
107 [1-2] 73-80 (1989).

25. K. Rita, S. Veena, and S. Noel, "Interfacial Phenomena Occurring during
Iron/Char Interactions in a Blast Furnace," ISIJ Int, 45 [9] 1261-1268 (2005).

26. M. Tagawa, "Young-Dupre Equation," j. Japan. Soc. Tribol, 49 [6]
499-500 (2004).

27. R. White, A. W. Urquhart, and M. K. Aghajanian: U.S. Patent No. 5,395,
701, 1995.

28. V. Martinez, S. Ordonez, F. Castro, L. Olivares, and J. Marin, "Wetting of
Silicon Carbide by Copper Alloys," j. Mater. Sci., 38 [19] 4047-4054 (2003).

29. Q. B. Ouyang, W. M. Zhou, G. D. Zhang, and D. Zhang, "Wettability at
Al-Mg/Ceramic Interfaces," Key Eng. Mater., 313 159-164 (2006).

30. J. E. Hatch, "Aluminum: Properties and Physical Metallurgy," Metals Hand
book, 1st Edition, eds. Hohn E. Hatch. ASM International, Metals Park, OH,
208-209, 1984.

31. S. Y. OH, J. A. Cornie, and K. C. Russel, "Wetting of Ceramic Particulates
with Liquid Aluminium Alloys. II. Study of Wettability," Metal. Trans. A,
20A [3] 533-541 (1989).

32. B. C. Pai, G. Ramani, R. M. Pillai, and K. G. Satyanarayana, "Role of Mag
nesium in Cast Aluminium Alloy Matrix Composites," j. Mater. Sci., 30 [8]
1903-1911 (1995).

33. A. R. Kennedy and S. Asavavisithchai, "The Effect of Mg Addition on the
Stability of Al-Al20 3 Foams made by a Powder Metallurgy Route," Scripta
Mater., 54 [7] 1331-1334 (2006).

34. P. Shen, H. Fujii, T. Matsumoto, and K. Nogi, "Wetting and Reaction of
MgO Single Crystals by Molten Al at 1073-1473 k," Acta Mater., 52 [4]
887-898 (2004).

35. S. L. Palasamudram and S. Bahadur, "Particle Characterization for Angularity
and the Effects of Particle Size and Angularity on Erosion in a Fluidized Bed
Environment," Wear, 203-204 [3] 455-463 (1997).

36. P. C. Maity, P. N. Chakraborty, and S. C. Panigrahi, "Preparation of
Al-Al20 3 In-Situ Particle Composites by Addition of Fe203 Particles to
Pure Al Melt," J. Mater. Sci. Lett., 16 [14] 1224-1226 (1997).

37. V. Laurent, D. Chatain, and N. Eustathopoulos, "Wettability of Si02 and
Oxidized SiC by Aluminium," Mater. Sci. Eng. A, A135 [1-2] 89-94 (1991).


