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ABSTRACT

AISIC composite 1s identified as a potential material for automotine and
clectronic packaging applications. Conventional method of Al'SiC composite processing
includes incorporation of SiC particles into Al alloy SiC s produced as a result of
reaction between silica and carbon at temperatures higher than 2500 K tor 48 hours
Because of high price of SiC the whole composite becomes very expensive

The goal of this work was to develop a low cost method of Al SiC processing
using In-situ reactions at temperatures around 1500 K and carbon as a precursor material
for SiC formaton.

Thermodynamic analysis of AI-Si-C svstem was performed using Gibbs energy
minimization method. Equilibrium species distribution diagrams were constructed tor a
wide range of alloys. temperatures and carbon concentrations. It was tound that Al SiC
composite, containing 24-30% of SiC may be produced as 4 result of reaction between
carbon and Al-Si alloy contaiming 30-50% Si.

Experimental study on in-situ formation of S1C in Al-Si allovs was conducted
using three different carbon sources. Results of experiments were analyzed using X-ray
diffracuon. SEM-EDAX system and LECO carbon analyvzer. When natural gas was
introduced into the melt it decomposed into carbon and hydrogen but most ot the carbon
was removed from the melt by Ar which served as a carrier gas. The small gquantity of
SiC which formed was floated to the surface of the melt. Overall efficiency of natural

&
gas was very low and maximum of only 3% of SiC was achieved. When graphite rod

was used as a carbon source both aluminum and silicon carbides were formed. Because



1N

of the presence of aluminum carbide the material degraded in air and decomposed nto
powder in a few days.

When activated carbon particles were used as a carbon source the results of
experiments were successful for the specific experimental conditions. Only silicon carbide
was tormed and no aluminum carbide was detected in any sample. The silicon carbide
formed retained the size and the shape of initial carbon. Reaction proceeded from the
surtace to the center of carbon particles. The rate of reaction was described using Avram
equation. Al-S1-Ca oxides present in activated carbon as ash constituents were pushed out
of SiC and precipitated on the boundaries between SiC and matrix alloy

The main goal of this work: in-situ processing of AL'SiC composite was achieved
and the results of experiments may be used for development of a new ndustrial

technology.
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1. INTRODUCTION

Composite materials are defined as material systems combining two or more
dispersed material phases. each of which maintains its own distinct volumetric region and
properues [1].

Discontinuously reinforced aluminum composites are aluminum based materials
reinforced by particles. whiskers. or short fibers [2}. They are rapidly emerging as new
commercial materials for aerospace and other high-performance markets. In many
stiffness-. strength-and weight-critical applications, they can offer higher performance
than traditional aluminum alloys at potennally low cost than organic matrix composites
[3]. The most inexpensive composites and. therefore. those of most interest to the
industry are produced via molten metal routes [4].

Metal matrix composites (MMCs) have tremendous potential for the tuture They
are an important class of materials with a long history of commercial applications
Particulate MMCs have been used in internal combustion engines. Tovota is using
alumina discontinuous fibers in aluminum for diesel engine pistons. Suzuki used SiC

.
whiskers in aluminum for outboard engine pistons. Honda is using discontinuous fibers
of carbon and alumina in aluminum for automotive engine blocks [1]. These and other
applications are listed in Table 1 (5]

The interface between reinforcements and the matrix is undoubtedly one of the
most important features in a composite system. It affects the mechanical properties of the

¢
composite through mechanisms such as debonding, stress damping, crack deviation. and

grain boundary pinning [6]. From a thermodynamic point of view, it is extremels



Table 1

List of some composite components with proven potential [5]

Composite

Components

Benefits

Manufacturers

Al-SiC(particles)

Piston

Reduced weight,
high strength and

wear resistance

Duralcan. Martin

Marietta. Lanxide

Brake rotor, high wear Duralcan.
caliper, hiner resistance and [.anxide
reduced weight
Shaft Reduction of GKN.
wetght and high Duralcan
specific stiffness
Al-SiC(whiskers) Connecting rod Reduced mass. Nissan

high specific
strength, stiffness

and low CTE




ditticult to design a composite 1in which the matrix reinforcement interfaces will remain
stable under all possible conditions [7]. During its entire life. a composite member may
encounter fabrication and service temperatures in the range of 0-1000K., and. hence. may
exhibit phase transformations, significant changes in solubility. differential dilations, or
chemical interaction between the matrix and the reinforcement members., all of which can
cause the interface to be unstable. Since it 1s unbkely that anv number of candidate
composite materials will produce a composite 1n which the intertaces are stable, materials
must be chosen for intertacial stability 7]

During the destgn of high-temperature metal-matrix  composites. both the
thermodynamics and the kinetics of the proposed svstem should be considered
Thermodynamic phase-equilibria data can aid in identitving matrix and reinforcement
materials that are interfacially more stable than other candidate materials. whereas
reaction Kinetics data can be emploved to estimate the rate of any reaction that may oceur
at intertaces [7].

To control the extent of interfacial reaction. common practices include shortening
processing time. coating reinforcements with materials of different reactivities, and
adding alloying elements to the matrix 5]

Naturally stable composites are those produced in-situ. The in-situ processing for
non-ferrous and intermetallic systems eliminates interface incompatibility ot matrices with
reinforcements by creating more thermodynamically stable reinforcements based on their

[
nucleation and growth from the parent matrix phase [8]. By controlling reaction

chemistry. a hierarchical range of carbides. nitrides. oxides. borides, and even silicides



-
can be generated. One of the major. fundamental scientific challenges lies in controlling
the materials synthesis through optimized reaction kinetics and interfacial design [8).
The objective of this work was to study the fundamentals of processing of Al-S
alloy composite reinforced with in-situ produced silicon carbide. This work includes
thermodynamic analysis of Al'SiC composite and experimental verification of the

findings. These aspects are discussed in details in the folowing sections

2. REVIEW OF THE LITERATURE

2.1 Characteristics of SiC

Silicon carbide 1s an optimal reinforcement for aluminum because 1t has densiny
only slightly higher than aluminum. a high modulus and strength, and is readily available
[9]. The SiC is best known tor its hardness (9-10 on Mohs scale. or 25GPa indentation
hardness). but 1t 1s also a good electrical and thermal conductor [10]. Annual world
production of silicon carbide 1s today in the region of 500.000 tons. Much of this 1s used

.

as the basis for grinding. cutting and abrasive materials. but significant quantties are
now also being used in the manufacture of refractory brick materials. A lot ot research
has been done 1n recent years on the potential use of SiC in the high temperature gas-

turbine engine.

2.2 Production of SiC

Silicon carbide 1s produced commercially by reaction of a mixture of sand (sihca)



and coke (carbon) in an electric resistance furnace (Acheson process)[11]:
S10,(1)y + 3C(sy = SiCs) + 2CO(g) (1

The composition of the mixture mayv be. for instance. coke 40 . silica 50 .
sawdust 7% . and common salt 3% [12] The furnace is not usually shielded from air. and
employs a centrally mounted core of graphite and coke as the electrical heater element
The reaction mixture s filled around this core. between removable walls. The
temperature of the central core 1s first raised to about 2200K. after which it 15 more
slowly increased to reach muximum value of about 3000K. The temperature 15 then
lowered and kept a httle over 2300K for about 30 hours. after which the furnace i
allowed to cool down and the silicon carbide is removed. washed. dried and graded
according to size. The best grades are found near the core The exact temperature-time
cyele varies from furnace to furnace, depending on its geometry. The particles, as a
result of the way they are produced are highly defective. A tyvpical particle has man
microtwins and stacking taults [9].

Coarser grades (> 10um) of silicon carbide powder cannot be sintered to high

.
density. For refractory applications. compacted SiC grid in the required shape is bonded
using a bonding phase of. for example, silicon nitride or nitride oxide. aluminosilicate
glass. or selfbonded carbon or silicon. For electric heating element material. high-purits
size graded silicon carbide grits are sintered alone at temperatures in the region of
2700K.
e
Silicon carbide 1s also produced on a small scale by the decomposition in an inert

atmosphere of gaseous or volatile compounds of silicon and carbon. allowing the reaction




products to deposit the carbide on a suitable hot substrate. An example of this process.
known as chemical vapor deposition (CVD). is shown in Equation (2):
CH.SiClig) = SiCts) + 3HClg) (2

The detailed consideration of CVD process was given by Cagliostro and
Riccitiello [13.14].

Finally. since carbon has an appreciable solubility in liquid silicon. the carbide
can be obtained by high temperatre (1923K) crystallization from a carbon rich silicon
melt which 1s supersaturated with respect to SiC

Sith + Cis)y = SiCs) (3

This last reaction torms the basis ot the well-established self- or reaction bonding
technique for binding fine-grain sihicon carbide powders. The reaction between silicon
and carbon was vsed to develop silicon carbide radiant wbe materials [15] The powders
of particulate silicon. coarse grain SiC or coarse graphite were loaded into the induction
furnace. After loading the powders were tired using moving hot zone. The hot zone
moved from top to bottom melting the silicon and allowing it to infiltrate silicon carbide

.
or graphite. As a result of reaction between graphite and carbon small amount of silicon
carbide was formed.

Recently Krstic [16] developed a low temperature process ot SiC formaton The

overall reaction of SiC formation was broken into the following steps:

H

S10:(s) + C(s) = SiO(g) + COqg) H

S10(g) + C(s) = Sits)y + COg) (5)

Sis) + Cisy = SiCs) (0)




SiOLs) + COwg) = Si0(g) + COLp) (7)

SiO(g) + 2C(s) = SiICs) + CO(g) (8)
2510(g) = Sus) + S104(s) (9)
SiCes) + 2510.¢5) = 3S10(g) + COug) (104

It was shown that to form SiC at a reasonable rate 1t I8 necessan o promote
reactions (4) and (5) and retard reactions (6) and (7). Submicrometer SiC powders were
svnthesized by reacting silica and carbon black at temperatures between 1723 and 2073K
Simultaneous apphication of vacuum and mixing provided the condition tor tull
converston of silica to SiC. It was shown that two different reaction mechanisms are
possible. depending on the reaction temperature and the partial pressure of CO - At lower
temperatures (below approximately 1673K). the dominant mechanism 1s the reaction
between gaseous S10 and €. Above 1673K. the rate ot SiC formation 1s controlled by
the rate of S10 formation. In as-synthesized torm. the SiC powders tvpically contained
0.2wt% of unreacted sihica and free carbon in the range between 6 and 15 wt%  Precise
control of partnial pressure of CO in the reaction chamber and continuous nuixing ot the
reactants provided the conditions under which the rate of siticon carbide tormation could
be increased by one order of magnitude. The process is suitable for larpe-scale
commercial production of SiC. requiring no postfabrication acid leaching or major
milling.

Because the effectiveness of SiC formation s strongly diminished by formation

e

of CO during reactions (h(5).(8). and (10 Ledoux et. al. [17.18] developed a new

process in which SiC was produced in two steps. In the first step SiOg) was formed b



reaction ot silica with sihicon metal

Si0,68) + Sis) = 28100g) (1
and then S10(g) was pumped to react with carbon according to reaction (%) Activated
carbon was used as a carbon source and as a result high surtace area SiC was produced
at temperatures around 1473K.

Preparation of sihcon carbide fiber from activated carbon fiber and gascous silicon
monoxide was suggested by Okada et. al. [19]). The SiO vapor diffused into activated
carbon fiber through 1ts micropores. The vapor reacted with the carbon, and. under
proper conditions, activated carbon fiber was completely converted o SIC fiber
Complete conversion was achieved in ten hours at 1473K and two hours at 1573K . SEM
micrograph of incompletly reacted tiber showed that the formatnon of the carbide
occurred from the outer surface of the fiber toward 1ts center. The reacted fiber consisted
mainly of SIC with an oxyegen content of 1.21 wtc . Fiber densification was achieved by
heat treatment in nitrogen at 1873K. The XRD pattern and TEM micrograph showed the
crystalline character of the fiber.

Thermodynamics of $1-C-O svstem is eritical in a number of arcas These include
carbothermic reduction ot stlica and growth of silica scales on SiC The predominance
diagram for this system was constructed by Jacobson and Opila [20]. Kinetic analysis of
stlicon carbide growth is given by Jha [21]. Other aspects of this svstem are discussed
in [22-27]. Diffusion coefficients of Siand C in SiC were determined by Hon et al [ 28,

e

29).



2.3 Structure and properties of SiC

S1C crystallize in a number of different modifications, called polvivpes. in all of
which two dimensions of the unit cell are the same while the third 1s a variable integral
muluple of a common unit [12]. The ditferent polytypic modifications can be regarded
as butlt up of layers of structure stacked parallel to each other at constant intervals along
the vanable dimension. The two unit cell dimensions parallel to these lavers are the same
for all the modificatons. The third dimension depends on the stacking sequence. but s
always anantegral muluple of the layer spacing. Hexagonal and rhombohedral polytypes
are denoted as «-51C, while cubic modification as 3-SiC. The hexagonal unit cell has
dimensions a=b=3.078A while ¢ 1y a vanable integral multiple of 2518 A 3-S1C 1 a
metastable low temperature modification forming around 2100K. It can exist only
temperatures below about 1300K. transforming irreversibly mto o-SiC tvpe "6H™ at
higher temperatures. This 6-layvered hexagonal polytype 1s the most common modification
of the compound. The structure of SiC is shown 1n Figure 1.

Atomic-level characterization of SiC was done by Tsong [30]. For electronic
purposes Du et. al. studied the chemistry and structure ot SiC implanted with aluminum
[31].

The oxidation resistance ot SiC was considered by Jacobson [32] The SiCos
inherently unstable in air and forms a thin Jayer of silicon dioxide ($10.) 1n an oxidizing
environment. The Si0, has the lowest permeability 1o oxvgen of any of the common

e

oxides and forms an effective reaction barrier.




Figure 1 Structure of SiC: (a) Cubic or 3-SiC. (b) Tetrahedral or a-SiC

type 6H. Black balls represent C atoms and white balls represent

Si atoms [12].




2.4 Al-Si alloys

The AL-S1 alloys are preferred matrix tor SiC because as described later 1in the
text St prevents formation of aluminum carbide. Table 2 [33] gives the composttion and
application of some Al-Si alloys. They have comparatively high fluidity in the molien
state and mostly used as casting allovs

Binary Al-Si alloys are not considered heat-treatable since only a small amount
of silicon 1s soluble 1 aluminum (1 65 wt% maximum) and since the silicon that does
reprecipitate tfrom solid solution causes very little hardening.

The AL-Si system is simple eutectic type with the eutectic composttion at 12 6
W% St During sohidification ot 443 alloy (Al - § wt% Si) dendrites of almost pure Al
sohdity first. The spaces between these dendrites are then filled wath aluminum sihcon
cutectic. When the eutectic freezes it decomposes into almost pure aluminum and sihicon
As the solidification rate 1s increased. the dendrite cells become smaller and this
increases alloy strength.

The eutectic structure of sand cast Al-Si allovs can be greatly refined by the
addition of small amounts of sodium (0.025 wi% ). cither as metallic sodum or as sodium
salts just before casting. Sodium modification of aluminum sand castings leads to higher

tensile strengths.

2.5 Aluminume-silicon-magnesium-copper casting alloys
©

The strength properties of cast aluminum-silicon binary allovs can be improved

by the addition of small amounts of magnesium (about 0.35 wi¢) The most important




Table 2 Chemical compositions and typical applications of aluminum casting alloys [33]

Alloy Si Cu Mg Typical applications
designation W% | wt% | wt%
354 9 1.8 ] 0.5 | general-purpose alloy used tor engine parts.

meter housings. aircraft, missile

A356 7 - 0.3 intricate castungs requiring good strength
and ductulity: transmission cases. truck
wheels. cvlinder blocks, marine hardware.

cylinder heads

A357 7 - 0.5 atrcraft and missile parts

A332 12 1 1 automotive pistons, diesel engine pistons,
engine parts operating at clevated

temperatures

A360 9.5 - 0.5 | general purpose casungs

A380 8.5 35 - general purpose castings

e




aluminum casting alloy of this type is 356, which contains 7 wt% St for castability and
0.35 wt% Mg to make the alloy heat-treatable. The magnesium silicide (Mg.Si) content
of the alloy is in the range 0.5 to 0.6 wt% and the precipitation strengthening s
attributed to a metastable phase of Mg, Si. Addition of copper reduces the ductility but
increases  the hardness of the alloys. Together copper and magnesium Improve

machinability and strength on heat treatment [34].

2.6 Phase equilibria in the Al-Si-C system

The binary subsystems Al-Si. Al-C. and Si-C (Figures 2-4) are well known |35]
The Al-Si system shows a simple cutectic at 850K and 11.3 at. pet Si. with very limited
terminal solid solubilny. The Al-C system shows a single intermediate phase at Al,C, that
decomposes peritectically at 2429K 10 vield sohd carbon and a liquid phase containing
about 20 at. pct C. The solubihity of carbon in liquid Al at temperatures less than 1800K
1s negligible. The Si-C system shows a single intermediate phase at SiC that decompuoses
peritectically at 3103K to yield solid carbon and a liquid phase containing about 19 at
pct C.

The high temperature phase relations in the Al-Si-C were studied extensively in
connection with aluminum carbotermic reduction [36-38] and liguid phase sintering ot
stlicon carbide [39]. Related phase diagrams are summarized |40]

The phase equilibria in the Al-Si-C system was studied by Viala et al. {41.42]

e
Liquid aluminum was equilibrated with silicon carbide and reaction products were

determined using chemical analysis. On the base of results obtained the phase diagram
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Figure 2 Al-Si phase diagram [(35].
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of Al-51-C system for the temperature interval 973-1473K was constructed. The Al-Si-C
phase diagram at 1273K is presented in Figure 5. The calculation of the phase diagram
for the same temperature range using activity coefficients for Al-Si liquid was performed
by Handwerker et al. [43]. But the results of their calculations differed substantially from

their own experimental data.

2.7 Reactions in the Al/SiC composite
During the Al-SiC composite fabrication involving the contact between molten Al
and SiC. AL,C, can form on the interface and this carbide is responsible for degradation
of the mechanical properties of the material [44]. Although a large number of
publications are available on AL,C, formation only a few give guantitative description of
the processes taking place. Iseki et al [45) studied the extent of the following reaction
4AlD + 381Cs) = ALC,s) + 3Sich (12
for mole ratio SiIC’Al = 3/4 at different temperatures and treatment times. A thin
reaction layer was detected which consisted of AlC, particles and tluminum metal It
was observed that (111), and (0001ALC, planes were parallel (0 the interface.
Quantitative analysis done by X-ray diffraction showed that the extent of reaction (12)
increased from 973K to 1273K but was practically the same for 1273 and 1473K. It was
also found out that additions of free silicon to aluminum melt could substantially decrease
the extent of reaction (12) or even stop it. Lloyd and Jin assessed the reactivity between
e

SiC and molten Al for SiC/Al = 0.3 at 973 to 1173K (46]. After one hour exposure 4 3

wt pct Siin the composite was observed at 948K. 6.5 wt pet at 1073K and 8.2 wit pet at
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I173K. The reaction products at 1073K and SiC-Al = 7.46 were studied by Hughes ¢t
al. [47]. The authors of this paper also performed equilibrium calculations for Al-SiC
system but ideal solution model used for Al-Si solution i1s not adeguate 1n this case
because of the big positive deviations of Si from ideal behavior.

Mechanism and kinetics ot the chemical interaction between liquid aluminum and
stlicon-carbide single crystals was studied by Viala et. al. [48]. This work showed that
chemical interaction at temperatures ranging from 930 o 1100K between liguid
aluminum and hexagonal o-S1C crystals alwavs proceeds via a dissolution-precipitation
mechanism. This mechanism involves the migration of carbon atoms by liquid-phase
diffusion from places where the SiC surtace 1s in direct contact with the metal matrix to
the growing faces of ALC, crystals located at or near the metal carbide intertace The
silicon liberated in this reaction dissolves in aluminum, torming a hiquid AL-Si alloy

The rate at which such a decomposition reaction proceeds. as well as the
morphology of the resulting reaction zone. greatly depends on the polarity of the
substrate surface exposed to aluminum attack. The (0001) Si tace and the randomly

.
oriented faces behave in a similar manner. These faces dissolve a rather fast rate in
aluminum and. AlC, crysallites nucleate onto the SiC surface with their c-axis
preferentially oriented in a direction parallel to the c-axes of the substrate. Lateral
extension of these crystallites results in the tormation of an adherent and continuous laver
of ALC, crystals that very efficiently protect the underlying substrate from further
e
decomposition. Due to these preferential germination and growth orientations. passivation

takes place sooner at the Si face than at randomly oriented faces. As tor the (0001) C




face. it exhibits a very particular behavior: it dissolves at a much slower rate than any
other face (six to ten times slower): but as Al,C, crystals cannot nucleate or remain fixed
onto this face. passivation never occurs. Consequently. if exposed for a very long ume
to aluminum attack. the C face will appear more damaged than any other face. The Si
face must be considered more reactive. although the C face may be severelv damaged
under special conditions (long time or high temperature reactions).

Lloyd et. al. [49.50] studied the Kinetics of reaction (12) by monitoring the
intensities of the ALC: and silicon X-ray peaks. In these experiments. SiC MMCs were
remelted and held at different temperatures above the liquidus for various times The
melts were then solidified. ground to powder and examined by X-rav diffraction. The
reaction rate in AA2014-20vol % SiC (wrought alloy) was high imtially but dropped to
a low level after about 1 hour. This fast drop was explained by shiclding effect ot
aluminum carbide on SiC particles. The extent of reaction increased with increasing the
temperature. Reaction kinetics was not greatly affected by the volume fraction of the
reinforcement. In case of A356 alloy (casting alloy) which has 77 Si no significant
reacion was detected at 998K, but the reaction was observed at 1073K. It was
summarized that unprotected SiC is thermodynamically unstable in the wrought allovs.
and any melt processing has to be very carefully controlled it excessive Al C, tormation
1s to be avoided. However, the high silicon casting alloys are much more resistant to
Al C; formation and SiC composites based on these allovs are more stable in the molten

e
state.

The rate of SiC particle degradation in aluminum-based composites was




established by Carotenuto et. al. [51].

Formation of magnesium spinel was studied by Wang et al. [52] The composite
was supplied by Alcan International Ltd. Aluminum allov (A356) with a nominal
composition of 927 wt pct Al. 7 wt pet Sic and 0.3 wt pct Mg was emploved as the
matrix material. This alloy was reinforced by 15 vol pet SiC particulates with an average
size of 5 to 10 um. Based on available thermodynamic data it was proposed that in

addition to reaction (12) the following reactions may take place:

SiO.s) + 2Mg(ly = 2MgO«sy + Sidl) (13
S10.6s) + 43AKH = 2 3ALOs) +Sich (14
S10.(s) + 12Mgh + Ald) = 1 2MeALO,(s) + Sith (15
Mgil) + 1 3ALO.(s) = MgOrs) + 2 3AK (161
Mg + $3AL0(s) = MgALO,(s) + 2 3AlN (17)
Mgy + ALO(s) + O = MgALO,s) (18
Mg + 2AlL) + 40() = MgALO©) (19
MgO(s) + ALOWs) = MgALO () (20
MgO(s) + 2AIh + 30d) = MgALOs) (2D
Mg + SiC(s) = Mg.Sis) + Cs) (22

Using SEM-EDAX patterns 1t was shown that reaction product on the boundary between
Al and Si1C was MgAl.O,.
Ratnaparkhi and Howe [53] studied diffusion bonded interface between Al-Mg
¢
alloy and S$iC using high resolution and analytical efectron microscopy. Ditfusion

bonding was performed at 834K under pressure. The following reaction products were



observed: Mg.S1. MgO, MgAl O, and Al,Mg..

Chernyshova and Kobeleva studied the interaction between Al-Stallov and carbon
tibers [54]. Formation of both ALLC, and SiC was observed at the interface

To reduce the degradation of SiC particles by liquid aluminum treating or coating
of S1C particles may be used. Several methods involving the presence of oxides around
the SiC particles have been proposed recently [55]: these are oxidation ot the particles.
production of oxide coatings by the sol-gel technigue. and deposition of oxide particulates

at the surface of the S1C particles by a dry mixing technique

2.8 Wetting, solidification and microstructure of AI/SiC composites

Wettability of SiC by aluminum and Al-Si allovs was studied by Laurent et al
by measuring the contact angle formed by molten metal or alloy on a single crystal ot
SiC [56]. It was found that contact angle dropped with time. After two hours of exposure
the contact angle became constant and the temperature increase from 930 1o 1050K led
o the comtact angle decrease from 75 to 50 degrees. meaning improved wetting for
higher temperatures. Also slight improvement in wetting was observed tor increase of
silicon concentration n aluminum atloy from 0 to 18 wt pct. Oh et. al. [57.58] studied
wettability of SiC by aluminum allovs measuring threshold pressure for infiltration Near
equilibrium wetting was achieved in 5 to 10 minutes. The results on ettect of temperature
and silicon concentration were tound to be similar to those ot Laurent et. al. |56]

¢

Kobashi et. al. [59.60] measured the time required for the SiC particles to be

incorporated into Al alloy. The particies first formed agglomerates and only then were



incorporated into the melt The incorporation tme was substantially decreased with

temperature increase from 993 to 1223 K. Also titanium and magnesium shortened the
incorporation tme. Effect of Mg and Ti was explained by formation of silicides or
carbides. Reaction products were identified as Mg, Si and TiC respectively Copper and
zinc. which have weak affinity for SiC and do not form silicides or carbides. prolonged
the incorporation time - Addition of silicon also increased incorporation time Although
all three L. Pb and Bi decrease the surface energy of hquid only Lt addition decreased
the incorporation tme. Large reaction products were found in this case. The model of
particle  pushing/entrapment  transition during  directional  solidification ot Al S1C
composites was developed by Stefanescu et al. [61]

The evolution of the composite microstructure during directional sohdification was
studied by Rohatgr et al. [62] Tt was tound that the presence of siticon carbide particles
disturbs the orderly aligned arrangement of dendrites observed 1n the base alloy. under
stmilar solidification conditions. except near the chill surtace where a particle-free zone
was observed due to probable pushing of particles by the microscopt sohdification front
with cell spacing finer than the particle size. During the entire range of sohidification
conditions studied. the silicon carbide particles were pushed by growing dendrites of
aluminum nto the last freezing cutectic liquid.

Recently Rohatgi [63] also proposed a new type of composite. Aluminum alloy
was reinforced with fly-ash particles, which are a waste by-product of coal-based power
generation. Incorporation of fly-ash particles reduced the cost of aluminum castings by

acung as filler: decreased the density of the composite and increased its hardness.



abrasion resistance. and stiffness.

Effect of solidification parameters and melt cleanliness on the properties ot the
composite was discussed by Samuel et. al. [64.65]. The specific gravity of most of the
reinforcements used in aluminum MMCs is usually higher than that of molten aluminum,
which leads 1o setthing or "sedimenting” in the melt. In AL'SiC composites sedimentation
of the SiC particles to the bottom ot the melt crucible normally occurs during remelung
once the melt material reaches the mushy zone. As the temperature of the mieht rises. the
sedimentation increases with increasing fluidity of the molten material. Also. with
settling, the upper regions of the melt become denuded of remnforcement. which can
result in large differences in melt viscosity and temperature in ditferent parts ot the mel
Therefore. 1t 1s important that mechanical stirring be commenced as soon as the metal
1s sufficiently fluid. Prior to that the melt shouid be strred manually . to ensure
homogeneous mixing of SiC particles throughout the crucible. Another factor contributing
to S1C sedimentation 1s the "dead ume” between castings, when there is no mechamcal
stirring. This can be avoided by manual stirring for very short times prior to and atter

.
casting. It was observed that higher sohdification rates provided refinement of the
microstructure with more uniform SiC particle distribution and higher tensile properues.,
whereas lowering the solidification rate led to clustering of the SiC particles 1n the
indendritic regions and lowering of the tensile strength.

Fluxing changed the chemical composition of the matrix alloy by removing the

€
alloying elements magnesium and strontium from the melt and by introducing sodium and

potassium into the melt. The removal of magnesium softens the composite matrix by



reducing the amount of the Mg.Si-phase precipitate. This results in wignificant
degradation in the mechanical properties of the composite. Theretore, tlux treatment
using alkali chlorides cannot be applied to composites comaining magnesium and or
strontium in their matrix

Typical microstructure of Al alloy'SiC composite is shown in Figure 6 [S0]
Many of the S1 particles nucleate at the SiC-matrix interfaces and grow toward the
aluminum matrix [66] The everage S1C particle size was about 12 gm. It was proposed
that during solution treatment the Si particles undergo changes in size and m shape In
the nitial stages of solution treatment. unmodified St particles undergo necking and
separate into segments that retain their original morphology. Because of the separation,
the average particle size decreases. and the fragmented segments are eventually
spheroidized. Most ot the investigators agree that the precipitated phase in Al-Si-Mg
alloys subjected to artificial aging s Mg, St and have suggested the following process
(1) precipitation of Guimer-Preston (GP) zones:.
(2) intermediate-phase 3-Mg.St. together with a homogeneous precipitation if the aging
temperature is above the GP zone solvus: or intermediate-phase 3 -Mg .St together with
a heterogeneous precipitation: and
(3) equilibrium-phase 3-Mg,St. tee structure.

Microscopic examination of the interface region in Al SiC composite reinforced
with as-recerved and oxidized SiC particles was done by Ribes et. al. {67] No reaction

e

between the SiC particles and molten aluminum was observed because short periods ot

time and low temperatures were involved during fabrication.
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Figure 6 A typical microstructure of the Al'SiC composite. Black

particles - SiC, white matrix - Al alloy [50].




Yan et. al. [68] investigated the microstructure ot SiC reinforced A356 cast Al
metal-matrix composite by means ot transmition electron microscopy and energy-
dispersive X-ray analysis. It 1s claimed that several phases were observed in the
composite for the first time:

- Spherical-shape amorphous phase with chemical composition Al S1,Ca..
- 7-51C. a new vanant of S1C. It 1s lath-like with a trichnic cryvstal structure having
a=0.308nm. b=0.305nm. c=1.262nm. «=93 8", 3=90.0" and y=60.0";
- J phase, which 15 a newly discovered constituent phase. It 1s bulk-like with a C-face-
centered  orthorhombic  crystal  structure having  a=0.680nm. bh=1 170nm and

¢=0.826nm.

2.9 Physical properties of the AI/SiC composites

Chiou and Chang {69] fabricated SiC whisker reinforced aluminum composite by
vacuum infiltration of hquid aluminum into a porous whisker preform under an argon gas
pressure, using an infiltration temperature of 938K. The volume fraction ot whiskers
ranged from 11 to 37 pct. The whisker diameter was 1-3unm, the whis'kcr length was 30-
200pum. The SEM study of fracture surface showed that there was no whisker pull-out.
The greater was the volume fraction of whiskers. the higher were the tensile strength
and the tensile modulus and the lower was the ductility . In particular. tor a volume
fraction of 37 pct the tensile strength was increased by 474 pet and the modulus was

€

increased by 108 pet. compared to the corresponding values of unreinforced metal. At

the same time ductility decreased from 29 to 4 pet. Coefticient of thermal expansion at




373K also reduced from 21 310 11.8 x 10"K".

Comparison study of mechanical behavior of SiC/Al composite and matrix A356
alloy was done by Wang and Zhang [70]. The elastic constant and vield strength of the
composite material were found to be higher than those of the control alloyv. but the
ultimate tensile strength (UTS) and the duculity were lower. Particle-matrix interface
debonding. particle cracking. and void formation in the metal matrix were considered to
be responsible for the low ductility.

Three possible types of fracture behavior are possible in particulate composites
[66]. I the particle-matrix interface is weak. the crack will propagate through the
interface. but if the interface is strong. together with a strong matrix. the particles will
be loaded to their fracture stress and crack. In the case that the matrix is weak relative
to the interfacial and particle strengths. the fracture will occur in the matrix by normal
vold nucleation and growth.

Kim et al. [71] studied fracture mechamisms in aluminum alloys reinforced with
whiskers. The fractografic results showed that the presence of the brittle cleavage-like

’
fracture facets originated from the coarse manganese-containing intermetallic particles
which might have been formed during the composite powder metallurgs processing.
although fracture occurs mostly by the ductile dimpled mode. From the in-situ SEM
observation of fracture processes of the composite, coarse intermetallic particles are
cleaved first to form microcracks at relatively low stress levels and act as local stress
concentrators which facilitate the void formation at the near by whisker ends. )

Similar observations were made by Lee et. al. [72] during in-situ analysis of the
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microfracture process using SEM technique. In the 2124-T6P composite microcracks
initiated preferentially at coarse manganese-containing particles in the initial loading
stage. In addition. at the tip of a growing crack. such intermetallic particles. together
with whisker clusters or residual pores, provided potential crack initiation sites. Thus.
in the 2124-T6P composite showing a ductile rupture mode, coarse manganese-containing
particles cleaved first to form microcracks. and shear bands tended to torm along these
discrete cracks. Subsequently, a main crack propagated along the shear bands: local
whisker breakage and void formation at whisker ends within the shear-band regions may
have contributed to the main crack growth. Conversely. in the 2009-T6P composite
where coarse and brittle manganese-containing intermetallic particles are almost absent.
microcrack formation was not observed in the initial loading stage. In this case.
microcracks appeared mainly at whisker clusters along which sheer bands seemed to
form. suggesting that whisker clusters plaved an important role in initiating fracture. In
the 2009-OA composite broken whiskers acted as additional strong fracture imitiation
sites. In the 2124-T6P composite. most of voids were initiated at ¢ hisker ends by the
decohesion of whisker-matrix interfaces.

Sugimura and Suresh [73] studied the effect of SiC content on fatigue crack
growth in aluminum alloys reinforced with SiC particles. It was tound that an increase
in SiC concentration results in an apparent increase in the rate of fatigue crack growth
under conditions where primarily particle fracture and matrix void growth occur. Jhe
propensity for particle fracture increased with increasing stress intensity factor range.

increasing volume fraction of the reinforcement. and increasing particle size. At the same



time when alloys were reinforced with brittle whiskers there was little or no contribution
to overall fracture from reinforcement fracture or interfacial debonding As a result these
metal-matrix composites exhibited a superior resistance to fatigue crack growth as
compared to the unreinforced matrix alloy.

The review of toughening and strengthening mechanisms through discontinuous

reinforcement was given by Xia and Langdon [74].

2.10 Fiber composites

Precipitation or dispersion hardening of a metal can result in a dramatic increase
in the yield stress and/or the work hardening rate. The influence ot these obstacles on
the elastic modulus 1s negligible. This 1s so because the intrinsic properties of the strong
particles (the high elastic modulus) are not utihized. Their only tunction is to impede
dislocation movements in the metal. The improvement in stiffness can be obtained by
incorporating high modulus fibers in a metal matrix [44]. In a metal-matrix composites
the strength is generally determined by the ceramic fibers while the fracture properties
are controlled by the metallic component [75].

SI1C fibers are of considerable interest as reinforcements for metal-matrix and
ceramic-matrix composites. Basically they are produced by chemical vapor deposition of
SIiC on a continuous carbon fiber. Typical microstructure ot the SCS-6 fiber is shown in
Figure 7 [75]. Typical microstructure of the AlSiC composite is shown in Figure 8 [76]

e

One of the major factors which limits the successful application of the composites

at high temperature environments is the occurrence of chemical reactions between the



Figure 7 (a) Cross-sectional SEM micrograph of the SCS-6 fiber.

(b) Schematic drawing of the fiber microstructure [75].
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Figure 8 SEM micrograph of the Al allov composite reinforced with Si1C fibers [76]
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reinforcement and the matrix [77]. These reactions are generally diffusion controlled and
occur during composite fabrication. as well as during service. Although the development
of an interaction zone at interfaces 1s desirable for establishing a sound fiber'matrix
bonding. overgrowth of the interaction layer is detrimental to the properties of the
composite. The tensile strength. fracture. fatigue. and crack growth behavior are all
influenced by the thickness of the interfacial reaction zone. Therefore. it is important to
understand the nature and severity of interfacial reactions between potential matrix allovs
and various reinforcements.

The study of interface reactions between Ni;Al matrix and SiC fiber was
conducted by Yang et al. [77]. It was found that SiC fiber reacts with nicke! aluminide
to form a banded structure on the SiC side and complex reaction products on the matriy
side. The following reaction zones were identified: zone 1 - Ni.Si + C. N1.Si.. zone 2 -

NiL(Si.Al) + C. zone 3 - Ni.(Si.AD). zone 4 - Cr-rich carbide. Ni«(Si.Al). zone 5 Cr-
rich carbide. Ni(ALSH, Ni(Zr.Al.Sh.. zone 6 - Cr-rich carbide. Ni.(ALSi).
NI, (Zr ALS1)-. It was concluded that diffusion barrier coating on the fiber 1y needed to
minimize the interfacial reaction.

Thermal stability of interfaces in Ti-6Al-4V composite reinforced by SiC fibers
was studied by Badini et al. [78]. It was shown that the protective coating on the tibers
made of TiB, allows to improve the lifeume of the fibers.

Krishman and Kaufman [79] studied the interface reactions in NiAl composite
reinforced with molybdenum fibers. To prevent interdiffusion between NiAl and Mo they

formed an interface layer of Mo.C by alloving NiAl with small additions of carbon
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Extensive study of NLAFALO, and Ni‘ALO, composites was done by Nourbakhsh et

al. [80].

2.11 In-situ composites

Although the advantages of advanced composites as structures in aerospace and
other demanding applications are well known. they have found few applications outside
the military arena. A primary detriment to the use of this materials for commercial
applications is their high cost. Typically. processing of advanced composites mvolves
embedding strong, suff fibers. which can cost hundreds or thousands ot dollars per
pound. in whatever matrix is being used for the monolithic component by a series of cost
intensive steps. Since  composites are. by definition. man-made matenals,  therr
constituents are rarely  thermodynamically compatible. Consequently . cither during
processing or extended high temperature operation, extensive fiber-matrix interaction can
oceur. The usual method for avoiding such reactions and to provide required intertfacial
properties is applying one or more interfacial coatings as diffusion barriers. Such

v

coatings can add additional hundreds of dollars per pound to material cost. In-situ
composites. materials in which remnforcements. matrices. and desired interfaces are
formed during processing. are an attractive route to cost-eftective structures. In the

hierarchy of structural matenals, in-situ composites can be considered to be intermediate

between monolitics, which contain natural multiphases and are cheap but have limited
3

mechanical property flexibility and artificially reinforced composites which contain

artificial reinforcements and are expensive but offer great property flexibility - In-situ



composites take advantage of synthetic multiphases tor property flexibility. but should
have costs nearly those of moenolitics. An attractive processing route to obtain synthetic
multiphases, as well as desirable matrices and interphases. takes advantage of solid-solid
and solid-liquid displacement and internal reduction reactions to form desirable phases
(81}, The work of a number of recent investigations using this approach is discussed

below

2.12 Composites produced by melt oxidation

Lanxide Corporation developed Al,O, Metal Composites by the directed oxidation
of Molten Aluminum-Magnesium-Sihcon Alloys [82]. The growth ot ALO. metal
composites by the directed oxidation of molten Al-Mg-Si alloys proceeds through four
disunct stages. The first stage encompasses the early heating ot the allov ignot. melting .
and continued heating to between 1123 and 1173K. In this latter temperature range. the
molten alloy surface rapidly oxidizes to torm a MgQO-covered MgAL O, laver. During
further heating and imitial soak at the composite growth temperature (1173 to 1573K).
the duplex layer slowly thickens (second stage). The start of the third stage. growth
initiation, 1s marked by the spread of a metal-reach zone over the duplex laver. this
metal-rich zone is believed to be connected to the molten alloy through microcracks in
the thickened MgO/MgAL,O, layer. Small nodules of the oxide metal composite nucleate
from the metal reach layer. During the final rapid growth stage. the small composite

¢

nodules grow and coalesce to form a macroscopically planar growth front. which persists

until growth is complete. Throughout the growth process. the external surface ot the




ALOvmetal composite i1s covered by a thin MgO layver. Immediately under this external
layer and separating 1t from the ALO, is a thin laver of molten metal.

The growth kinetics of an Al.O.'metal composite by the directed oxidation of an
aluminum alloy (10 wt pet St 3 wt pet Mg, balance Al) was measured as a function of
temperature (1398 to 1548K) and oxygen parual pressure in O. Ar gas mixtures |83]
The growth rate exhibited an activation energy of 370 kJ‘mol and a dependence on

oxygen partial pressure consistent with a Po,™*

relationship. A dissotution-precipitation
growth mechanism was proposed in which the growth rate is controlled by the electronic
conductivity of an external AlLO;-doped MgO surface laver in conjunction with grain
boundary diffusion of magnesium.

Also alumina-matrix composites with SiC particulates have been produced by
directed melt oxidation of” a multicomponent Al allov [84]. The nricrostructure consisted
of three interpenetrating phases: the SiC preform, a continuous ALO, matrix. and i
network ot unoxidized metal. The volume fraction of metal within the oxidation product
decreased with increasing processing temperature. and its distribution was less uniform

.
when a preform was present. The preform did not show evidence of degradation by the
molien alloy. but the growth front tended to climb up particles, increasing the oxidation
area and enhancing the rate of composite formation. The total porosity of the composite
was found to increase with increasing Mg content. processing temperature. and or Si1C
particle size. Porosity within the channels was associated primarily with insufticient metal
¢

flow to feed the solidification shrinkage. A historical overview of the development of

Lanxide™ composites is given by Lewis and Singh [85].



2.13 AVTiC composites

An in-situ process tor making composites comprising a refractory material
dispersed In g solid matrix was suggested by Koczak and Kumar [86]. According to the
description of the patent a molten composition comprising a matrix liquid. and at least
one refractory carbide-forming component are provided, and a gas is introduced into the
molten composition. A reactive component 1s also provided for reaction with the
refractory material-torming component. The refractory material-forming component and
reactive component react to form a refractory material dispersed in the matrix hquid. and
the hiquid composite 15 cooled to form a solid composite material. In one embodiment.,
the reactive component 1s a carbonaceous component in the torm of a component of the
gas, a solid in the gas or the molten composition. or both. The carbonaceous component
15 provided for reaction with a refractory carbide-forming component to vield a retractors
carbide. In a preterred embodiment the matrix ligquid s molten aluminum and the
refractory carbide torming component is tantalum. In other embodiments. refractory
horides or refractory nitrides are formed 1n situ in the matrix liquid

This method was mostly used for in-situ growth of TiC. In imtal work of Sahoo
and Koczak [87] carbonaceous gas was bubbled through AL-Ti melt and tine (0 1 o 2
pm) TiC platelets were produced. lLonger processing times and larger bubble size
increased the average TiC size slightly. When graphite particles were used as carbon
source the final TiC ranged from sub micron to several (5-10) microns in size regardless

¢

of the imual graphite size. The results of this work were summarized by Koczak and

Premkumar [88].




The work on in-situ formation of TiC was continued by Premkumar and Chu

[89.90]. It was found that when carbon particles were mixed with Al-Ti alfoy and heated
they reacted forming TiC. Neither unreacted cores nor surface reaction zones in the
carbon particles were observed. Fine (0.5 pm) TiC particles were not only round 1n
shape but also were relatively uniform in size. It was suggested that the tormation of TiC
was achieved via a mechanism of muluple nucleation and growth of TiC in suu from the
carbon-saturated Al-Ti melt duning isothermal holding. The presence of tine submicron-
size carbides with a narrow size distribution meant that nucleation was casier than
growth. At the same time when natural gas was used as a carbon source increasing
reaction time tfrom 5 to 30 minutes led to the increase of particle size from 2 to 10 um
Recent developments of in situ tormation of TiC are discussed 1 [91.92]
Jarfors et. al. [93] studied the reactions taking place during infiltration of graphite

fibers by Molten Al-Ti alloy. Three reactions

Tih) + Cisy = Ty 123
4AKD + 3C(s) = ALC(s) (24
ALC(s) + 3T = 3TiCs) + JAlD (25

were observed (o take place simultancousiy. The reaction products consisted ot parth
reacted graphite fibers covered by two layers: ALC, and TiC. TiC was also present m
the form of small crystals randomly distributed in the matrix alloy. The resuits of
experiments were explained using Al-Ti-C phase diagram developed by Svendsen and
¢

Jarfors [94].

Formation of TiC in AP-Ti melt with the intention of grain refinement of



aluminum alloys was studied by Banerji and Reif [95]. Reaction zones on separate
graphite particles showed that they represented aggregates of small TiC particles Also
1t was also found that aluminum carbide could form a laver on TiC. The results of this
work were explained 1n terms of relative thermodyvnamic stabilities ot AL,C, and TiC
Later thermodynamic analysis made in this paper was revised by Fine and Conley [96].
Rapp and Zheng [97]. and Yokokawa et. al. [98]. But the reasons behind the formation
of layers of TiC and Al,C, remained unclear.

Thermodynamic assessment of Al-Ti system was done by Cattner et al. [99). and
diftusion of carbon in titanium carbide was studied by van Loo and Bastin [100].

Formation of ternary compound Ti.SiC, or the mixtures of SiC and TiC was
studied using combustion sintering by Klemm et. al. [101] or by chemical vapor
deposition by Touanen [102]. Thermodynamic analysis of chemical vapor deposition of
T1,S1C, was done by Racault et al [103].

Chrysanthou et. al. [104] prepared CuTiC composites by maintaining Al-Ti melt
with carbon black at 1773K for I hour. After melting of the allov. carbon black was
observed to rise to the surface of the melt and gradually disappeared as it reacted with
Ti. It took approximately 40 min. for complete reaction. The size of the particles in Cu-
12%TiC composite was of the order 1-3ugm. while in Cu-55%TiC it was about 15um

The finely dispersed particles were almost spherical in shape.

2.14 SiC/MoSi, composites

Molybdenum disthicide (MoSi,) is a promising intermetallic compound for high




37
temperature structural applications in oxidizing atmospheres [105]. It has a higher
melting point (2293K) than aluminides of iron. nickel. and titanium: furthermore. it has
excellent oxidation and hot corrosion resistance approaching that of SiC. Its outstanding
oxidation resistance 1s due to the formation of a glassy silica ($10,) laver which acts as
a protective film at high temperatures. However. like most of the intermetallics. the
major problems impeding the use of MoSi, are its extreme brittleness and poor impact
strength at low temperatures. It exhibits a brittle-to-ductile transiton at approximatels
1173-1273K. Above this temperature. MoSi, hehaves more like a metal. showing vielding
and stress-relieving characteristics. The strength of MoSi. at elevated temperatures s
relatively low since it undergoes creep and plastic deformation at temperatures above the
transitton temperature. Therefore, to make MoSi. a viable structural material. it i
necessary 1o improve the room-temperature fracture toughness, clevated-temperature
strength, and creep resistance.

The study of SiC whisker-reinforced MoSi, composite showed that the addition
of 20 vol% $1C whisker did not result in significant improvement in ecither the flexural
strength or fracture toughness. The composite exhibited a brittle fracture behavior across
the fracture surface. No whisker pull out was observed on the fracture surtace. This
suggested that the bonding between the whisker and the matrix was strong. Because of
this strong bond propagating cracks could not be deflected. A thin reaction laver was
found at the interface of SiC-fiber/MoSi, composites. It is thought that the outer C-rich

¢
layer reacted with MoSi. to form SiC.

A solid state displacement reaction between Mo.C and Si was used to svnthesize



oL

a MoS81,/S1C composite by Henager and Brimhall [106). Composite was produced by
vacuum hot pressing of powder compacts of blended Si and MoC.. Using X-ray
diffraction and quantitative metallography it was determined that in the interval 1973-
2073K the following reaction takes place:
Mo.C(s) + SSits) = 2MoSis) + SiCs) (26)

Traces of MoSi:C were present in the final composition. The following product
sequence and reaction mechanism was determined: initially Mo Si,C forms followed by
the MoSi, phase. SiC was observed to grow at the interface between the ternary Mo.Si,.C
phase and MoSi.. The initial SiC morphology was plate-like with an aspect ratio ot ~
20 but then the plates underwent pinch-oft into discreet particles approximately 1 gm tn
diameter. Thermochemical evaluation of combustion synthesis of MoSi,-SiC composites

was done by Yandhyala [107].

2.15 Theoretical possibility to form SiC in-situ in Al-Si alloy
Figure 5 [42] shows a ternary Al-Si-C phase diagram. As seen from the figure
Al-S1 melt can be in equilibrium with silicon carbide. This fact means that if carbon is
introduced into Al-Si melt. there is a theoretical possibility to form SiC in-situ in Al-Si
alloy but surprisingly no trials have been made to produce a composite material in this

way.

2.16 Conclusions

Literature review showed that incorporation of silicon carbide particles nto




aluminum alloys allows to improve mechanical properties of this material comparning to
unretnforced matrix alloy. Unfortunately during hquid stage production of aluminum
matrix composites reinforced with silicon carbide aluminum carbide s formed and 1t 1
responsible for reactive degradation of mechanical properties of the composite. To avoid
aluminum carbide formation high silicon concentrations should be emploved  Also the
composite is refatively expensive because of the high price of silicon carbide. The other
possibility to produce thermodynamically stable and cheap composite 18 by in-situ
reaction of aluminum-silicon melt with carbon. To make the composite successtully 1 s
necessary to have complete thermodynamic analysis of the ternary Al-S1-C svstem and
experimentally try different different carbon sources 1f they are suitable tor silicon
carbide production. On the base of these conclusions the following objectives were

established for this work:

2.17 Research objectives:
1. Thermodynamic analvsis of Al-Si-C systemr with the goal ' find optimum

conditions for in-situ formation of SiC.

2 Experimental studyv of the sunability of difterent carbon sources for in-situ
formation of SiC.
3. Microstructure of the intermediate and final products and determination the
mechanism and the rate of reaction.
.
4. Cheap and effective method of in-situ production of Al'SiC composite for

industrial consideration.




3. THERMODYNAMIC CALCULATIONS
3.1 Introduction

The calculations of equilibrium species distribution were performed using the
program "HSC Chemuistry for Windows” developed by Outkumpu Research Ov. Pori.
Finland and commercially available. The name of the program is based on the fact that
it automatically utilizes extensive thermochemical data base which contains enthalpy (H).
entropy (S) and heat capacity data for more than 5600 chemical compounds.

The program is based on the free energy minimization method. This means that
the program finds the phase combination and composition where the Gibbs energy of the
system reaches its minimum value at a fixed mass balance. The algorithm was first
described by White et. al. [108]. Recently similar approach was successtully applied tor
development of a new process for the direct conversion of high grade nickel matte o
nickel [109].

The following are two basic equations:

G =Xn(G) = min (27)
b, =L(n, xa,) (28)
where G 1s the total Gibbs energy of the system. G, is the Gibbs energy of species i. n,
1$ the number of moles of species i. a, 1s the number of atoms of j in species of i, b is
the number of moles of element j.
The calculations were done for Ar atmosphere. The following assumptions were
e

made during the calculations:

1. Si and Al form liquid solution and activity coetficient of Al is one




-
2. ALC; and SiC are solid species which can be present in the system as separate phases
3. No ternary phase can form.
Activity coefficient of Siin Al was described using quasi-regular solution model:
In(fe) = (h. + h.'THl-X ) (29)
where f( 1s activity coefficient of Si. h, and h, are constants. T is temperature.
X, 15 mole traction of Si.

Two composition hmiting conditions were used to determine h, and h.. From the
eutectic point on the Al-Si phase diagram [35] at T=850K and x, = 0122 activiny
coettficient of silicon was found to be
f, = I'Xy = 8.197 (30
with pure solid silicon as a standard state.

The following approach was used to determine the second condition. The results
of preliminary calculations with the use ot 1deal solution model for Al-Si svstem
coincided with the experimental data [41.45] at approximately 1423K . So it was assumed
that solution becomes ideal at this temperature and for the temperature interval 1423-
1573K f;, was taken as one. For the temperature interval 973-1423K the activiny
coefficient was found to be:

In(ty)=(-4 048 +5760: T)(1-X, )" (31)

Results of the calculations together with experimental data [42.43 45 46] and the
calculated values of Lloyd [49] on the temperature dependance of sihicon concentration

e
in aluminum alloy (point A on the phase diagram. Figure 5) are given in Figure 9. As

seen from the figure experimental results are satisfactorily described by the model
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developed in this work. So the model may be used for analysis of Al-SiC interactions
A point of maximum in Figure 9 at 1423K is the point where liquid Al-Si solution
becomes ideal. At lower temperatures the behavior of the system is determined by strong
temperature dependance of the activity coefficient of silicon in the melt. It decreases
from 8197 t 1. when the temperature increases from 973 to 1423K At higher
temperatures the activity coefficient of silicon is one and the behavior of the svstem 18

determined by the Gibbs energy of the reaction between Al and SiC.

3.2 Pure Al with SiC.

The calculanons were made to study the effect of inital composition and
temperature on the equilibrium species distribution in the Al-S1-C svstem. Table 3 and
Figure 10 show the effect of SiC addition to pure Al at T=1073K. As seen trom the
figure. when small quantity of SiC 15 added 1t reacts completely producing Al,C, and Si
in the melt:

4AlLalloy) + 3S1C(s) = ALCys) + 3Si(lalioy) (32)
AG = -49.706 +76 15T J'mol (33
Equilibrium constant for the reaction (32) may be expressed by the following equation
K =(Q,: a0 7 (A Qg ) (34)
Taking into account that a,,-.=1. a,,=1. and a,,=1. equation (34) may be rewritten

in the following form: .

K = a\“ = t\xi Xx} (35




Table 3 Effect of SiC/Al ratio on the equilibrium species distribution

T. K | Initial Addition, Equilibrium composition
composition | mol% ot
of alloy. alloy
mol %
Al Si Alloy | Composition of | SiC AlLC,
mol% | alloy. mol % mol% | mol%
Al Si
1073 | 100 - 2.1%8iC 993 97.89 | 211 0 0.70
1073 | 100 - 5.1%SiC 98.3 94.81 | 519 |0 170
1073 | 100 - 8.1%SiC 97.3 91.68 | 832 0 2.70
1073 | 100 - 10.1% S$i1C 95.78 | 91.01 | 8.99 | 2.87
1073 | 100 - 20.1%S1C 87.18 | 91.01 | 8.99 10.21 | 2.61
1073 | 100 - 40.1%S1C 73.89 | 91.01 | 899 2388 1221
1073 | 100 - 80.1%SiC 56.66 | 91.01 | 899 |41.65 | 170
1073 | 100 - 140.1%S1C | 41.96 | 91.01 | 899 | 56.78 | 1.26
1073 | 100 - 200.1%SiC | 33.32 1 61.01 | 899 |6568 | 1.00 e
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and hence
X, = K''f, (36)

As seen from equaton (36) sthicon concentration in the melt and accordinly extent ot
reaction (32) is determined not only by K value (or Gibbs energy of reaction) but also
by solution properties of the melt () Effect of temperature on t 1s much more
pronocunced than on Gibbs energy and as a result the reaction (32) becomes more driven
by solution properties of the melt than by Gibbs energy of reaction. The etftect of
temperature on the silicon concentration 1s given in Figure 9. The following equations
were found to describe the silicon concentrations:

= -39.29 + 0.06601T -1 955 - 101" (973-1423K) 137y

7
l

X, = 50.02 - 0.034557T + 7.000- 10"T" (1423-1573K) 138

As seen from Figure 10 SiC appears in the equilibrium composition after the
Si1Cr Al mol. ratio accedes 0.1, This 1s also the point at which A1LC, (2 9mol pc and St
concentration n alloy (8.99mol pct) reach maximum. while Al in alioy (91.0Imol pcty
reaches minimum. With turther additons of reinforcement. alloy and ALC, fractions
decrease. SiC increases. while the concentrations of St and Al in alloy do not change
As seen trom the tigure, alunmnum carbide, which is detrimental tor physical properties
of the composite. is always present in the system. Theretore pure Al should not be used
as matrix metal for silicon carbide.

The corresponding compositional path 1s shown in Figure 11, When small quantity

e

of SiC is added the composition lies in the ., + ALC, binary phase triangle. Addition

of SiC such that SiC/Al ratio reaches 0.1 18 equal to reaching ternary phase L. + SiC
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Figure 11 Al-Si-C phase diagram at 1073K with compositional path

corresponding to addition of SiC to pure Al. Phase idenufication

is given in Figure 5.




+ ALC; at point D. With further SiC additions the composition of Al-Si alloy does not
change and corresponds to the point A on the diagram.

Figure 12 [42] shows the microstructure Al'SiC sample after reaction for 1h at
1270K. Aluminum carbide forms a reaction laver on silicon carbide. The AL C, SiC mole
ratio estimated from Figure 12 was found to be 0.057 which is close to 0.048 calculated
from Table 4. Figure 13 {42] shows X-ray diffraction pattern of the sample after reaction
between Al and SiC. As seen from the figure both products of reaction (29) - Si metal
and Al,C, are present in the system

Table 4 and Figure 14 show the effect of temperature on the species distribution
in the system for iniial SIC/Al mole ratio equal to 1. As seen from the figure
temperature increase from 973 to 1423K leads to the increase of Si concentration in alloy
from 6.46 to 15.43 mol pct, ALC: fraction from 1.09 to 2.64 mol pct. and alloy fraction
from 50.54 to 51.32 mol pct. while Al concentration in atloy and SiC decrease trom
93.54 and 48 37 mol pct respectively o 84.57 and 46.04 mol pet. Further increase of
temperature from 1423 to 1573K leads to decreasing silicon concentration in alloy to
13.74 mol pct. aluminum carbide to 2.34 mol pct, and alloy fraclio; to S1.17 mol pet.
while the concentration ot aluminum in alloy and the fraction of silicon carbide in the
system increase to 86.26 and 46.49 mol pct respectively.

The corresponding effect of temperature on the phase diagram is shown in
Figure 15. The increase of temperature from 973 to 1423K is equal to the movement of

e

point A, toward point A,. and point B, toward point B.. As a result the ternary phase

triangle L, + SiC + ALC, is now reached at point D,. Accordingly the corresponding
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Figure 12 Optical micrograph of an Al-SiC sample after reaction

for 1h at 1270K (42].




Table 4 Effect of temperature on the equilibrium species distribution

Temp | Inital Addition, Equitibrium composition
K composition mol %
of alloy. of alloy
mol %
Al Si Alloy | Composition of | SiC AlC,
mol% | mol% mol% | alloy. mol% mol% | mol %
Al Si

973 1 100 100%S1C | 50.54 | 93.54 | 6 .46 4837 | 1.09
1073 | 100 - 100%81C | 50.76 | 91.01 | 8.99 47.72 | 1.52
1173 | 100 100%S1C | 50.96 | 88.71 11.29 | 4712 | 1.92
1273 | 100 H00%SC | S1.13 | 86.78 | 13.22 1 46.62 | 225
1373 | 100 - 100%SiC | 51.26 | 85.22 1 1478 | 46.21 | 2.53
1423 | 100 - 100%S1C | 51.32 | 84.57 | 1543 | 4604 | 2 64
1473 | 100 100%SiC | 51.27 | 85.18 | 14.82 | 4620 | 2.53
1573 | 100 100%S51C | 51.17 | 86.26 | 1374 | 4649 | 234
1673 | 100 H0%S1C | 51.09 | 8718 | 12.82 [ 46.73 | 218
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values of ALC, and Si concentration i1n allov increase. The further increase of
temperature after 1423K was reached leads to the movement of point B, toward St but
now point A, moves back toward point A, As a result the fraction of AlLC, and Si
concentration in alloy decrease.

Table 5 and Figure 16 show the effect of SiC*Al ratio and temperature on the
tormation of Al,C, tn more details. As seen from the figure the temperature decrease
from 1273 K 1o 973K allows to decrease the gquantity of ALC, approximately two times
Maximum of ALC; is reached for SiCrAl ratio in the range 0.1-0.2 The points of
maximum correspond to the points D of crossing (at different temperatures) A-AlC, and

Al-SiC fines (Figure 15).

3.3 Al-Si alloy with SiC.

When Si is present in initial Al alloy it may decrease or completely prevent the
reaction between Al and SiC [45] and Table 6 and Figure 17 give the guantitatve
estimation of this effect. Minimum silicon concentrations enough to prevent AlC,
formation for each temperature are determined by position of point A on the phase
diagram and are the same sihcon concentrations as given on Figure 9 As seen from
Figure 17 this minimum concentration strongly depends on the temperature. For
example, 7 mol pct Si 1s enough to prevent AL C, formation at 973 K. while at 1073 K
0.5 mol pet of ALC, may be formed.

e

These results were compared with experimental data of Llovd [49] According to

[49] an alloy A356. containing 7 wi. pet Si (6.74 mol peo), reinforced with 15 vol pet




o
¥e)

S T T T T T T T T Y AR AEARRERRRRERELEA

1273 K

LA L1 ) s et b d i i

Caiddaagaleaa e a e el eaa el it

11111/ WU Wt

O ‘17r11111171111|xlr1]1x1.71711|1-11TTYI-]’1"""'

0.0 0.2 0.4 06 o8 1.0
SiC/Al mol ratio

Figure 16  Effect of SiC/Al mol ratio and temperature on the equilibrium

mol fraction of ALC,.




o
¥e)

S T T T T T T T T Y A RAAEARRERRRERERELEA

1273 K

LA L1 ) s et d i i

Catddaagal ey e a e a s el eaa el it ags

11111/ WU Wt

O ‘17r11111171111|xlr1]1x1.71711|1-11TTYI-]’1"""'

0.0 0.2 0.4 06 o8 1.0
SiC/Al mol ratio

Figure 16  Effect of SiC/Al mol ratio and temperatre on the equilibrium

mol fraction of ALC,.




Table 6 Effect of Si concentration in Al alloy on the tormation ot AlLC,
(Al - 20mol % SiC)
Initial
concentration Equilibrium concentration ot Al,C,. mol%

of St alloy.

Temperature. K

mol %

973 1073 1173 1273
0.01 1.85 261 3.32 392
1.96 1.27 330
3.85 0.73 1.45 213 271
5.67 0.22 216
6.46 0
7.42 0.44 1.09
8.99 0
9.10 115
10.72 0.16
11.29 0
12.29 0.25
13.22 0

60
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S1C was melted and held for 2 hours at 998 and 1073K. Aluminum carbide was detected
after keeping the composite at 1073K but was not found atter treatment at 998K. From
the equation (37) at 998K the reaction (32) will be prevented if Si is higher than 7.12
mol pet. which 1s very close to the St concentration in the A356 alloy. So there 18 a good
agreement between calculated and experimental data.

The effect of silicon addition on the compositional path is shown in Figure 18
As seen from the figure etfect ot silicon additon up 20 mol pct is equal to shding the
first point of the compositional path from pure Al toward point F. As a result when point
A 1s reached equilibrium composition will consist only of hiquid alloy and S1C and no
aluminum carbide can form.

Figure 19 [42] shows the micrograph of the SiC heated in the presence of Al-Si
alloy containing 20 mol pct Si. Comparison of this Figure with Figure 12 shows that in

accordance with thermodynamic calculations no aluminum carbide was formed

3.4 Al-Si alloy with carbon.
For in-situ formation of silicon carbide. carbon may be added to liquid aluminum-
silicon alloy. In this case the following reaction may take place:
Sul.alloy) + Csy = SiC(s) 139)
aG = -72.705 + 7.45T. J'mol (4th
Table 7 and Figure 20 show the equilibrium species distribution, when carhone 18

added to the liquid alloy. comtaining 30 mol pct Si. Silicon reacts with carbon. forming

SiC untl addition of 19 mol pct of carbon. This 1s the point when aluminum carbide
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Figure 19
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Optical micrograph of SiC particles heated for 1h at 1270K

in the presence of Al-Si alloy containing 20 mol% Si [42].
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Table 7

Effect of temperature and carbon addition to 30mol % Si-70mol % Al

alloy on the formation of SiC and Al,C,

T. K | Imual Addition Equilibrium composition

composition of carbon

of alloy, mol% of

mol % alloy

Al Si Alloy | Composition of SiC AlLC,
mol% | mol% mol < alloy. mol % mol% | mol %
Al S

1273 70 30 16.01%C | 83.99 | 83.34 16.66 | 16.01 0
1273 70 30 20.01%C | 80.25 | 86.78 13.22 1 1956 | 0.19
1273 70 30 24.01%C | 77.71 | 86.78 13.22 1 2094 | 135
1373 70 30 16.01%C | 8399 | 83 34 16.66 | 16.01 0
1373 70 30 20.01%C | 80.82 | 85.22 1478 | 1859 | 039
1373 70 30 24.01%C | 78.23 | 85.22 14.78 | 20,02 | 175
1473 70 30 16.01%C | 83.99 | 83 34 16.66 |,.6.01 0
1473 70 30 20.01%C | 80.83 | 85.18 14.82 1 18.57 | 0.60
1473 70 30 2401%C | 78.24 | 85.18 14.82 | 19991 176
1573 70 30 16.01%C | 83.99 | 8334 16.66 | 16.01 0
1573 70 30 20.01%C | 80.44 | 86.26 1374 1 19.24 | 0.32
1573 70 30 2401%C | 77.88 | 86.26 1374 | 2064 | 1.48
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appears in the equilibrium composition. Formation of aluminum carbide takes place
according to reaction:

4Al + 3C = ALC, (41

aG = -268.185 + 98.59T. J'mol (42)
Reaction (39) 1s parallel to the reaction (41). After Al,C, appears in the equilibrium
composition the concentrations of Al and Si do not change. the fraction of alloy
decreases. while the quantuty of SiC grows simultaneously with ALC. The alloy
composition corresponds to point A on the phase diagram. To avoid aluminum carbide
formation the addition of carbon should be limited.

According to Table 7 addition of less than 16 mol pet of C 1o alloy with 30 mol
pct of §1allows to form only silicon carbide. During experiments described in more
details in Chapter 5. 10.2 mol pct of carbon were added to the mentioned allov at
1573K. As predicted by thermodynamic calculations only SiC was formed. The
microstructure of the sample 1s given in Figure 40 Effect of Si concentration in initial
alloy on the maximum concentration of SiC which can be reached without AlLC,
formation 1s shown in Tables 8 and 9 and Figure 21 At 1473 K all(;)' with 30 mol pct
of Si allows to reach 18 mol pct of SiC. alloy with 40 mol pct of Si - 28 mol pct of SiC.
while alloy with 50 mol pct of St - 40 mol pct of SiC. As seen from Table 8 addition
of less than 24 pct of C to alloy with 40 pet of St allows to form only silicon carbide.
During experiments described in more details in Chapter 5. 20 mol pct of carbon were

e

added to the mentioned alloy at 1573K. As predicted by thermodynamic calculations only

S$1C was formed. The microstructure of the sample is given in Figures 66 and 67. The




6%

Table 8 Effect of temperature and carbon addition to 40mol % S1-60mol % Al alioy

on the formation of SiC and Al,C,

T. K | Imual Addition Equilibrium composition
composition of carbon
mol% of
Al Si Alloy | Composition of Sic ALC,
alloy
mol% | mol% mol % alloy. mol% molc | mol‘
Al Si
1373 60 40 16.01%C | 83.99 | 71.44 2856 | 1601 0
1373 60 40 24.01%C | 7599 | 78.96 2104 | 2401 0
1373 60 40 32.01%C | 68.68 | 85.22 1478 | 30.65 | 067
1373 60 40 40.01%C | 62.45 | 85.22 1478 | 3447 | 308

1473 60 40 16.01%C | 83.99 | 71 44 28.56 | 16.01 0

1473 60 40 2401%C | 7599 | 78.96 204 | 2401 0

1473 60 40 32.01%C | 6869 | 8518 14.82 | 30.63 | 0.68

1473 60 40 40.01%C | 62.46 | 85.18 14.82 | 3445 | 309

1573 60 40 16.01%C | 83.99 | 71.44 28.56 | 16 01 0

1573 60 40 24.01%C | 7599 | 78.96 2104 | 2401 0

1573 60 40 32.01%C | 6834 | 86.26 1374 | 3112 | 0.4

1573 60 40 40.01%C | 6227 | 86.26 1374 | 3487 | 285
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Table 9 Eftect of temperature and carbon addition to SO0mol % S$1-50mol % Al alloy

on the formation of SiC and Al,C.

T. K | Imtial Addition Equilibrium composition

composition mol% of

alloy
Al Si Alloy | Composition of SiC AlLC,
mol% | mol% mol % alloy. mol% mol% | mol%
Al Si

1373 50 50 3201%C | 67.99 | 73.54 | 2646 | 32.01 0
1373 50 S0 40.01%C | 59.99 | 83.35 16.65 | 40.01 0
1373 50 50 48.014% 5306 | 85.22 1478 | 45.03 | 191
1373 50 50 56.01%C | 4543 | 85.22 14.78 | S0.05 } 451
1473 50 50 3201%C | 67.99 { 73.54 2646 | 32.01 0
1473 50 S0 40.01%C | 59.99 | 83.35 16.65 | 40.01 0
1473 50 50 48.01%C | 53.06 | 8518 1482 [,502] 192
1473 50 S0 56.01%C | 4543 | 8518 14.82 | 5005 | 4.52
1573 50 50 3201%C | 67.99 | 73.54 | 2646 | 32.01 0
1573 50 50 40.01%C | 59.99 | 83.35 16.65 | 40.01 0
1573 50 50 48.01%C | 52.95 | 86.26 1374 | 4532 1.73
1573 50 50 56.01%C | 4537 | 86.26 1374 | 5028 | 4234 f
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final composition of this sample 1s approximately the same as of the one produced by
addition of SiC to Al-Sialloy with 20 mol pet St and presented in Figure 19 Comparison
of Figures 66 and 19 shows that the difference between them lies in the shape ot $iC
In-situ formed SiC from Figure 66 retains the round shape of precursor carbon particles.
while SiC from Figure 19 has irregular jagged surface.

Effect of Si concentration on the compositional path is shown in Figure 22
Carbon addition to alloy with 30 mol pet of St is equal to movement from point G.
toward carbon. When small amount of carbon 1s added the composition hies 1n the L. +
SiC phase tnangle. With further additions of carbon the compositional path crosses the
boundary line of ternary phase at point ;. At this point alununum carbide appears in the
equilibrium composition. Increase of Si concentration in inital alloy from 30 to 50 mol
pet is equal to the shiding the first point of compositional path from point G. toward point
G, and as a result the maximum SiC concentration. which mav be achieved without ALC.
formation increases.

Also as seen from Figure 23 the increase of emperature from 1173 K o 1423 K
leads to the decrease of maximum of SiC achievable without ALC, from 20 to 17 mol
pet. At 1423K according to Figure 23 the behavior of the system changes to reverse. At
temperatures higher than 1423K raising the temperature leads to slight increase in SiC
and decrease in AlLLC;.

The effect of temperature on the phase diagram is shown in Figure 24

c

Temperature increase from 1173 to 1423 K is equal 1o stiding of point A, toward A. and

point B, toward point B,. At the same time the point where Al,C, appears in the
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equilibrium composition moves from H, to H, and the guantity of SiC achievable without

Al C, formation decreases slightly. At temperatures higher than 1423K the movement

direction of points A, and H. changes to reverse.




4. EXPERIMENTAL PROCEDURE

4.1 Chemicals and materials
Al granular. 2-5 mesh, 99.9% pure was purchased from Aldrich Chemical
Company. Inc. Si. powder. -325 mesh, 99% pure was purchased from Aldrich Chemical
Company. Inc. Activated carbon. designated Norit RO 3515 was purchased from Norit
N. V.. Netherlands. Natural gas was of industrial supplv. Ar gas was purchased from
Sicrra Welding Supply. Sparks. NV. Alumina crucibles and tubes were purchased trom

Coors Ceramics Company. Golden. Colorado

4.2 High temperature furnace set-up

Lindberg, single zone. vertical tube furnace. tvpe 54433 with working
temperature range 773-1773 K was used in all experiments. The furnace consists of a
working chamber. heating elements, insulation, platinum:/platinum-13% rhodium
thermocouple, and a control console. Double-end silicon carbide heating elements are
mounted above and below furnace chamber. The positioning ofclemcnli compensates tor
heat loss from the ends of the process be and improves the svstem performance. The
chamber is constructed of high-temperature graded insulation, assuring excellent chamber
temperature uniformity and thermal efficiency. Control console model 593545 s 4
specially designed instrument for use with silicon carbide heating element furnace and
calibrated for platinum thermocouple. This instrument system consists of a Lindberg snlig
state temperature controller with a 4-digit thumbwheel setpoint switch and phase-angle

fired output pulses. a Lindberg power output module. and an on-oft power input circunt



breaker. The controller with adjustable proportional band and fixed reset and rate

functions also features an adjustable maximum power control that varies the load voltage
from 0 to 100% . This power control is used to reduce output voltage to compensate tor
lower heating element resistance during heat up and to increase output voltage to
compensate for higher heating element resistance due to aging. Temperature profile ot
the furnace 1s given in Figure 25. About 6 ¢m length of constant temperature zone with
+ 2 K was obtained.
4.3 Preparation of alloy

Aluminum-silicon alloy was prepared by mixing Al and Si. The mixture was
placed into alumina crucible of 30 mm diameter and 100 mm height. The crucible was
introduced into the furnace under Ar atmosphere. The furnace was heated to 1773K and
kept at this temperature for one hour to ensure complete melting of the alloy
Experimental setup 1s given in Figure 26, It included the resistance turnace with alumina
tube inside it, thermocouple, gas inlet and gas outlet. Crucible was placed on ceramic

support. Alloys containing 30, 40 or 50 mol pct of S1 were used in further experiments.

4.4 Reaction with natural gas
After melting of the alloy the furnace was cooled to desired temperature and after
30 min. of exposure kinetic experiments were started. Gas mixture of Ar and 10, 20 or
40% of CH, was bubbled through the melt. Gas flow was 2 I'min. In a certain time

intervals 2-3 g alloy samples were sucked using 5 mm diameter quarntz tbe trom the

bottom of the crucible. When the melt was becoming viscous the process was stopped.
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the crucible was removed from the furnace and quenched in air. Each sample was
analyzed on carbon using LECO carbon and sulfur analvzer and some of the samples

were subjected to X-ray diffraction and microscopic evaluation

4.5 Reaction with graphite rod
After melting ot alloy graphite rod 500 mm long and 15 mm in diameter was
introduced into the crucible  Ar was bubbled through the melt to provide mixing and
reaction was carried for 4 hours. Then the rod was removed from the melt and quenched
in air. The part of the rod which reacted with the melt was cut into pieces and subjected

ESM-EDAX analysis.

4.6 Reaction with activated carbon particles

Activated carbon in the form ot small rods Imm in diameter and 3 to 5 mm long
was added to the melt. After 15 min of exposure argon gas was bubbled through the
melt. This provided mixing and carbon incorporation into the liguid allov  Gas flow rate
was 2 I/min. After certain reaction time the crucible was removed from the furnace and
guenched in air. An extent of reaction was calculated using the following equation

X =S¢ 'S¢

where X s fraction transtormed. S is area of SiC formed. S, 15 area of nonreacted
carbon.

4.7 SEM-EDAX analysis

The samples were fractured. polished and the microstructure was analvzed using



SEM-EDAX system. SEM analysis was done using JSM-840 Scanning Electron

Microscope. Energy dispersive spectrometry was done using KEVEX sotftware

4.8 X-ray powder diffraction
The phase content of the samples was determined by the X-rav powder ditfraction
method. The X-ray source was Cu-Ke radiation with a monochromator. The scanning
20 angle was from 107 to 90" at a scanning rate of 2nun and a chart speed of 2.5
cm/min. For the X-ray diffraction pattern analysis. Braggs Law was applied in the torm
A=2dsind
Knowing A, the wavelength of Cu-Kea (1.542 Ay radiation and the 26 angle of reflection,
the d-spacings were calculated for diftraction peaks. By comparning the caleulated d
spacings with the standard JCPDS data file. the phases in cach specimen were

determined.

4.9 Chemical analysis
Carbon analysis was done using LECO CS-46 System. The system consists ot a
Model 770-200 Determinator and a Model 763-600 Induction Furnace. Principally, the
sample 1s combusted with oxvgen in a LECO Induction Furnace using [LECOCEL
accelerator. Approximately 97% ot the carbon is oxidized to CO. and about 3%
combusts to CO (except on low carbon samples where very hittle CO is formed). sultur
e

oxidizes 1o SO,. During combustion the concentration of gases in the closed loop rapidly

becomes homogeous. All three gases are detected separately in the same chamber.



The sohd state detectors are energy detectors. Filters are used to pass the
appropriate IR wavelengths to each detector. In the absence of CO. CO,. and SO. the
cnergy recieved by each detector is maximum. During combustion the IR adsorption
properties of CO. CO. and SO, gases in the chamber cause a loss of energy: therefore
a loss n signal results which 1s proportional to the concentration of cach gas. Accuracy

of analvsis 18 5%



5. EXPERIMENTAL RESULTS

5.1 Experimental trials

5.1.1 Reaction with natural gas

The eftect of time (4 to 120 minutes). temperature (1273 and 1473K) and gas
composition (10, 20. and 40 pct of CH, with Ar) on in-situ formation of SiC in 30 mol
pet Si - 70 mol pet Al melt was investigated. The X-ray analysis of the samples Figure
27) showed that SiC was formed but its quanuty was extremely low. As can be seen from
Figure 27 along with SiC. ALO. was also formed. The natural gas used was of
commercial grade. The formation of alumina in the melt may be due to the reaction ot
aluminum with impurities present in the natural gas such as CO. CO. and H.O The

results of experiments are summarized in Tables 10 and 11.

5.1.2 Effect of time, temperature and gas composition.

As can be seen from Figure 28 there 1s no significant effect of time and gas
composition on the SiC formation in the melt at 1273K. The carbon content of the melt
remained in the range of 0.15 10 0.30 wt. pet. If generated silicon carbide particles were
randomly distributed 1n alloy the carbon content would increase with time. But after
0.15-0.30 wt pct carbon in the melt was reached at the very beginning of the process

there were only small variations of carbon concentration. The reason for that is flotation

of silicon carbide particles to the surface. Atter the crucibles were cooled some kind of
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Table 10

Results of Al-Si alloy analysis on carbon after reaction of

70 wt% Al - 30 wt%Si alloy with natural gas at 1473K.

Time. Concentration of natural gas
min 10% 20% 40%
Carbon, wi%.
0 0 Q 0
1 Q.1 0.05 0.06
2 ™ 0.10 0.12
3 0.18
4 0.28 0.15
6 0.20
10 0.21 Q.21
10.5 0.25
14 0.16
15.5 0.24
16.5 0.25
22 0.18
23 018
23.9 0.19
27 0.15
30 0.18
31 Q.19
335 Q.16
38 0
38,5 0.19
40.5 Q.19
46.5 0.20 0.20
56.5 Q.31
62 0.24
71 0.23
76 021
90 0.23
110 0.23




Table 11 Results of Al-Si alloy analysis on carbon after reaction of

T0w1 % Al-30wt% Si alloy with natural gas (Ar-10%CH,) at 1473K.

Time. Carbon concentration,
min wi%
0 0
17 0.74
33 0.37
48 0.30
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“metal foam” was detected on the walls of the crucibles. The concentration of carbon n

the "foam” was 0.52 to 0.88 wt pct. which was 2 to 4 times higher than the average
concentration of carbon in the bulk alloy. Overall efficiency of natural gas was very low
3 pet for 10 pet of CH,. 2 pet tor 20 pet of CHy and 0.6 pet tor 40 pet of CH,
Maximum silicon carbide concentration reached in the "metal foam” was 3 wt pet.
Figure 29 shows typical microstructure of the samples taken from the bulk alloy and
from the "foam”. The "foam” was much more porous but XRD pattern showed that the
composition of it was practically the same as of the bulk allov. The possible silicon
carbide particles were too small and were not identitied by energy dispersive
spectrometry during scanning electron microscopic analysis.

Figure 30 shows the effect of temperature and time on the carbon concentration
in the bulk alloy. As can be seen from Figure 30 temperature does not have significant
effect on SiC formation in the alloy. For example. atter one hour of reaction time carbon
content in the alloy at 1273K was 0.3 wt pct. The same concentration was achteved at
1473K.

To understand the reasons of low natural gas efficiency the calculations were
made to study the effect of temperature on the species distribution in C-H svstem. Figure
31 shows the results of such calculations. As seen from the figure at temperatures higher
than 1073K natural gas 1s not stable. So when the mixture of natural gas and argon was
introduced Into melt, natural gas decomposed into carbon powder and hydrogen Bule
most of the carbon formed was removed from the melt by Ar. which served as a carrier

gas. As a result the efficiency ot natural gas was extremely low [110].



Figure 29 Typical SEM 1mages of the sample after the reaction of natural gas
with (70wt % Al-30wt % Si) alloy. (0001) - metal “foam" from the top of

the crucible, (0002) - bulk alloy.
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5.1.3 Conclusions on the experiments with natural gas
The study of natural gas as a carbon source was done at 1273 to 473K,
concentration of CH, was 10 to 40 pct and reaction time 4 to 120 min. Maximum $iC
concentration tormed was only 0.88 wt pct. Hence due to very low efficiency (less than

3 pct) natural gas i1s not suitable as a carbon source for silicon carbide formation.

5.1.4 Reaction with graphite rod

Reaction with graphite rod was carried out at 1773K for 6 hours. The hquid alloy
reacted with the rod and the reaction zone was formed. Figures 32 to 34 <how SEM
images 10 hackscattered clectrons of the reaction zone with different magmification. As
seen from Figure 32 reaction zone has the form of a ring around the graphite rod  The
thickness of the zone was estimated to be 300 + 100 um. Figures 35 0 37 show EDS
spectra of the sample at points 1 and 2 (Figure 34) and average analvsis of the zone
Close to the inside surtace of a zone aluminum carbide prevailed, while close to the outer
surface silicon carbide prevailed. But practically everywhere both wer: present close to
cach other. Figures 33 and 34 show that darker arcas representing mostly aluminum
carbide are mutually penetrating with lighter areas representing mostly silicon carhide
Average EDS analysis of the sample (Figure 35) shows that the quantity of silicon
carbide was a little higher. Because only a small portion of carbon reacted. according to
the phase diagram there should be no aluminum carbide. But actual presence E»I'
aluminum carbide may be explained using the following mechanmism: the melt penetrated

small pores and cavities in the carbon rod. So at the contact between the melt and




Figure 32 SEM image n backscattered electrons of the reaction zone on the

graphite rod with magnification 15X.









Figure 35 EDS spectra corresponding to the average concentration of the reaction

zone (Fig. 34) on the graphite rod.
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graphite there was an excess of carbon and as a result of local equilibrium both SiC and
ALC; formed. So the deeper the melt penetrated. the more excess carbon was at the
contact and the more aluminum carbide formed. Because of that close to the inside
surface aluminum carbide prevailed. At the outer surtace the melt was stirred. there was
no excess carbon and mostly sthicon carbide was produced [111). The results of
experiments with graphite rod is presented in Table 12 The piece of rod with reaction
zone was left in air and its outer surface decomposed into powder in a few davs. This
1s well known behavior of composite degradation when aluminum carbide 18 present in

the matenal.

5.1.5 Conclusions on the experiments with graphite rod
Reaction with graphite rod was carried out for 6 hours. Reaction zone of 300 um
was formed consisting of the mixture of SiC and ALC,. Due to the ALC, formation.

graphite is not suitable as a carbon source for SiC formation.

5.1.6 Reaction with activated carbon
One experiment was performed to see if aczivared carbon is a suntable source ot
carbon for SiC formation. Imtial alloy composition was 70 mol pct Al - 30 mol pet Si
and 10.2 mol pct of carbon was added. Reaction time was 20 hours and temperature
1373K. The final sample was cut. polished and analvzed using SEM-EDAX syvstem.
e

Microphotographs of different areas of the sample are given in Figures 38. 40 and 41.

Most of the carbon added completely reacted to form silicon carbide and Figure 38




Table 12 Results of experiments on reaction between 70 wt% Al - 30 wt% S

alloy and graphite rod at 1773K.

Time, Reaction zone length. Characterization of reaction

hours um products

6 300+ 100 mixture of SiC and AlC,




Figure 38 SEM image in backscattered electrons of a S$1C particle atter reaction at

1573 K for 20 hours. Inual alloy 70wt % Al-30w1 % S1.
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Figure 39  Energy spectra of the SiC particle from Figure 38.



Figure 40 SEM image in backscattered electrons of several SiC particles after

reaction at 1573 K for 20 hours. Initial alloy 70wt % Al-30wt% S1.
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shows one of the SiC particles. No residual carbon 1s seen. EDS analvsis (Figure 39)
shows high Si peak proving the particle to be Si1C (carbon 1s not detectable by this
method). Because of the small  carbon addition and the chosen form ot nmixing the

distribution of S1C was not random and the particles concentrated in certain areas Figure

40 shows one of such areas with several SiC particles. As seen from Figures 38 and 40,
the SiC particles mostly retained the round shape and the size of imitial carbon rods. No
aluminum carbide was detected in any sample. Figure 41 shows the particle which sull
has a carbon core. This particle did not react completely. fts microstructure shows that
the SiC laver grew trom the surtace to the center of the particle.

As predicted by thermodynamic calcutations with addition of 10.2 mol pct of
activated carbon to the hiquid aluminum-silicon alloy only stlicon carbide was formed
The microstructure ot ncompletely reacted particle allows to conclude that sihicon
carbide formation was taking place through the movement of the reaction front trom the
surface to the center of the particle. Most probable mechanism ot this process was
diffusion of silicon to the SiCC interface. where it reacted with curhor: to form stheon
carbide. The tact that all particles had approximately the same size as mmtal carbon
means that no $S1C was formed by nucleation and growth mechanism [112]

The result of experiment with activated carbon s presented in Table 13

5.1.7 Conclusions on the experiments with activated carbon

e

Reaction between 70 mol pet Al - 30 mol pet Sialloy and 10.2 mol pet carbon

was carried out at 1373K for 20 hours. Only sihicon carbide was formed. Hence activared




Table 13 Result of experiment on reaction between 70 wt% Al - 30 wt‘ S

allov and activated carbon at 1573K.

Time. Extent of reaction, % Characterization of reaction

hours roducts
p

20 99 SiC and unreacted carbon




carbon 1s an excellent source of carbon for SiC tormation and detailed study of the

mechanism of reaction of SiC formation was undertaken.




5.2 MECHANISM OF SiC FORMATION

5.2.1 Characterization of activated carbon

Figure 42 shows a photograph of as received activated carbon particles As seen
from the figure they have a rod-like shape Imm in diameter and 3 to 7 mm long. Figures
43 10 45 show the microstructure of activated carbon at different magnifications. The
penetration of black and white colors means that the material is highly porous and 1ts
porosity provides high surface area for reaction.

Figures 44 and 45 show that depending on the particular spot there 1s a sigmificant
difference in density and porosity level Figure 44 shows the microstructure of the pore,
while Figure 45 shows more dense part of the carbon particle

Figure 46 shows EDS spectra of actuivated carbon Because carbon 15 not
detectable by this method the fact that the main peak was identitied as potassium means
that this 1s the main 1mpurity. while other impurities are Al. Si. and Ca. These are
typical ash constituents and usually they are present in the form of difterent oxides. Gold
peak comes from the coating. .

The term acrivated or active carbon in its broadest sense includes a wide range
of amorphous carbon based materials prepared to exhibit a high degree of porosity and
interparticulate surface area. These are obtained by combustion. partial combustion, and
thermal decomposition of various carbonaceous substances. These materials may be 1n
granular or 1n powdered form. The granular form is characterized by a large internal .
surface and small pores. whereas the finally divided powdered torm is associated with

larger pore diameters but @ smaller internal surface area [113)



Figure 42 A photograph of as received actnated carbon paruicies



Figure 43 SEM image 1n backscattered electrons of an activated

carbon particle. magmfication 200X




Figure 44 SEM image 1n backscattered electrons of a pore in the activated carbon

particle. magnification 1000X



Figure 45 SEM image 1n backscattered electrons of a dense part of the

activated carbon particle. magnification 1000X.
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Figure 46  EDS spectra of an activated carbon particle.
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Activated carbons are excellent adsorbents and thus are used to punify. decolorize.
deodorize, dechlorinate. detoxicate. filter. or remove or modify the salts, separate. and
concentrate in order to permit recovery: they are also used as catalysts and catalvst
supports.

The adsorbent properties of activated carbons are essentially attributed to their
large surface area. a high degree of surface reactivity. universal adsorption eftect. and
favorable pore size. which makes the internal surface accessible. enhances the adsorption
rate. and enhances mechanical strength. The most widely used commercial activated
carbons have a specific surface area in the order ot 800 to 1500 m*'g. This surface arca
1s contained predominantly within micropores. which have effective diameters smaller
than 2 nm. In fact. a particle of activated carbon 1s made up of a complex network of
pores which have been classified into micropores (diameters < 2 nnn. mesopores
(diameter between 2 and 50 nm). and macropores (diameters > 50 nm). The macropores
do not contribute much toward surface area but act as conduits for the passage of the

adsorbate into the interior mesopore and the micropore surface where most of the

-

adsorption takes place. The pore size distribution in a given carbon depends on the tvpe
of the raw material and the miethod of manutacture of the carbon.

The large surface area of the activated carbon is the result of the activation
process in which a carbonaceous char with little internal surface is oxidized in an
atmosphere of air, carbon dioxide. or steam at a temperature between 1073 and 1173K

¢

This causes the oxidation of some of the regions within the char in preference to others

so that as combustion proceeds a preferential etching occurs, resulting in the development



of a large nternal surface area. which in some cases may be as high as 2500 nr ¢

Transmission electron microscopy of carbonaceous materials has shown that the
acuvated carbon structure can be visualized as stacks of flat aromatic sheets crosslinked
in a random manner (Figure 47) [113]. Activation by carbon dioxide or steam in the
range 1073 to 1173K reduces the number of these aromatic sheets in the original stacks.
leaving in some cases single and in general nonplanar lavers.

Electron spin resonance studies have revealed that the aromatic sheets in activated
carbons contain free radical structures or structures with unpaired clectrons. These
unpaired electrons are resonance stabilized and are trapped during the carbonization
process as a result of the breaking up bonds at the edges of the aromatic sheets thus
creating edge carbon atoms. These edge carbon atoms have unsatistied valences and can
thus interact with heteroatoms such as oxygen. hydrogen. nitrogen. and sulfur, giving
rise to different types of surface functional groups. The elemental composition of a
typical activated carbon was found to be 88%C. 0 5% H. 059N, 1%S. and 6 to 75 0.
the balance representing inorganic ash constituents. The oxvgen content of an activated
carbon can. however vary between 1 and 25 wt % . depending on lh'c tvpe of raw
material and the conditions of the activation process. One of the possible activation
processes includes the following steps: 1. impregnation of raw materials such as coke or
coal with potassium hydroxide. carbonate, or sulfate, 2. heating to 973-1173K. 3 cooling
and washing with water to remove the impregnant. As a result of such treatment and
although because of the presence of ash constituents EDS specter of activated carbon

particle showed high potassium peak.




Figure 47 Schematic representation of the microstructure of activated carbon [113].



5.2.2 Initial stage of carbon reaction with the melt

To study the mechanism of reaction between activated carbon and Al-Si alloy
carbon particles were ntroduced into the melt. The melt was kept at 1373 1o 1573K for
1 to 6 hours. Reaction products were studied using SEM-EDAX system.

Figures 48 and 49 show several carbon particles after they were incorporated into
the melt. As seen from the figure at 1473 K after 1 hour of reaction time the particles
keep their round shape. Also some of the particles form agglomerates. Figures S0 and
51 show one of the particles with higher magnitication. As seen from this figure no
reaction zone has been formed on the interface between the carbon and the matrix alloy
Figures 52 and 53 show the interface at higher magnification. Because carbon is highhy
porous material the matrix alloy occupies the surface pores but there is no signs of melt
penetration into the carbon at this stage.

Figure 54 shows the microstructure of the matrix alloy on the boundary with
carbon. It consists of primary silicon crystals (EDS spectra is given in Figure 55) and
Al-Si eutectic mixture (Average spectra of the eutectic mixture is given 1 Figure S6)
There is no solid solubility of St in Al or Al in Si and therefore an eutectic composition
represents a mechanical mixture of pure metals [36]. It has the composition of 12.2 mol
pct Si and 87.8 mol pct Al and 1t is presented by Si lamunates in Al matrix

Corresponding EDS spectra are given in Figures 57 and 58.



Figure 48 Microstructure of the alloy after incorporation ot carbon at 1473K for

1 hour. SEM 1mage in backscattered clectrons.




Figure 49 Microstructure of the alloy after incorporation of carbon at 1473K for

I hour, SEM image in secondary electrons.



Figure 50 SEM image in secondary electrons of one carbon particle atter

reaction at 1473K for | hour.



Figure 51 SEM image in backscattered electrons of one carbon particle

after reaction at 1473K tor | hour.




Figure 52

The microstructure of the interface between the carbon and matriy alloy
after reaction at 1473K for [ hour. SEM image in backscattered

electrons.



Figure 53 The microstructure of the interface between the carbon and matrix atloy

after reaction at 1473K for 1 hour. SEM mmage in secondary electrons




Figure 54 The microstructure ot Al-Si eutectic in the matrix alloy after reaction

at 1473K for 1 hour, SEM image in secondary electrons.

L3




J A PRIV ) SO UE W WP S
l [ 4

(_

Figure 55

Q)

! 2 |
Ok

2. a0 Range=

1o

1.2

EDS spectra of primary Si crystals from Figure 54.

T n

'/
[
"

i



i1 = | 3
4- g.8ad Range =

Figure 56 EDS spectra of Al-Si eutectic mixwre from Figure 54.
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Figure 58 EDS spectra of aluminum crystals in eutectic mixture from Figure 54



5.2.3 Intermediate stage of reaction

Figures 59 and 60 show several partly reacted SiC particles after reaction at
1373K. Figure 61 shows one of the particles with high magnification. As seen from these
figures reaction proceeds from the surface to the center of the particles. Vanauon of
reaction zone thickness on different particles was estimated to be from 0 to 0.5 mm (half
of the particle diameter). Figures 62 and 63 show the reaction zone at high
magnification. EDS spectra of the reaction zone (Figure 64) showed high Si peak proving
it to be SiC (carbon 1s not detectable by this method). As seen from Figure 63 freshly
tormed SiC 1s presented in the form of individual grains. meaning that each carbon grain
reacted separately forming a grain of SiC.

Figure 65 shows typical microstructure at higher temperatures (1473 to 1573K)
One particle completely reacted. while the others did not react at all. So the extent of
reaction was either O or 1 and each particle has 1ts own activation time. which was a
probability function.

Companson of Figures 59 and 65 shows that initial stages of reaction are
activation and movement of the reaction front. At lower temperatures (1373K) the
hmiting stage is the movement of the reaction zone. At higher temperatures (1473 to
1573K) the reaction is limited by an activation ime and as soon as the reaction starts for
each individual particle it quickly proceeds to complete transformation of carbon to

silicon carbide.



Figure 59

A micrograph of several partly reacted carbon particles after reaction

at 1373K for 6 hours. SEM 1mage in backscattered electrons

"




Figure 60 A micrograph of several partly reacted carbon particles after reaction

at 1373K for 6 hours. SEM image in secondary electrons










Figure 63 A micrograph of the interface between the carbon and matrix alloy

with high magnification after reaction at 1373K for 6 hours.

SEM image in backscatiered electrons.
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Figure 64 EDS spectra of the reaction formed SiC from Figure 63.



Figure 65 A micrograph of several C and SiC particles after reaction at 1473K tor

2 hours. One particle completely reacted and formed SiC. Other

particles did not react at all



5.2.4 Final stage of reaction. Characterization of in-situ formed Al/SiC composite

Figures 66 and 67 show the microstructure of the n-situ formed Al SiC
composite. As seen from the figures all the particles have appearance of SiC and well
distributed in the space. Hence the main goal of this work - to form SiC in-situ was
achieved. The particles retain the size and the shape of initial carbon. From the Figures
61 to 63 one can conclude that the reaction proceeded from the surface to the center of
the carbon particles.

Figures 68 1o 70 show two different individual SiC partictes.  As seen from the
figures there 1s high concentration of white matter on the interface different in appearance
from SiC or matrix alloy. Figures 71 and 72 show the interface ot SiC particles with
high magnification. EDS spectra taken at different spots (Figures 73 to 75) allowed 1o
idenuty several oxides (Al-S1-O. Si-Al-Ca-O) of difterent compositions . The high oxveen
concentration in the system may originate from three different sources:

L. oxygen present as ash constituent. 2. oxygen introduced with carbon particles.
3. oxyegen coming from the leak in the svstem.

But the absence of substantial oxide amounts in non-reacted or partly reacted
samples means that the most important source of oxygen was ash constituents. The
presence of Ca in oxides indicates that calcium and oxvgen were pushed out ot SiC and
formed oxides of different composition. These oxides concentrated on the boundary
between SiC and matrix alloy.

Figure 76 shows the microstructure of SiC with high magnification. As seen from

the figure some porosity still exists but it is very low comparing with initial carbon. Also



Figure 66 Microstructure of in-situ formed Al'SIC composite after reaction

at 1573K for 6 hours. SEM image backscattered electrons.




Figure 67 Microstructure of in-situ formed AUSIC composite after reaction

at 1573K for 6 hours. SEM image in secondary electrons.




Figure 68

Microstructure of one SiC particle after reaction at 1573K

tor 6 hours, SEM image in backscattered electrons.




Figure 69 Microstructure of one SiC particle after reaction at 1573K

for 6 hours. SEM image in secondary electrons.




Figure 70 Microstructure of a SiC particle with round shape after reaction

at 1573K for 6 hours. SEM 1mage in backscattered electrons



Figure 71 Microstructure of the interface between SiC and matrix allov with

high concentration of oxides after reaction at 1573K for 6 hours.

SEM image in backscattered electrons.




Figure 72 Microstructure of the intertace between SiC and matrix alloy with
high concentration ot oxides atter reaction at 1573K for 6 hours.

SEM image in secondary electrons.,
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Figure 73 EDS spectra at point 1 of Figure 71.
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Figure 74  EDS spectra at point 2 of Figure 71.
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Figure 75 EDS spectra at point 3 of Figure 71.



Figure 76 Microstructure of SiC. SEM image in secondary electrons.
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comparison with treshly formed SiC (Figure 63) shows that if in the latter case SiC was
present in the form of individual grains in the latter case grain boundaries are no longer
seen. Hence S1C went through sintering process.

Figure 77 shows the interface between the matrix alloy and SiC with low
concentration of oxides. The SiC has a perfect round shape also meaning that there was
a sintering effect.

On the base of available data the mechanism of reaction may be broken into 3
stages:

1. Acuvation (no changes in carbon or matrix alloy are seen)  Activation time is a

probability function.

to

Reacuon proceeds from the surface to the center of carbon particles: SiC s
produced in the form ot individual grains.

3. Sintering of SiC.




Figure 77 Microstructure ot the interface between SiC and matrix alloy with

low concentration of oxides after reaction at 1573K for 6 hours.

SEM image n backscattered electrons.



5.2.5 Reaction rate

To determine the rate of reaction the experiments were performed at temperatures
1373 to 1573K for 0.5 to 6 hours. The results of experiments are presented in Table 14.

Microstructural analysis of the reaction products has shown that the characteristic
features of the mechamism of reaction are activation, movement of the reaction zone and
sintering. According to Sohn [114] these are typical features of the nucleation growth
kinetics. In such case a fluid-solid reaction starts by forming nuclei at the surface of the
solid. As the reaction progresses, these nuclel grow in size and new ones are formed.
Eventually they overlap one another and cover the whole surface, thus forming what 15
called the reaction interface in a shrinking - core system. Usually such tvpe of nucleation
growth kinetics gives sigmoidal curve for conversion as a function of time and may be
treated using Avrami equation [115].

The relationship between volume transformed and time may be expressed using
the following equation:

a = 1 - expt-kt") (38)

where « 1s the volume fraction transformed. K 1s the rate constant and t is the ume.

The experimental data were fitted to the above model through a linear
transformation of equation (38):

In{In(l -a)'}] =nint + InK (39)

Plots of In [ In (1 - «)' | vs In t were constructed for temperatures 1473 and 1573K
(Figure 78). From these plots values of n and K were determined and are given in

Table 15.



Table 14

Results of experiments on reaction between 60 mol% Al - 40 mol % Si

alloy and activated carbon

Temperature, Time. hours
K 0.5 2 4 6
Extent of reaction. %.
1373 7
1473 0 0 11 25 72
1573 18 36 90
Table 15 K and n values in Avrami equation
T.K n K
1473 2082 0.02381
1573 2117 0.03835
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At temperature 1473K in[Indl '] =20821Int-3738 (40)

At temperature 1573K In{In(l-a)' ] =21165Int-23.26l 41

Figure 79 shows the values calculated using Avrami equation and experimental
results. The discrepancy between the model and experimental values is connected with
low precision in measurements of extent of reaction. The average error in measurements
was around +20%.

Activation energy of reaction was determined using Arrhenius relationship

K = A exp(-E,'RT) (42)
where A 1s a constant. E, 15 activation energy. R is gas constant, and T 1s temperature

From equation (42) we obtain:

InK =1InA - E/RT (43}

The InK vs 1/T 15 presented in figure 80, It was found that

In K = 3758 - 11042/T 44
and E; was found to be 92 kIrmol.

According to Christiansen [115] n=2_ 1§ characteristic of transtormation,
controtled by grain edge nucleation. while n=2.5.1s characteristic of diffusion controlled
growth. The fact that in this study n was found to be 2.08 to 2.12 points out to mixed
regime where the rate of reaction is controlled by both: nucleation at the intertace and
diffusion. At 1373K most of the particles slowly grew trom the surtace to the center,
which 1s characteristic of diffusion controlled growth. At 1573K some of the particles
quickly transformed into SiC. while others remained unreacted. This 1s charactenstc ot

the process controlled by nucleation at the interface
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6. SUMMARY AND CONCLLUSIONS
A new process of in-situ formation of Al/SIC composite has been developed.
Comparing to the conventional method of SiC production from SiQ, and carbon.
the temperature of SiC formation was decreased from 3000K to 1573K and the
operation time from 48 to 10 hours.
The binary Al-Si solution was described using quasi-regular solution model and
activity coefficient of St was found to be:

In(f)=(-4.048 4+ 5760 T) < (1-x. (973-1423K)

f,=1 (1423-1573K)
Thermodynamic analysis of Al-SiC svstem which corresponds to conventional
processing of Al/SIC composite showed that ALLC, (which is detrimental for
physical properties of the composite) forms at all studied temperatures and S$i1C
concentrations and therefore pure aluminum should be avoided as a matrix metal
with SiC as reinforcement.
To decrease or even prevent the formation ot aluminum carbide silicon may be

added to aluminum alloy. The silicon concentration enough to completely prevent

aluminum carbide formation may be calculated using the following equations

[Si} = -39.29 + 0.06601T -1.955 > 10°T" (973-1423K)

[Si] = 50.02 - 0.03455T + 7.000 - 10"T" (1423-1573K)
It was shown that if carbon is added to aluminum alloys containing 30. 40. or 50

mol pet of Si than 16, 24, or 40 mol pct of SiC can be formed respectively

without any aluminum carbide formation.
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The results of thermodynamic analysis found excellent agreement with
experimental data obtained in this work and given in the literature

Three different carbon sources were tried for in-situ formation of SiC Natural
gas was found unsuitable because of very low efficiency. During reaction it
decomposed into carbon and hydrogen but most of the carbon powder was
removed from the melt by argon which served as a carrier pas.

Graphite was also found unsuitable because of aluninum carbide tormation The
melt penetrated cavities in graphite and because of local carbon excess aluminum
carbide formed together with SiC.

Activated carbon was found to be an excellent source for SiC formation During
experiments only Si1C was formed at all temperatures. silicon and carbon
concentrations.

The study of reaction mechanmism between Al-Si alloy and activated carbon
showed that reaction proceeds through three distinet stages:

- activation (no changes in carbon or matrix alloy are seen) i

- reaction (reaction front moves from the surface to the center of carbon particles)
- sintering of SiC.

Reaction formed SiC retains the size and the shape of initial carbon.

After complete transformation oxides present in activated carbon as ash
constituents precipitated on the interface between the matrix alloy and SiC.
Kinetic study showed that the reaction proceeds in the mixed regime with control

of both nucleation at the interface and diffusion. The rate of the process was



described using Avrami equation and activation energy was tound to be

92 kJ/mol.

7. RECOMMENDATION
Extensive study of mechanical properties of in-situ tormed AI'SIC composite 18

recommended. After that the developed process may be tried on industrial scale.
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APPENDIX 1

Input data saved as: a:\alsic.IGI

Effect of SiC/Al ratio

Terperature: 700.000 C, Step = 0.000 C
Pressure: 1.000 bar, Step = 0.000 bar
Number of Steps: 10

Phase Spacie Temp Input Step Activaity
c mol mol coefficient
11 Al (g) 25.000 0.000 0.000 1.000
2 1 Al2 (g) 25.000 0.000 0.000 1.000
3 1 AlC (g) 25.000 0.000 0.000 1.000
4 1 Ar (g) 25.000 1.000 0.000 1.000
5 1  N2(g) 25.000 1.0000E-10 0.000 1.000
6 1 si(qg) 25.000 0.000 0.000 1.000
7 1 51C(g) 25.000 0.000 0.000 1.000
8 2 Al 25.000 1.000 0.000 1.000
9 2 Si 25.000 0.000 0.000 f
10 3 sic 25.000 0.001 0.100 1.000
11 3 S13N4 25.000 0.000 0.000 1.000
12 4 Al4ca 25.000 0.000 0.000 1.000
13 4 AlN 25.000 0.000 0.000 1.000

9 (-4.048+5760/T)*(1-x(9))"2

X Y1l Y 2 Y 3 Y 4

sicC Al sic si Al4C3
1.00000E-03 9.9867CE-01 1.00000E-36 1.00000E-03 3.33330E-04
1.01000E-01 9.15690E-01 3.77700E-02 6.32300E-02 2.10770E-02
2.01000E-01 9.15690E-01 1.37770E-01 6.32300E-02 2.10770E-02
3.01000E-01 9.15690E-01 2.37770E-01 6.32300E-02 2.10770E-02
4.01000E-01 9.15690E-01 3.37770E-01 6.32300E-02 2.10770E-02
5.01000E-01 9.15690E-01 4.37770E-01 6.32300E-02 2.10770E-02
6.01000E-01 9.1S56S0E-01 5.37770E-01 6.32300E-02 2.10770E-02
7.01000E-01 9.156%0E-01 6.37770E-01 6.32300E-02 2.10770E-02
8.01000E~-01 $.15690E-01 7.37770E-01 6.32300E-02 2.10770E-02
9.01000E-01 §.15690E-01 8.37770E-01 6.32300E-02 2.10770E-02

-~
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Irput data saved as: a:\alsic.IGI

Effect of SiC/Al ratio

Temperature: 700.000 C, Step = 0.000 C
Pressure: 1.000 bar, Step = 0.000 bar
Number of Steps. 10

Phase Spac:ie Temp Input Step Activity
fod mo 1 mol coefficient
1 1 Al (g) 25.000 0.000 0.000 1.000
2 1 Al2 (q) 25.000 0.000 0.000 1.000
3 1 Alc (g) 25.000 0.000 0.000 1.000
4 1 Ar(g) 25.000 1.000 0.000 1.000
S 1 N2 (g) 25.000 1.0000E-10 0.000 1.000
6 1 Si(g) 25.000 0.000 0.000 1.000
7 1 sac(g) 25.000 0.000 0.000 1.900
g 2 n 25.000 1.000 0.000 1.200
9 2 Si 25.000 0.000 0.000 £
10 3 sic 25.000 0.001 0.010 1.0c0
11 3 S13N4 25.000 0.000 0.000 1.000
12 4 Aldca 25.000 0.000 0.000 1.000
13 ¢ AlN 25.000 0.000 0.c20 1.C00

9 (-4.04B+45760/T)*{1-x(9)) "2

X Y 1 Y 2 Y 3 Y 4

sic Al Si sac Al4ca
1.00000E-03 9.98670E-01 1.00000E-03 1.00000E-36 3.33330E-04
1.10000E-02 9.85330E-01 1.10000E-02 1.00000E-36 3.66670E-03
2.10000E-02 9.72000E-01 2.10000E-02 1.00000E-36 7.00000E-03
3.10000E-02 9.58670E-01 3.10000E-02 1.00000E-36 1.03330E-02
4.10000E-02 9.45330E-01 4.10000E-02 1.00000E-36 1.36670E-02
5.10000E-02 9.32000E-01 S.10000E-02 1.00000E-36 1.70000E-02
6.10000E-02 9.18670E-01 6.10000E-02 1.00000E-36 2.03330E-02
7.10000E~02 9.15690E-01 6.32300E-02 7.769B0E-03 2.10770E-02
B.10000E-02 9.15690E-01 6.32300E-02 1.77700E-02 2.10770E-02
9.10000E-02 9.15690E-01 6.32300E-02 2.77700E-02 2..0770E-02




Effact of SiC/Al ratio

Temperature: 800.000 C, Steap = 0.000 C
Pressure: 1.000 bar, Step = 0.000 bar
Number of Staps: 12
Phase Spacie Teop Input Step Actavaity
c mol mol coafficient
1 1 Al(g) 25.000 0.000 0.000 1.000
2 1 Al2(g) 25.000 0.000 0.000 1.000
31 AlC(qg) 25.000 0.000 0.000 1.000
4 1 Ar (g) 25.000 1.000 0.000 1.000
5 1 N2 (g) 25.000 1.000CE-10 0.000 1.000
6 1 si(g) 25.000 0.000 0.000 1.000
7 1 sSicC(g) 25.000 0.000 0.000 1.000
8 2 Al 25.000 1.000 0.000 1.000
9 2 si 25.000 0.000 0.000 4
10 3 sicC 25.000 0.001 0.010 1.000
11 3 S13N4 25.000 0.000 0.000 1.000
12 4 Al4cC3 25.000 0.000 0.000 1.000
13 4 AlN 25.000 0.000 0.000 1.000
S (-4.048+5760/T)* (1-x(9)) "2
X Yl Y 2 Y 3 Y 4
sic Al Si Al4dc3 sac
1.00000E-03 9.98670E-01 1.00000E-03 3.33330E-04 1.00COOE-36
1.10000E-02 $.85330E-01 1.10000E-02 3.66670E-03 1.00000E-36
2.10000E-02 9.72000E-01 2.10000E-02 7.00000E-03 1.00000E-36
3.10000E-02 9.58670E-01 3.10000E-02 1.03330E-02 1.00000E-36
4.10000E-02 9.45330E-01 4.10000E-02 1.36670E-02 1.00000E-36
§.10000E-02 9.32000E-01 5.10000E-02 1.70000E-02 1.00000E-36
6.10000E-02 9.18670E-01 6.10000E-02 2.03330E-02 1.00000E-36
7.10000E-02 9.05330E-01 7.10000E-02 2.36670E-02 1.00000E-36
8.10000E-02 8.92000E-01 8.10000E-02 2.70000E-02 1.00000E-36
9.10000E-02 8.83630E-01 8.72770E-02 2.90920E-02 3.72280E-03
1.01000E-01 8.B3630E-01 B8.72770E-02 2.90920E-02 1.37230E-02
1.11000E-01 B8.83630E-01 8.72770E-02 2.90920E-02 2.37230E-02
X Y1 Y 2
sic Al Si
1.00000E-03 9.99000E+01 1.00000E-01
1.10000E-02 §.89000E+01 1.10400E+00
2.10000E-02 9.78900E+01 2.11500E+00
3.10000E-02 9.68700E+01 3.13200E+00
4.10000E-02 9.58400E+01 4.1S700E+00
$.10000E-02 9.48100E+01 5.18800E+00
6.10000E-02 9.37700E+01 6.22700E+00
7.10000E-02 9.27300E+01 7.27200E+00
8.10000E-02 $.16B00E+01 B.32500E+00
9.10000E-02 9.10100E+01 B.98900E+00
1.01000E-01 9.10100E+01 B.98900E+00
1.11000E-01 9.10100E+01 8.98900E+00



Tarperature: 800.000 C, Step = 0.000 ¢
Pressure: 1.000 bar, Step = 0.000 bar
Number of Steps: 12

Phase Specie Temp Input Step Activity
c mol mol coefficient
1 1 Al (g) 25.000 0.000 0.000 1.000
2 1 A2(g) 25.000 0.000 0.000 1.000
3 1 AlC(g) 25.000 0.000 0.000 1.000
4 1 Ar(g) 25.000 1.000 0.000 1.000
5 1 N2 (g) 25.000 1.0000E-10 0.000 1.000
6 1 S1(g) 25.000 0.000 0.000 1.000
7 1 SiC(g) 25.000 0.000 0.000 1.000
8 2 Al 25.000 1.000 0.000 1.000
9 2 Si 25.000 0.000 0.000 4
10 3 sic 25.000 0.001 0.200 1.000
11 3 S13Nd¢ 25.000 0.000 0.000 1.000
12 4 Aléc3 25.000 0.000 0.000 1.000
13 4 AIN 25.000 0.000 0.000 1.500

9 (-4.048‘5760/1‘)'(I-X(g))‘z

x Y1 Y 2 Y 3 Y 4
sic sic Al s1 Al4c3
1.00000E-03 1.00000E-36 9.98670E-01 1.00000E-03 3.33330E-04
2.01000E-01 1.13720E-01 B.83630E-01 8.72770E-02 2.90920E-02
4.01000E-01 3.13720E-01 8.83630E-01 8.72770E-02 2.90920E-02
6.01000E-01 5.13720E-01 8.83630E-01 8.72770E-02 2.90920E-02
8.01000E-01 7.13720E-01 8.83630E-01 8.72770E-02 2.90920E-02
1.00100E+00 9.13720E-01 8.83630E-01 8.72770E-02 2.90920E-02
1.20100E+400 1.11370E+00 8.83630E-01 8.72770E-02 2.90920E-02
1.40100E+00 1.31370E+00 8.83630E-01 8.72770E-02 2.90920E-02
1.60100E+00 1.51370E+00 8.83630E-01 8.72770E-02 2.90920E-02
1.80100E+00 1.71370E+00 8.83630E-01 B.72770E-02 2.90920E-02
2.00100E+00 1.91370E+00 8.83630E-01 8.72770E-02 2.90920E-02
2.20100E+00 2.11370E+00 8.83630E-01 8.72770E-02 2.90920E-02
X Y1 Y2
sic Al Si
1.00000E-03 9.99000E+01 1.00000E-01
2.01000E~01 9.10100E+01 8.98900E+00
4.01000E-01 9.10100E+01 8.98900E+00
6.01000E-01 9.10100E+01 8.98900E+00
8.01000E-01 9.10100E+01 8.98900E+00
1.00100E+00 9.10100E+01 B.95900E+00
1.20100E+00 9.10100E+01 8.98900E+00
1.40100E+00 9.10100E+01 8.98900E+00
1.60100E400 9.10100E+01 8.98900E+00
1.80100E+00 9.10100E+01 B.98900E+00
2.00100E+00 9.10100E+01 §.98900E+00
2.20100E+00 9.10100E+01 §.98900E+00



Input data saved as: a:\alsic.IGI

Effect of Si1C/Al ratio

Termperature: 900.000 C, Step = 0.000 ¢
Pressure: 1.000 bar, Step = 0.000 bar
Number of Steps: 10

Phase Specie Temp Input
c mol

1 1 Al(g) 25.000 0.000
2 1 M2(g) 25.000 0.000
3 1 Ac(g) 25.000 0.000
4 1 Ar(g) 25.000 1.000
5 1 N2(q) 25.000 1.0000E-10
6§ 1  si(qg) 25.000 0.000
7T 1 sicug) 25.000 0.000
8 2 a1 25.000 1.000
9 2 Si 25.000 0.000
10 3 sic 25.000 0.001
11 3 si13Ne 25.000 0.000
12 ¢ Aldc3 25.000 0.000
13 4 AN 25.000 0.000
9 (~4.04845760/T) * (1-x(9)) 2

X Y1 Y 2 Y 3

siC Al siC si
1.00000E-03 9.98670E-01 1.00000E-36 1.00000E-03 3
1.01000E-01 8.65330E-01 1.00000E-36 1.01000E-01 3
2.01000E-01 ©.54890E-01 9.21690E-02 1.08830E-01 3
3.01000E-01 8.54890E-01 1.92170E-01 1.08830E-01 3
4.01000E-01 B.54B90E-01 2.92170E-01 1.08830E-01 3
5.01000E-01 8.54890E-01 3.92170E-01 1.08B30E-01 3
§.01000E-01 8.54890E-01 4.92170E-01 1.08830E-01 3
7.01000E-01 8.54890E-01 5.92170E-01 1.08830E-01 3
8.01000E-01 8.54890E-01 6.92170E-01 1.0B630E-01 3
9.01000E-01 8.54890E-01 7.92170E-01 1.08830E-01 3

Step Activity
mol coeff:cient
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.¢00 1.200
0.000 1.000
0.000 1.000
0.000 b4
0.100 1.000
0.000 1.00¢C
0.000 1.000
0.000 1.200
T 4

Al4c3
.33330E-04
.36670E-02
.62770E-02
.62770E-02 .
.62770E-02
.62770E-02
.62770E-02
.62770E-02
.62770E-02
.62770E-02



Input data saved as:

Effect of SiC/A) ratio

a:\alsic.IGI

Terperature: 900.000 c, Step =
Pressure: 1.000 bar, Step =
Number of Steps: 10
Phase Specie Temp
C
1 1 Al (g) 25.000
2 1 Al2(g) 25.000
3 1 AlcC(g) 25.000
4 1 Ax (g) 25.000
5 1  N2(g) 25.000
6 1 Si(g) 25.000
7 1 sic(g) 25.000
8 2 Al 25.000
9 2 81 25.000
10 3 8ic 25.000
11 2 S13N¢ 25.000
12 4 Ald4c3 25.000
13 4 AlN 25.000
9 (-4.04805760/T)'(1—x(9))‘2
X Y1 Y2
sic Al 138
1.00000E-03 9.98670E-01 1.00000E-03
1.60000E-02 9.78670E-01 1.60000E-02
3.10000E-02 9.58670E-01 3.10000E-02
4.60000E-02 9.38670E-01 4.60000E-02
6.10000E-02 9.18670E-01 6.10000E-02
7.60000E-02 8.98670E-01 7.60000E-02
9.10000E-02 8.78670E-01 §.10000E-02
1.06000E-01 8.58670E-01 1.06000E-01
1.21000E-01 8.54890E-01 1.08830E-01
1.36000E-01 8.54890E-01 1.08830E-01

0.000 C
0.000 bar
Input Step Activity
mol mol Coefficient
0.000 0.000 1.000
0.000 0.000 1.000
0.000 0.000 1.000
1.000 0.000 1.000
1.0000E-10 0.000 1.000
0.000 0.000 1.000
0.000 0.000 1.000
1.000 0.000 1.000
0.000 0.000 £
0.001 0.015 1.000
0.000 0.000 1.000
0.000 0.000 1.000
0.000 0.000 1.000
Y 3 Y 4
Aldc3a SiC
3.33330E-04 1.00000E-36
5.33330E-03 1.00000E-36
1.03330E-02 1.00000E-36
1.53330E-02 1.00000E-36¢
2.03330E-02 1.00000E-36¢
2.53330E-02 1.00000E-36
3.03330E-02 1.00000E-36
3.53330E-02 1.00000E-136
3.62770E-02 1.21690E-02
3.62770E-02 2.71690E-02

180
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Input data saved as: a:\alsic.IGI

Effect of SiC/Al ratio

Temperature: 1000 c, Step = 0.000 ¢
Pressure: 1.000 bar, Step = 0.000 bar
Number of Steps: 10

Phase Specie Temp Input Step Activity
c mol mol coefficient

11 Al (g) 25.000 0.000 0.000 1.000
2 1 Al2 (g) 25.000 0.000 0.000 1.000
3 1 AlC(g) 25.000 0.000 0.000 1.000
4 1 Axr (g} 25.000 1.000 0.000 1.000
s 1 N2 (g) 25.900 1.0000E-10 0.000 1.000
6 1 Si(qg) 25.000 0.000 0.000 1.000
7 1 SicC(g) 25.000 0.000 0.000 1.000
8 2 Al 25.000 1.000 0.000 1.000
S 2 Si — 25.000 0.0C0 0.000 f
10 3 sac 25.000 0.001 0.020 1.000
11 3 Si3Nd 25.000 0.000 0.000 1.000
12 ¢ Al4cC3 25.000 0.000 0.000 1.000
13 ¢ AlN 25.000 0.000 0.000 1.000

9 (-4.048+45760/T)* (1-x(9))*2

X Y1l Y 2 Y 3 T d
sicC Al si sicC Al4cC3
1.00000E-03 9.58670E-01 1.00000E-03 1.00000E-36 3.33330E-04
2.10000E-02 9.7200CE-01 2.10000E-02 1.00000E-36 7.00000E-03
4.10000E-02 9.45330E-01 4.10000E-02 1.00000E-36 1.36670E~02
6.10000E-02 9.1E670E-01 6.10000E-02 1.00000E-36 2.03330E-02
8.10000E-02 8.52000E-01 8.10000E-02 1.00000E-36 2.70000E-02
1.01000E-01 B.65330E-01 1.01000E-01 1.00000E-36 3.36670E-02
1.21000E-01 8.38670E-01 1.21000E-01 1.00000E-36 4.03330E-02 *
1.41000E-01 B.31160E-01 1.26630E-01 1.43690E-02 4.22100E-02
1.61000E-01 B.31160E-01 1.26630E-01 3.43690E-02 4.22100E-02
1.B1000E-01 8.31160E-01 1.26630E-01 5.43690E-02 4.22100E-02




182

Input data saved as: a:\alsic. IGI

Effect of SiC/Al ratio

Temperature: 1000 C, Step = 0.000 C
Pressure: 1.000 bar, Step = 0.000 bar
Number of Steps: 10

Phase Specie Terp Irput Step Activaty
[of mol mol coefficient
11 Al (g) 25.000 0.000 0.000 1.000
2 1 Al2 (g} 25.000 0.000 0.000 1.000
3 1 AlC (g) 25.000 0.000 0.000 1.000
4 1 Ar (g} 25.000 1.000 0.000 1.000
s 1 N2 (g} 25.000 1.0000E-10 0.000 1.000
6 1 Si{qg) 25.000 0.000 0.000 1.000
7 1 SiC(g) 25.000 0.C00 0.0CO 1.0C0
8 2 Al 25.000 1.000 0.000 1.000
9 2 Si 25.000 0.000 0.000 14
io 3 SicC 25.000 0.001 0.100 1.¢Cco
i1 3 Si3N4 25.000 0.000 0.000 1.0C0
12 4 AléC3 25.000 0.000 0.000 1.000
13 4 AN 25.000 0.000 0.000 1.000

9 (-4.048+5760/T)*(1-x(9))"2

X Y 1 Y 2 Y 3 Y 4

sic Al sicC Si Al4écC3
1.00000E-03 9.$B67CE-01 1.00000E-36 1.00000E-03 3.33330E-04
1.01000E-01 8.65330E-01 1.00000E-36 1.01000E-01 3.36670E-02
2.01000E-01 ©.31160E-01 7.436%0E-02 1.2663CE-01 4.22100E-02
3.01000E-01 6.31160E-01 1.74370E-01 1.26630E-01 4.221COE-02
4.01000E-01 8.31160E-01 2.74370E-01 1.26630E-01 4.22100E-02
5.01000E-01 8.31160E-01 3.74370E-01 1.2663CE-O1 4.22100E-02
6.01000E-01 6.31160E-C1 4.7437CE-01 1.2663CE-01 4.22100E-02
7.01000E-01 8.31160E-01 5.74370E-01 1.26630E-01 4.22100E-02
9.01000E-01 8.31160E-01 6.74370E-01 1.2663CE-01 4.22100E-02
9.01000E-61 8.3116CE-01 7.74370E-01 1.26630E-~-0C1 4.22100E-02




Input data saved as: a:\alsic.1g91

Effect of temperature

Tamparature:
Pressure:

Number of Steps:

Phase Spec:e

Al {(g)
Al2(g)
AlC (g}
Ar (g)
N2 (g)
S1(q)
S1C(g)
Al

Si
sacC
S13N4
Al4c3
AIN

-
OV O U e WwN

-
[

[
N)
o s W W NN e

-
w

5 (-4.048+5760/T)*(1-x(9))"2

X
Temperature
.73150E+02
.02315E+03
.07315E+03
.12315E+03
.1731SE+03
.22315E+03
.27315E+403
.3231S5E+03
.37315E+03
.42315E+03

[ S ]

X
Temperature
.73150E+02
.02315E+03
.07315E+03
.12315E+03
.17315E+03
.22315E+013
.27315E+03
.32315E+013
.37315E+03
.42315E+03

P . ]

M OO ODEO YO OO

mwwo®mEOO O OO

700.000 C, Step =
1.000 bar, Step =
10
Temrp

c
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.000
Y1 Y 2
sicC Al
.36770E-01 9.15690E-01
_24600E-01 B.99460E-01
.12720E-01 8.83630E-01
_01S510E-01 8.68680E-01
.$1170E-01 B.54890E-01
.81760E-01 8.42350E-01
.73370E-01 8.31160E-01
_6SBS0E-01 8.21140E-01
_£916CE-01 8.12220E-01
.53210E-01 8.042B0E-01
Y1 Y 2
Al si
_35400E+01 6.45900E+00
.22700E+01 7.73500E+00
.10100E+01 8.98900E+00
.968200E+01 1.01800E+01
_87100E+01 1.12900E+01
.76900E+01 1.23100E+01
. 67800E+01 1.32200E+01
_59600E+01 1.40400E+01
.52200E+01 1.47800E+01
.45700E+01 1.54300E+01

S L - B IS I - )

50.000 C

0.000 bar

Input
mol
0.000
0.000
0.000
1.000

1.0000E-10

0.000
.000
.000
.000
.000
.000
.000
.C00

O O O O+ o

Y 3

.32300E-
.54030E~
.72770E-
.84910E-
.0BB30E-
.18210E-~
.26630E-
.34150E-
.&0B40E-
.&6790E-

Si
02
02
02
02
01
[sB
01
01
01
01

-~ e e WwwWNRNN

Step Activaty
mol coafficient
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.0C0
0.000 1.000
0.000 1.000
0.000 1.000
0.000 4
0.000 1.000
0.00C0 1.000
0.000 1.000
0.000 1.000
Y 4
Al4C3
.10770E-02
.51340E-02
.90920E-02
.28300E-02
.62770E-02
.94030E-02
.22100E-02
.47150E-02
.69450E-02
.89300E-02



Input data saved as:

Effect of temperature

Tenmperature:
Pressure:

Number of Steps:

Phase Specie

Al (g)
Al2(g)
AlC(g)
Arx (g)
N2(g)
si(g)
SiC(g)
Al

Si
sac
Si3N4
Alécs
AIN

® N e W

(S
N~ oY
AW WN RN R e b s e

-
W

b g
Temperature
1.42315E+03
.47315E+03
.52315E+03
.57315E+03
.62315E+03
.67315E+03
.72315E+03
.77315E+03

B ps b s

X
Tamperature
1.42315E+03
.47315E+03
.52315E+03
.57315E+03
.62315E+03
.67315E+03
.72315E+03
.77315E+03

MO e e e

D ®moO@DM®DOEOD D

@ ®m®DOD®OM®>DEO®D

a:\alsic.IGI

1150.000 C, Step =
1.000 bar, Step =
8

Terp

C
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.C00
25.000
25.000
Y 1 Y 2
si1c Al
.53260E-01 8.04340E-01
.58820E-01 8.11750E-0C1
.63940E-01 B.1BS6CE-O1
.€E6660E-01 B8.2483CE-C1
.7302CE-01 8.30600E-01
.7706CE-01 8.35%00E-01
.73010E-01 B.3033CE-O01
.€666CE-01 8.2160CE-01
Y1l Y 2
Al S1
.45700E+01 1.54300E+01
.51800E+01 1.48200E+01
.57500E+401 1.42500E+C1
.62600E+01 1.37400E+01
.67400E+01 1.32600E+01
.71800E+01 1.2B200E+01
.67300E+01 1.32700E+01
.60400E+01 1.39600E+01

50.000 C

0.000 bar

Input
mol
0.000
0.000
0.000
1.000

1.0000E-10

L e e N T

0.000
.000
.000
.000
.000
.000
.000
.000

O OO+ O mroOo

Y 3
S1

.46740E-01
.41180E-01
.36060E-01
.31340E-01
.26980E-01
.22940E-01
.26990E-01
.3333CE-01

LR N N N 'S

Step Activity
mol coefficient
0.000 1.000
0.000 1.000
0.000 1.0c0
0.000 1.0¢C0
0.000 1.¢c00
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.6C0
0.000 1.c¢C0
0.000 1.0C0
0.co00 1.0C0
0.000 1.0C0
Y 4
Al4c3
.8%130E-02
.705$0E-02
.53540E-02
.3781CE-02
.23270E-C2
.098780E-02
.2331CE-02
.44450E-C2



Input data saved as:

Effact of si
Temperature:
Pressure:

Number of Steps:

Phase Spec:e

1 1 Al (g)
2 1 Al2(g)
31 AlC (g)
4 1 Ar (g)
s 1 N2 (g)
6 1 si(g)
7 01 S1C(g)
a 2 Al

9 2 Sa

10 3 saC
11 2 S13N4
12 4 Aléc3
13 4 AlN

a:\alsic.IGI

9 (-4.048+45760/T)*(1-x(9))"2

X

Sa
.0C000E-04
.01000E-02
.01000E-02
.0100CE-02
.01000E-02
.00100E-01
.20100E-01
.40100E-01
.60100E-01
.80100E-01

[ R i B I L o

O - - - - )

800 C, Step = 0.000 C
1.000 bar, Step = 0.000 bar
10
Tarp Input
(o mol

25.000 0.000

25.000 0.000

25.000 0.000

25.000 1.000

25.000 1.0000E-10

25.000 0.000

25.000 0.000

25.000 1.000

25.000 1.0000E-04

25.000 0.200

25.000 0.C00

25.000 0.C00

25.0C0 0.000

Y1 Y 2 Y 3
Al sac S1

. §375CE-01 1.12810E-01 8.72890E-02 2
07310E-01 1.30480E-01 §.96160E-02 2
_308B0E-01 1.4816CE-C1 9.194¢0E-02 1
§4440E-01 1.6583CE-01 9.42710E-02 1
. 7800CE-01 1.83S500E-01 9.65980E-02 S
_00OCOE+00 2.00000E-C1 1.00100E-01 s
_0C00CE+00 2.00000E-01 1.20100E-01 3
.0000CE+00 2.00000E-O1 1.40100E-01 1
_000DOOE+00 2.0000CE-01 1.60100E-01 9
. 0000COE+00 2.0000CE-01 1.80100E-01 6

Step Actavaty
mol coefficient
0.000 1.000
0.C00 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.0cC0
0.000 1.000
0.020 4
0.000 1.060
0.000 1.C00
0.000 1.0C0
0.000 1.0¢C0
Y 4
Al4cC3
.90630E~-02
.31720E-02
.72810E-02
.13900E-02
.49950E-02
.B9090E-09
.22B40E-10
.48720E-10
.05570E-11
.23260E-11



Input data saved as:

Effect of Si
Terperature:
Pressure:

Number of Stepsa:

Phase Spec:e

11 Al (g)

2 1 Al2(q)
31 AlC (g)
4 1 Ar (qg)

E) 1 N2 (q)

6 1  si(g)

7 1 sic(q)
8 2 Al

9 2 Si

10 3 SiC

11 3 Si3N4
12 4 Al4cC3
13 4 AlN

$00 C,

a:\alsic.IGI

Step =

1.000 bar, Step =

10

Terp

25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.0¢0C

9 (-4.048+5760/T)*(1-x(9))"2

X

si
.00000E-04
.01000E-02
.01000E-02
.01000E-02
.01000E-02
.00100E-01
.20100E-01
.40100E-01
.60100E-01
.80100E-01

o e D e N

M- O Y YO0 DD

Y1
Al

.5S01CE-01
.7780CE-~01
.00600E-01
.23400E-C1
.46190E-01
.68990E-01
.$17S0E-01
.00000E~+00
.00000E+00
.00000E+0QO

I NI N e ol S ]

Y 2
saC

.12540E-02
.0B350E-01
.25450E-01
.42550E-01
.59650E-C1
.76740E-01
.93840E-01
.00000E-01
.00000E-0O1
.00000E-01

0.000 C

0.000 bar

Input
mol
0.0C0O
0.000
0.000
1.000

1.000CE-10

0.000
0.000
1.000

1.0000E-04

O e e e e

0.200
0.000
0.CCO
0.000

Y 3
S

.CBB50E-01
.11750E-01
.14650E-01
.17S5SCE-D1
.20450E-01
.23360E-01
.26260E-01
.401COE-01
.6010CE-01
.8010CE-01

(LN I S S RIS RN W W)

Step Activaty
mol coeffici.ent
0.000 1.000
0.¢c00 1.000
0.¢c00 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.0C0 1.000
0.000 1.000
0.020 4
0.000 1.000
0.0C0O 1.0C0
0.0C0O 1.0C0
0.C00 1.¢C0
Y 4
Al4C3
.E2490E-02
.0E8¢90E-02
.48500E-02
.91S10E-02
.34510E-02
.75%521CE-03
.05290E-03
.94070E-10
.417C0E-10
.35060E-10

L]



Input data saved as:

Effect of Si

a:\alsic.IGI

Temperature: 1000 ¢, Step =
Pressure: 1.000 bar, Step =
Number of Steps: 10
Phase Specie Temp
o4
1 1 Al(g) 25.000
2 1 Al2(g) 25.000
3 1 AlC({qg) 25.000
4 1 Ar (g) 25.000
s 1 N2 (@) 25.000
6 1 Si(g) 25.000
7 1 sic(g) 25.000
8 2 Al 25.000
9 2 Ssi 25.000
10 3 sic 25.000
11 3 S13N¢ 25.000
12 & AldcC3 25.000
13 4 AN 25.000
9 (~4.04B+5760/T)* (1-x(5))"~2
X Y1 Y 2
Si Al Sa1C
1.00000E-04 8.31270E-01 7.34530E-02
2.01000E-02 8.53430E-01 9.00760E-02
4.01000E-02 8.75600E-01 1.06700E-01
6.01000E~-02 8.97760E-01 1.23320E-01
8.01000E-02 9.19930E-01 1.39950E-01
1.00100E-01 9.42090E-~01 1.56570E-01
1.20100E-01 9.64260E-01 1.73190E-01
1.40100E-01 9.86420E-01 1.89810E-01
1.60100E-01 1.0000CE+00Q 2.00000E-01
1.80100E-01 1.00000E+00 2.00000E-01

0.000 C

0.000 bar

Input
mol
0.000
0.000
0.000
1.000

1.0000E-10

0.000
0.000
1.000

1.0000E-04

Ll i e o Y

0.200
0.000
0.000
0.000

Y 3
Si

.26650E-01
.30020E-01
.33400E-01
.36780E-01
.40150E-01
.43530E-01
.46910E-01
.50290E-01
.60100E-01
.80100E-01

WH WD~ NN W e

Step Activaty
mol coefficiaent
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.020 4
0.000 1.000
0.0co0 1.000
0.000 1.000
0.0co 1.¢c00
Y 4
Aléca
.2182CE-02
.66410E-02
.11000E-02
.55590E-02
.00180E-02
-44770E-02
.93610E-01
.39500E-013
.31920E-09
.28320E-10
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Input data saved as: a:\alsic.IGI

Effeact of carbon

Temperature: 1100.000 C, Step = 0.000 C
Pressure: 1.000 bar, Step = 0.000 bar
Number of Steps: 10
Phase Spec:ie Terp Input
Cc mol
1 1 Al (g) 25.000 0.000
2 1 M2(g) 25.000 0.000
3 1 AlC(g) 25.000 0.000
4 2 Ar (g) 25.000 1.000
5 1 N2 (g) 25.000 1.000CE-10
6 1 si(g) 25.000 0.000
7 1 S1C(g) 25.000 0.00C0
8 2 Al 25.000 0.700
9 2 si 25.000 ¢.300
i 3 sicC 25.000 ¢.000
11 3 S13N4 25.000 0.000
12 4 Al4c3 25.000 0.000
13 4 AlN 25.C00 0.0CO
14 S C 25.000 1.COCCE-04
9 (-4.C4B+5760/T)*(1-%x(S))~2
X Y 1 Y 2 Y 3
c Al Si s1C
1.0000CE-04 7.00000E-01 2.S$S$S00E-01 1.00000E-04 1
4.01000E-02 7.00000E-01 2.59900E-01 4.01000E-02 2
8.01000E-02 7.00000E-01 2.1S900E-01 8.01000E-02 3
1.20100E-01 7.00000E-01 1.7990CE-01 1.20100E-01 B
1.60100E-01 7.00000E-01 1.3$SO00E-01 1.60100E-01 3
2.00100E-01 6.7674CE-01 1.1734CE-01 1.82660E-01 5
2.40100E~01 6.33420E-01 1.09830E-01 1.90170E-01 1
2.80100E-01 5.50100E-01 1.02320E-01 1.9768CE-01 2
3.20100E-01 5.46780E-01 9.48110E-02 2.C51%0E-01 3
3.60100E-01 5.0347CE-01 B8.73000E-02 2.12700E-01 ¢
X Y 1 Y 2
C Al Si
1.00000E-04 7.00100E+01 2.5990CE+01
4.01000E-02 7.29200E+01 2.70800E+01
8.01000E-02 7.61000E+01 2.3900CE+01
1.20100E-01 7.95500E+01 2.0450CE+01
1.60100E-01 B8.33400E+01 1.66600E+01
2.00100E-01 8.52200E+01 1.47800E+01
2.40100E-01 ©.52200E+01 1.47B800E+01
2.80100E~01 8.52200E+01 1.47800E+01
3.20100E-01 8.52200E+01 1.47800E+01
3.60100E-01 B.52200E+01 1.47800E+01

Step Activity
mol coefficient
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.000 4
0.000 1.000
0.000 1.000
0.000 1.0cC0
0.000 1.000
0.040 1.00C0
Y 4
Aléc3
.28230E-11
.092B0E-11
.B0760E-11
.508B80E-11
.67500E-10
.B1490E-03
.66450E-02
. 74740E-C2
.B3040E-02
-S1330E-02



Input data saved as: a:\alsic.IGI

Effect of carbon

Temperature: 1100.000 C, Step = 0.000 C
Pressure: 1.000 bar, Step = 0.000 bar
Number cof Steps: 10

Phase Specie Temp Input
C mol
11 Al (g) 25.000 0.000
2 1 Al2(g) 25.000 0.000
31 AlC(g) 25.000 0.000
4 1 Ar (g) 25.0C9 1.C00
s 1 N2 (g) 25.000 1.C000E-10
6 1 S1(g) 25.0C0 0.000
701 s1C(g) 25.¢00 0.000
8 2 Al 25.000 0.600
9 2 s 25.000 0.400
10 3 sacC 25 060 0.000
11 3 sa3N4 25.000 0.000
12 4 Al4c3 25.C00 0.c00
13 4 AlN 25.000 0.000
14 5 ¢ 25.000 1.C0COE-04
9 (-4.04B+5760/T)*(1-x(5))"2
X Y 1 Y 2 Y 3
c Al S sac
1.0CCOOE-04 6.00COCE-01 3.9§S00E-C1 1.000CCE-04 2
8.01000E-02 6.0000CE-01 3.1S$00E-C1 8.01000E-02 6
1.60100E-01 6.0000CE-01 2.39500E-C1 1.6010CE-01 1
2 . 4010CE-01 6.00000E-01 1.%9900E-01 2.40100E-01 7
3.20100E-01 5.73B6CE-C1 9.$5060E-02 3.0049CE-01 6
4.0010CE-01 4.87220E-01 8. 4&4B30E-02 3.15520E-01 2
4.60100E-01 4.00SS0E-C1 6.94600E-02 3.30540E-01 4
5. 60100E-01 3.313SSOE-C1 5.443B0E-02 3.45560E-01 7
6. 40100E-01 2.27310E-C1 3.941S0E-02 3.60580E-01 9
7.20100E-01 1.4C670E-C1 2.43930E-02 3.75610E-01 1
X Y 2 Y 2
c Al S1
1.00000E-04 6.00100E+C1 3.99900E+01
8.01C00E-02 6.52200E+01 3.47800E+01
1.60100E-01 7.14400E+01 2.8B5600E+01
2.40100E-01 7.B9600E+01 2.10400E+01
3.20100E-01 B8.52200E+01 1.47800E+01
4.00100E-01 B8.52200E+01 1.47800E+01
4.80100E-01 B.52200E+01 1.47B0OE+01
$.60100E-01 B8.52200E+01 1.47800E+01
6.40100E-01 8.52200E+01 1.47B00E+01
7.20100E-01 B8.52200E+0) 1.47800E+01

Step Activaty
mol coefficient
0.000 1.000
0.000 1.000
0.o0co 1.0C0
0.c00 1.000
0.0¢C0 1.000
0.c00 1.000
0.Co0 1.¢co
0.000 1.000
0.000 4
0.cco 1.2¢0
0.C¢C 1.200
0.¢0CcOo 1.lco
0.2CO 1.2C2
0.C80 1.2¢0
Y 4
Aléc3
.$43CCE-12
.1739CE~12
.62140E-11
.27510E-11
.S3%2CE-03
.8l1%40E-02
.98530E-02
.15130E-02
.31720E-C2
.14830E-01
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Input data saved

Effect of carbon

Temperature: 11€0.000 C, Step =
Pressure: 1.000 bar, Step =
Number of Steps: 10
Prase Specle Terp
C
1 1 Al {g) 25.000
2 1 Al2{g) 25.000
3 1 AlcC(g) 25.000
4 1 Ar (g) 25.000
S 1 N2 (g) 25.000
6 1 S1(g) 25.0C0
71 s1C(g) 25.000
8 2 Al 25.000
9 2 S1 25.000
10 3 sacC 25.000
11 3 S13N4 25.000
12 4 Al4C3 25.000
13 4 AlN 25.000
14 5 C 25.2000
9 (-4.0&B+5760/T)*(1-x(%))"2
X Y 1 Y 2
c Al S1
1 .00000E-04 5.00000E-C1 4.9990CE-01
§.01000E-02 S.00000E-C1 4.15500E-01
1.60100E-01 5.0C000E-0O1 3.3%900E-01
2.40100E-01 5.0000CE-01 2.55500E-01
3.20100E-01 5.00000E-0O1 1.7%S00E-0O1
4.00100E-01 5.0000CE-01 9.59000E-02
4.80100E-01 4.2766CE-01 7.4155CE-02
5. 60100E-01 3.41020E-01 5.51320E-C2
6.40100E-01 2.54390E-C1 ¢.61100E-02
7.20100E-01 1.67750E-01 2.50870E-02
X Y1 Y 2
C Al si
1.00000E-04 5.00000E+01 5.00000E+0O1
8.01000E-02 5.43500E+01 4.56500E+01
1.60100E-01 S.95300E+01 4.04700E+01
2.40100E-01 6.5B000E+01 3.42000E+01
3.20100E-01 7.35400E+01 2.64600E+01
¢.00100E-01 8.33500E+01 1.66500E+01
4.B0O100E-01 B.52200E+01 1.47800E+01
S.60100E~01 8.52200E+01 1.47800E+01
6.40100E-01 8.52200E+401 1.47800E+01
7.20100E-01 8.52200E+01 1.47800E+01

as: a:\alsic.IGI

0.000 C
0.000 bar

Input
mol
0.000
0.000
0.000
1.000

1.000CE-10

0.000
.000
.500
.500
.000
.000
.000
0.000

O 0000 O0

1.CO0CE-04

o~ o s bW N D

Y 3
s1C

.00000E-04
.01000E-02
.60100E-01
.40100E-01
.20100E-01
.00100E-01
,25850E-01
.40870E-01
.55890E-01
.70910E-01

R W WNON P

Step Activity
mol cocefficient
0.000 1.600
0.000 1.0C0
0.000 1.000
0.000 1.0C0
0.000 1.000
0.000 1.0¢C0
0.000 1.0C0
0.c00 1.CC0
0.co0 14
0.C00 1.0C0
0.0CO 1.0CC
0.000 1.000
0.000 1.200
0.080 1.0C0
Y 4
Al4C3
.S2700E-13
.356B0E-12
.75570E-12
.71710E-12
.33550E-11
.68420E-10
.80850E-02
.97440E-02
.14030E-02
.30620E-02
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Input data saved as: a:\alsic3.IGI

Effect of carben

Temperature: 1200.600 C, Step = 0.000 C
Pressure: 1.000 bar, Step = 0.000 kar
Number of Steps: 10

Phase Specia Terp Input Step Activity
c mol mol coefficient
1 1 Al (g) 25.000 0.000 0.0C0 1.C00
2 1 Al2(g) 25.C00 0.000 0.C00 1.000
EREDY AlC (g) 25.000 0.000 0.0co 1.000
¢ 1 Ar(g) 25.600 1.0€C0 0.000 1.0060
5 1 N2(g) 25.0C0 1.COOCE-10 0.060 1.5¢C0
6 1 Ssi(g) 25.000 0.000 0.0C0 1.c00
7 1 S1C{g) 25.0C0 0.C0Q 0.0¢C0 1.200
8 2 Al 25.0C0 0.:500 0.0C0O 1.000
9 2 Si 25.0C0 0.800 0.¢co 1.¢00
10 2 sac 25.0C0 0.0C2 0.0Co 1.000
11 3 S13N4 25.CCO 0.300C0 0.¢CO 1.0C0
12 4 Al4C3 25.000 0.30C0 0.0C0 1.cco
13 4 AlN 25.0C0 0.CC 0.cco 1.CC0
14 5 c 25.000 1.0CCCE-C4 0.C80 1.C00
X Y1 Y 2 Y 3 Y 4
[of Al S1 siC Al4C3
1.0CO00E-04 4.999S0E-01 4.595SCCE-01 1.0CCOCJE-C4 4.0875CE-123
8.01000E-02 4.S595SCE-01 4.19500E-01 8.0100CE-C2 B8.143BCE-13
1.60100E-01 4.9959CE-01 3.399CCE-01 1.60100E-C1 1.81l11CE-12
2.¢0100E-01 4.S%59CE-01 2.85S90CE-C1 2.40100E-Cl 4.8512CE-12
3.20100E-01 4.5959CE-01 1.79%00E-01 3.20100E-C1 1.68300E-11
4.00100E-01 4.9955CE-01 9.S5900CE~-02 4.0010CE-CL 3.5620CE-10
4.80100E-01 4.2741CE-01 7.433¢40E-02 4.2567CE-C1 1.8145CE-02
5.60100E-01 3.¢4082CE-01 5.92750E-02 4.4072CE-Cl 3.9792CE-02
6.40100E-01 2.5424CE-Q1 4.42160E-02 4.5578CE-C1 6.143S50E-02
7.20100E-01 1.67650E-01 2.S5157CE-C2 4.70840E-C1 B8.20B660E-02
X Y1 Y 2
c Al Si
1.00000E-04 5.00000E+01 5.0000CE+01
8.01000E~-02 5.43500E+01 4.5650CE+01
1.60100E~-01 ©5.95300E+01 4.04700E+01
2.40100E-01 6.58000E+01 3.42000E+01
3.20100E-01 7.35400E+01 2.64600E+01
4.00100E-01 B.33500E+01 1.66500E+01
4.80100E-01 8.51800E+01 1.4B200E+01
5.60100E-01 8.51B00E+01 1.48200E+01
6.40100E-01 B8.51800E+01 1.48200E+01
7.20100E-01 B.S51B00E+01 1.4B8200E+01




a:\alsicld.IGI

Input data saved as:

Effect of carbon

Temperature: 1200.000 C, Step = 0.000 C
Pressure: 1.000 bar, Step = 0.000 bar
Number of Steps: 10
Fhase Specie Terp Input
c mol
11 Al (g) 25.000 0.000
2 1 Ax2(g) 25.000 0.000
3 1 AlC(q) 25.000 0.000
4 1 Ax (g) 25.000 1.000
s 1 N2 (g) 25.000 1.0000E-10
6 1 s1(q) 25.0C0 0.000
71 S1C{g} 25.000 0.000
B 2 Al 25.000 0.6C0O
S 2 s1 25.000 0.400
10 3 sacC 25.000 0.C00
11 3 S13N4¢ 25.000 0.c00
12 4 Al4C3 25.000 0.000
13 4 AlIN 25.000 0.000
14 5 C 25.000 1.0000E-04
X Y 1 Y 2 Y 3
C Al S1 sicC
1.0C00CE-04 5.95950E-C1 3.$9500E-01 1.0000CE-04 1
B8.031000E-02 5.S5$5CE-C1 3.15900E-01 B.01000E-02 4
1.6010CE~01 5.95550E-C1 2.29$00E-C1 1.60100E-01 1
2.4010CE-01 5.99S9CE-01 1.59900E-01 2.40100E-01 6
3.2010CE-01 5.7353CE-01 9.97470E-02 3.00250E-01 6
§€.00100E-01 4.86540E-01 B.46B70E-02 3.15310E-01 2
4.80100E-01 4.00350E-01 6.962B0E-02 3.30370E-01 4
5.60100E-01 3.1377CE-01 5.45650E-02 3.45430E-01 7
6.401COE-01 2.27160E-01 3.$5100E-02 3.60490E-01 9
7.20100E-01 1.4055CE-01 2.44510E-02 3.75550E-01 1
X Yl Y 2
C Al Si
1.00000E-04 6.001C00E+01 3.95500E+01
B.01000E~02 6.5220CE+01 3.47800E+01
1.60100E~01 7.14400E+01 2.85600E+01
2.40100E-01 7.89600E+01 2.10400E+01
3.20100E-01 B8.51BC0E+01 1.4B8200E+01
4.00100E-01 B.51800E+01 1.48200E+01
4.80100E-01 B.51800E+401 1.48200E+01
5.60100E-01 8.51B00E+01 1.48200E+01
6.40100E-01 B8.51800E+01 1.48200E+01
7.20100E-01 8.51800E+01 1.48200E+01

Step Activity
mol coefficient
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.0C0
0.000 1.000
0.C00 1.0C0
0.C00 1.000
0.000 1.000
0.080 1.0C0
Y 4
Al4c3
.94S50E-12
.42290E-12
.26780E-11
.41€6CE-11
.61550E-03
.B2€620E-02
.55090E-02
.15560E-02
.32030E-02
-14B50E-01



Input data saved as:

Effect of carbon
Tarperature:
Pressure:

Number of Steps:

Phase Specie

Al (g)
Al2(q)
AlcC(g)
Ar (g)
N2 (q)
S1(g)
Si1C{g)
Al

si
sic
Si3N4
Aléc3
AlN

c

[ I, ST, B SR N

T
W N~ 0O v
N s oW w R b b b s s s

"
o

X

C
-00000E-04
.01000E-02
.01000E-~02
.20100E-01
.60100E~01
.00100E-01
-40100E-01
.B0100E-01
.2010CE-01
.60100E-01

WWwhNN - - Da

X

C
.00000E-04
.01000E-02
-01000E-02
.20100E-01
.60100E-01
.00100E-01
.40100E-01
.80100E-01
-20100E-01
.60100E-01

W W & S @ oa

Mmununurmoanonnonon o

mmmmmmq\qu

a:\alsic3.IGI

1200.C00 ¢, Step =
1.000 kbar, Step =
0

Terp

C
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.0C0
25.C00
25.0C0
25.000
25.0C0
25.000
25.000
Y Y 2
Al S1
.S9SSCE-01 2.95500E-01
-SGSYCE-01 2.5990CE-01
.$S9SCE-C1  2.1$900E-01
.S9590E-01 1.75S00E-01
-S99SCE-C1  1.3550CE-C1
-7635CE-01 1.17630E-01
-33060E-01 1.10100E-01
-B976CE-01 1.0257CE-01
-4647CE-C1  9.50410E-C2
-031BCE-C1 B.7511CE-02
Y1 Y 2
Al S1
-0010CE«01 2.59$0CE+01
-29200E-01 2.70800E+01
-6100CE+01 2.39000E+01
.95500E+01 2.0450CE+01
-33400E+01 1.66600E+0C1
-51800E+01 1.4820CE+01
-51800E+01 1.48200E+01
-51800E+01  1.48200E+01
-51800E+01 1.4B200E+01
-51800E+01 1.4820CE+01

0.000 C
0.000 bar
Input Step Actaivity
mol mol coafficrent
0.000 0.000 1.000
0.000 0.000 1.000
0.000 0.000 1.000
1.000 0.000 1.¢¢00
1.0000E-10 0.000 1.000
0.000 0.000 1.000
0.000 0.000 1.¢00
0.700 0.000 1.000
0.3200 0.000 1.000
0.000 0.000 1.0¢60
0.000 0.000 1.G600
0.000 0.000 1.0¢0
0.000 0.000 1.000
1.0000E-C¢ 0.040 l.0co
Y 3 Y 4
SacC Aléca
1.0000CE-04 9.82660E-12
4.01000E-02 1.67210E-11
B.01000E-02 3.19430E-11
1.2010CE-01 7.59150E-11
1.60100E-01 3.57280E-:0
1.82370E-01 5.90970E-03
1.89900E-01 1.67330E-02
1.87430E-01 2.75570E-02
2.04960E-01 3.B3800E-02
2.12490E-01 4.52040E-02




Input data saved as:

Effect of carbon

Temperature:
Pressure:

Number of Steps:

Phase Spec:e

Al (qg)
Al2(g)
AlC(g)
Ar{g)
N2 (g)
s1(g)
SiC{g)
Al

Si
s1C
S13N4
Al4C3
ALN

[of

® N e wkh

T
w N~ 0o
N e s WwWwWRNNE R e e

.
'S

X

C
.00000E-04
.01000E-02
.60100E-01
.40100E-01
.20100E-01
.00100E-01
.80100E-01
.60100E-01
.40100E-01
.20100E-01

~N AN e AW D

X

c
.00000E-04
.01000E-02
.60100E-01
.40100E-01
.20100E-01
.00100E~01
.80100E-01
.60100E-01
.40100E-01
.20100E-01

NV e s WM @

RN W e s UV

DDDDO DD O

a:\alsic3.IGI

1300.000 C, Step =
1.000 bar, Step =
10
Termp

Cc
25.0cC0
25.000
25.000
25.000
25.G600
25.000
25.000
25.000
25.000
25.C000
25.000
25.000
25.000
25.000
Y1 Y 2
Al si
.$557CE-C1 3.99900E-01
.9$970E-C1 3.19900E-01
.$9560E-01 2.39900E-01
.5$560E-01 1.59900E-01
.E276CE-01 9.27970E-02
.$&477CE-01 7.B7B60E-02
.06790E-01 6.47760E-02
.1EBO0E-01 5.07650E-02
.30B2CE-01 3.67540E-02
.42B3CE-Q1 2.27440E-02
Y1l Y 2
Al Si1
.0O0000E+01 &.00000E+01
.52200E+401 3.47800E+01
-14400E+01 2.85600E+01
.B560CE+01 2.10400E+01
.62600E+01 1.37400E+01
.62600E+01 1.37400E+01
.62600E+01 1.37400E+01
.62600E+01 1.37400E+01
.62600E+01 1.37400E+01
.62600E+01 1.37400E+01

0.000 C

0.000 bar

Input
mol
0.000
0.000
0.000
1.000

1.0000E-10

0.000
.000
. 600
. 400
.000
.000
.000
0.000

O 00 O0O0o

1.000CE-C4

W W WwwWwwWwwh~ oM

Y 3
sacC

.00000E-04
.01000E-02
.60100E-01
.40100E-01
.07200E-01
.21210E-01
.35220E-01
.49240E-01
.63250E-01
.77260E-01

1
1
1
1
4
2
4

7
9
1

Step Activaty
mol coefficient
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.0Cc0
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.0C0
0.000 1.000
0.000 1.000
0.co0 1.000
0.0E60 1.000
Y 4
Al4c3
.00000E-36
.00000E-36
.00000E-36
.00000E-136
.29890E-03
.62950E-02
.82920E-02
.028B0E-02
.22850E-02
.14260E-01



Input data saved as: a:\alsicl.IGI

Effect of carben
Temperature: 1300.600 cC, Step = 0.0C0 C
Pressure: 1.000 bar, Step = 0.000 tar
Number of Steps: 10

Phase Specie Terp Input Step Act;v;:y
c mol mol coefficient
1 1 Al {(g) 25.000 0.000 0.0co 1.000
2 1 Al2 (g) 25.000 0.0co 0.000 1.000
3 1 AlC(g) 25.000 0.000 Cc.000 1.000
4 1 Ar(g) 25.000 1.000 0.0C0 1.¢00
5 1 N2 (g) 25.000 1.00CCE-10 0.0cC0O 1.0c0
[ 1 S1(g) 25.000 0.000 0.co0 1.000
71 Si1C{g) 25.000 0.000 0.ccC0 l1.c00
8 2 Al 25.C00 0.500 0.00C0 1.2c0
9 2 S1 25.000 G.500 0.0Co 1.0C0
10 3 sSac 25.¢CCo 0.000 0.000 l1.¢cc0
11 3 S13N4 25.000 0.000 0.CCo 1.0090
12 4 Aléc3 25.000 0.co00 0.2Co l.cc0
13 4 AlN 25.¢ccC0 0.000 0.cco 1.0C0
14 5 Cc 25.0C0 1.COCCE-04 0.C80 1.002
X Y 1 Y 2 Y 3 Y 4
c Al S1 sacC Aléca
1.00000E-04 4.5557CE-012 4.9$500E-C1 1.00000E-04 1.CCO0CE-36
8.01000E-02 4.9%570E-01 4.19500E-C1 8.01000E-02 1.000CCE-36
1.60100E-01 4.9957CE-01 3.39500E-C1 1.60100E-01 1.00000E-36
2.40100E-01 4.95570E-01 2.59900E-01 2.40100E-01 1.00000CE-26
3.20100E-01 4.55560E-01 1.79S00E-0C1 3.20100E-01 1.0000CE-36
4.00100E-01 4.$5560E-01 9.9$5000E-C2 4.00100E-01 1.00000E-2¢
4.8010CE-01 4.3¢280E-01 6.9154CE-C2 ¢ .30850E-01 1.64180E-02
5.60100E-01 3.4630CE-01 5.5143CE-C2 4.44660E-01 3.841¢0E-02
6.60100E-01 2.56310E-01 4.11330E-C2 4.56670E-01 6.04120E-02
7.2010CE-01 1.70320E-C1 2.71220E-C2 ¢.72660E-01 8.2407CE-02
X Y1 Y 2
c Al Sa
1.00000E-04 5,00000E+01 5.00000E+01
8.01000E-02 5.43SC0E+01 4.56500E+01
1.60100E-01 5.95300E+01 4.04700E+01
2.40100E-01 6.58000E+01 3.42000E+01
3.20100E~01 7.35400E+01 2.64600E+01
4.00100E-01 8.33500E+01 1.66500E+01
¢.80100E-01 §.62600E+01 1.37400E+01
5.60100E-01 8.62600E+01 1.37400E+01
6.40100E-01 B8.62600E+01 1.37400E+01
7.20100E-01 8.62600E+01 1.37400E+01



Input data saved as: a:\alsic3.iga

Effect of carbon

Temperature:
Pressure:

Number of Steps:

Phase Spec:e

Al (g}
Al2(g)
AlC (g)
Ar (g)
N2 {g)
S1(g)
51C(g)
Al

si

saiC
S13N4
Al4C3
AlN

c

S
2 OOOadan e W

"

.

Mo W N R s e e

e
s W

X

c
.00000E-04
.01000E-02
.01000E-02
.20100E-01
.6010CE-01
.0C100E-01
.40100E-01
.80100E-01
.20100E-01
.6010CE-01

Www ONN -~ O e

X

C
.00000E-04
.01000E-02
.01000E-02
.20100E-01
.60100E-01
.00100E-01
.40100E-01
.BO100OE-01
.20100E-01
.60100E-01

W w NN~ - O a

N oaaon ooy

@ ®®O®DMO -~ ]

1300.000 C,

Step =

1.000 bar, Step =

10

Y1
Al

.55560E-01
.5996CE-C1
.§8960E-01
.998960E-01
.99660E-C1
.87240E-C1
.43250E-C1
.99260E-01
.EE26CE-C1
.11270E-C1

Y1
Al

.C0100E+01
.282CQ0E+C1
.60S00E+C1
.95500E+01
.33400E+01
.€2600E+01
.€2600E+01
.62600E+01
.62600E+01
.62600E+01

MWW NN

R e e e NN RN

25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.000
25.200
25.000

Y 2
Sa

-98S00E-01
.56900E-01
.19S0CE-~01
.79900E-C1
.39900E-01
.09430E-01
.02430E-01
.54240E-02
.84190E-02
-14130E-02

Y 2
Sy

.99S00E+0C1
.70800E+01
.3%100E+Q1
.04500E+01
.66600E+01
.37400E+01
.3740CE+01
.37400E+01
.37400E+01
.37400E+01

0.000 C
0.000 bar

Input

mol
0.
0.
0.
1.

000
000
000
000

1.0000E-10

0.
0.000
0.700
0.300
0.
o]

¢]

000

000

.000
.000
0.

000

1.0000E-04

N RN - - 0o e

Y 3
sac
.00000E~-04
.01000E-02
.01000E-02
.20100E-01
.60100E-01
.§0570E-01
.97570E-C1
.045B0E-01
.11580E-01
.1B590E-01

[T

- N W e s

Step Activity
mol coefficient
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.0cC0
0.000 1.000
0.000 1.000
0.000 1.000
0.000 1.0c0
0.0060 1.000
0.000 1.000
0.000 1.000
0.000 1.200
0.0cC0 1.0C0
0.040 1.000
Y 4
Al4cC3
.00000E-~ 36
.00000E-36
.00000E-36
.00000E-36
.00000E-36
.17B1CE-03
.41760E-02
.51750E-02
.61730E-02
.7171CE-02

196
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Figure 81

Activity of S1an dilute AL-Si solution
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