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ABSTRACT 

AI/SiC compos ire is ident ifi ed as a po!ent ia l marerial fo r au1omo1in: and 

elec rronic packag ing applica ri ons . Conve ntional merhod of AIISiC com posirc: prncc::s"i ng 

inc ludes incorpora rion of SiC particles inlo Al a ll oy . SiC is produced as a rc:"ulr uf 

reac ri on herween silica and ca rbon al 1empera1 ures higher rhan 2500 K for 48 hour" . 

Because of high price of SiC !he whole compos ire becomes ve ry expensi \t: . 

The goa l of !his work was 10 deve lop a low cos! merhod of AI/SiC pmc c: ss ing 

using in-s iru reac ri ons al !emperatu res around 1500 K and ca rbon as a precu rsor marcrial 

fo r SiC fo m1ation 

Thermodynamic analys is uf AI-Si -C sysrem was perlo rmc:d u"ing Gihh~ c: nc:rg> 

minimi za ri on me!hod . Equilibrium species di s1ribu1 io n diag rams we re ClH11,1ruc1ed fli r a 

wide range of all oys . remperatures and ca rbon concentrario ns. It was fo und 1ha1 Al SiC 

compos ire . contai ning 24-40 '/c of SiC may he produced as a resulr of reac tion hc:twc: c:n 

carbon and Al-Si alloy contain ing 30-50 '/c Si . 

Experimental srudy nn in -situ fo m1a1inn of SiC in Al-Si aJl ,.iy" was rnnducred 

using three different carbon sources. Resulrs of experiments wc:n.: analyzed usi ng X-ra> 

diffraction. SEM-EDAX system and LECO carbon analyze r. When natural ga1, wa" 

introduced into the melt it decomposed into carhon and hydrogen hur mos! of the carhon 

was removed from the melt by Ar which se rved as a ca rrie r gas . The:: small quantiry of 

SiC which fo m1ed was fl oarcd 10 !he surfac e: of !he melt. Overall effic ienc y uf natural ., 
gas was very low and maximum of onl y 3 '/c of SiC was ac hie \·ed When graphite r\ld 

was used as a carbon source borh aluminum and silicon ca rbides were fo m1cd Because 



I\ 

of the presence of aluminum carbide the material degraded in air and decomposed intu 

powder in a few days 

When activated carbon partic les were used as a ca rbon source the result\ of 

experiments were successful for the spec ific experimental conditions . Only silicon carbide 

was fonned and no aluminum carbide was detected in any sample . The sil icon carbide 

fnm1cd retained the size and the shape of initial carbon . Reaction proceeded from the 

surface to the center of carbon particles The rate of reaction was described using A \Tami 

equation . Al-Si-Ca oxides present in activated carbon as as h constituent s wen: pushed ll Ut 

of SiC and precipitated on the boundaries between SiC and matrix alloy 

The main goa l of this work : in-situ process ing of AI /SiC composite wa\ ac hieved 

and the results of experiments may he used fo r devel opment llf a new industrial 

technology . 

• 
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I. INTRODUCTION 

Composite materials are defined as material system~ combin ing two or more 

dispersed material phases . each of whic h maintai ns it s own distinct volumetric regio n and 

properties I I] . 

Discontinuously re info rced aluminum compos ites are alum inum hased materials 

rei nfo rced by particles. whiskers. or short fibers 12] They are rapidl y emerging as new 

commerc ia l materials fo r aerospace and other high-perfo rmance markets . In man\' 

stiffness-. strength-and we ight -c ritica l appl ica tions. they ca n offer higher perfo rmanu: 

than traditional aluminum all oys at potentially low cost than orga nic matri x compos ite s 

I 3 I The most inexpensive composites and . therefore. those nf mos! interest 10 the 

industry are produced via molten meta l routes 14] 

Metal matri x composites (MM Cs) have tremendous potential fn r the future . The,· 

are an important class of materials with a long hi sto ry of comme rc ial applica ti om 

Particulate MMCs have heen used in internal combustion engines. Toyota i~ usi ng 

alumina discontinuous fibers in aluminum fo r diese l engine pi stons Suzuki used SiC 

whiskers in aluminum fo r outboard engine pistons. Honda is using discontinuous fi hers 

of carhon and alumina in aluminum fo r automoti ve engine bloc ks [I] . These and other 

applications are I isted in Table I I 5 I. 

The interface between rein fo rcement s and the matri x is undouhtedly one of the 

most important features in a compos ite system. It affects the mec hanica l properties of the .. 
composite through mechanisms such as debonding. stress damping. crac k dev iation. and 

grain boundary pinning 16] From a thermodynamic point of view. it is ex tremel y 



Table l List of some compos ite components with prove n potential 151 

Compos ite Components Benefits Manufac ru re rs 

AI-SiC( particles) Piston Reduced we ight . Duralcan. Mart in 

high strength and Marietta . Lanxide 

wear res istance 

Brake rotor. hi gh wear Duralcan. 

ca liper . liner res istance and La nxide 

reduced we ight 

Shaft Reduction of GKN. 

we ight and high Dura le an 

spec ific stiffness 

Al-SiC(whi skers) Connecting rod Reduced mass. Nissa n 

high spec ific 

strength. st iffness # 

and low CTE 

e 



di fficult to des ign a compos ite in which the matri x/reinfo rcement interfaces will remain 

stahl e under all poss ible conditions [7] During its entire life. a compos ite memher may 

encou nter fa brication and service temperatures in the range ofO- IOOOK. and . hence. may 

exhibit phase transformations. signi fica nt changes in so lubility. differential dilations. nr 

chemical interac tion he tween the matri x and the rei nfo rcement memhers. all o f whic h can 

cau:,e the interface to he unstahle Since it is unlikely that any numher of candidate 

compos ite materials will produce a compos ite in which the interfaces arc stahk . ma teriab 

mu st he chosen fo r interfac ial stahility [7[. 

During the des ign of high-temperature metal-matri x compos ites. hoth the 

thermodynamics and the kinetics of the proposed sys tem should he cons idered . 

Thermodynamic phase -equilibria data ca n aid in identi fy ing matri x and re in fo rceme nt 

materi als that are interfac ia ll y more stable than other ca ndidate mater ia ls. wherea~ 

reac tion kinetics data can he employed to estimate the rate of any reac ti on that ma\ occur 

at interfaces [7] . 

To control the ex tent of interfac ial reac tion. common prac tice~ mcludc shortening 

process ing time. coating reinfo rcements with materials of different reac ti\ itics. and 

adding alloy ing elements to the matri x [5]. 

Naturally stahle compos ites an: thosc produced in -situ . The in-situ prncess ing f()r 

non-ferrous and intermetallic systems eliminates interface incompatibility of matr ices with 

reinfo rcements by creating more thermodynamica lly stahle reinfo rcements hased on the ir 
e 

nucleation and growth from the parent matri x phase [ 8 I By controlling reac ti lln 

chemistry. a hierarchica l range of carbides. nitrides . ox ides . ho rides. and even silic ide~ 



can he generated . One of the majo r. fundamental scientific challenges lies in co ntrolling 

the material s synthesis through optimized reaction kinetics and interfacial design [ 8 I. 

The ohjecti ve of thi s work was to study the fundamentals of processing pf Al -Si 

all oy compos ite reinforced with in-situ produced silicon ca rhide . This work include~ 

thermodynamic anal ys is of AI/SiC composite and experimental \·erification of the 

find ings These aspects are discussed in detail s in the following sec tions . 

2. REVIEW OF THE LITERATL'RE 

2.1 Characteristics of SiC 

Silicon carhide is an optimal reinforcement for aluminum hecausc it has densit\ 

onl y slightly higher than aluminum. a high modulus and strength. and is readily avai lahlc 

[9] The SiC is hest known for its hardness (9 -10 on Mohs sca le. or 25GPa indentation 

hardness). hut it is also a good electrical and thermal conduc!Or I !OJ . Annual \rnrld 

production of si licon carhide is today in the regi on of 500.000 tons . Much of this is u~cd 

as the basi s for grinding. culling and ahrasive materials . hut significant quantities arc 

now also being used in the manufacture of refractory hrick material s. A lot of research 

has been done in recent years on the potential use of SiC in the high temperature g,b -

rurbine engine . 

• 
2.2 Production of SiC 

Silicon carbide is produced commercially hy reac tion of a mixture of sand (s ilica) 



and coke (carbon) in an elec tric res istance furnace (Ac heson process JI 11 J: 

SiO:0l + 3C(s) = SiC(sl + 2CO(gl ( I I 

The compos ition of the mi xture may he. for instance . coke -l0 "4 . silica .50 "1; . 

sawdust 7 C/c. and common sa lt 3 '7c [ I 2 I The furnace is not usually shie lded from air. and 

employs a centrall y mounted core of graphite and coke as the elec trica l hea ter elemrnt 

The reaction mi xrure is fi ll ed around th is core. be tween removahle wa lb . The 

temperature of the central core is fi rst raised to ahout 2200K. aft er which it is more 

slowly increased to reac h muximum \·alue of ahout 3000K The tem perature 1s then 

lowered and kept a little ove r 2300K fo r ahout 30 hours. aft er wh ic h the furnace 1s 

all owed to cool down and the silicon ca rhide is removed. washed . dried and graded 

according to size . The hes t grades arc fo und nea r the core The exac t tem perature-time 

cyc le va ries from furnace to furnace. depending on it s geometry The paniclcs. as a 

result of the way they are produced are hig hl y defecti \·e A typ ical part icle has mam 

microtwins and stacking fa ults 191. 

Coarser grades ( > IOµm ) of silico n carhide powder ca nnot he si ntered tn hi gh 

density . For refractory applications. compac ted SiC grid in the re4uired shape is hondcd 

using a ha nding phase of. fo r example. silicon nitride or nitride ox ide. aluminos il ica te 

glass . or se llbonded carhon or silicon. For elec tric heating element material. high-purit~ 

size graded silicon carhide grits are sintered alone at temperatures in the region pf 

2700K . 
., 

Silicon carbide is also produced on a small sca le hy the decompos ition in an inen 

atmosphere of gaseous or vo latile compound s of silicon and carhon. all owing the reaction 



h 

products to depos it the carhide on a suitahle hot suhstrate An example of th is process . 

known as chemica l vapor deposi tion (CYD) . is shown in Equati on (2 l 

CH1SiCl,(g) = SiC(sJ + 3HCl(g) 

The deta iled consideration of CYD process was g iven hy Cag liostro and 

Ricc itie ll o [ 13. 14I 

Fi nall y. since carbon has an apprec iahle soluhility in liquid si licon. the ca rhidc 

ca n he ohtained hy high temperatu re ( 1923 K) crystalliza tion fro m a ca rhon ric h s il irn n 

melt which is supersa turated wi th respect to SiC: 

Si(l) + C(s) = SiC( s) 

This las t reac tion fo rm s the has is of the we ll -established sel f- or reaction ho ndmg 

technique fo r binding fine-grain silicon ca rbide powders. The reac tion hetween silicnn 

and ca rhon was used to de ve lop silicon carhidc radi ant tube materia ls [ 15 I The: powders 

of particul ate silicon. coarse gram SiC or coa rse graph ite we re loaded into the: irn.JuctHi n 

furnace After loading the powders we re fired using moving hot zn ne . The hot z1l ne 

moved from top to bottom melting the silicon and allow ing it to infiltrate silicon ca rhide 

or graphite . As a result of reac tion hetween graphite and ca rhon small amount \1f si li cnn 

carhide was fo m1ed . 

Recently Krstic [ 16I deve loped a low temperature process of SiC fo rmati on The 

overall reaction of SiC fo m1ation was hroken into the fo ll ow ing steps: 

SiO,(s ) + C(s) = SiO(g) + CO(g) 

SiO(g) + C(sJ = Si( sJ + CO(gJ 

Si(s) + C(s) = SiC(s) 

( 4 ) 

( 5 ) 

(6) 

., 



SiO:(s) + CO<g) = SiO(g) + CO:<gJ 

SiO(g) + 2C(s) = SiC(s) + CO(gJ 

2Si0(g) = Si( s ) + SiO:<s) 

SiC(sJ + 2Si0:(s) = 3SiO(gl + CO(g) 

( 8) 

(9) 

< 10) 

It was shown that to form SiC at a reasonahle rate ii is necessar- to rnirrn1tt: 

reactions (4) and (5) and retard reactions (6) and (7) Submicrometer SiC rowder~ \\LTL' 

sy nthesized hy reacting si li ca and carhon hlack at temperatures hetween l 723 and 2073K 

Simultaneous applica tion of vacuum and mixing rrovided the condititin tor full 

convers ion of silica to SiC It was shown that two different reactitin mechanisms arc: 

poss ihle . depending on the reactio n temperature and the partial pressure of CO t\1 lower 

tempe ratures (be low approximately 1673K). the dominant mechanism i~ the rc:act111n 

between gaseous SiO and C Ahovt: 1673K . the rate of SiC fom1ation i~ c11ntrnlkd by 

the rate of SiO formation In as -synthesized fom1. the SiC powders tyrically containc:d 

0 2wt 'lc of unreac ted si li ca and free ca rhon in the range between 6 and 15 wt ½ Prec1~c: 

control of partial pressure of CO in the reaction chamber and continuous mixing of the: 

reactants provided the conditions under which the rate of silicon carbide forma11on could 

be increased by one order of magnitude . The process is suitable fpr large -scale 

commercial production of SiC. requiring no post fabrication acid leaching 11r majllr 

milling . 

Because the effectiveness of SiC fo rmation is strongly diminished by f11m1atil1n ., 
of CO during reactions (4).(5).(8) . and ( 10) Ledoux et. al. 11 7. 181 developed a nev, 

process in which SiC was produced in two steps. In the first step SiO(gl was fortncd b) 



n:aclion of silica w11h silicon metal 

Si0,(s) + Si(sl = 2SiO(g) l I I l 

and !hen SiO(gl was rumred to react with carhon according lo rcaelion 18! ,\cl1\alcJ 

carhon was used as a carhon source and as a result high surface an.:a SiC was rn1Juccd 

al lcmreralures arou nd 1473K . 

Prcraration of si licon carhidc fiher from ac ti vated carhon fiher and gasrnus ,ii icon 

monoxide was suggested hy Okada cl al . I 191 The SiO \'aror diffused in to acli\;11ed 

carhon fiher through its micrnrorcs The \·aror rcaelcd with the carhPn. and. under 

rrnrer conditions . activa ted carhon fihcr was comrlciely conn:ncJ lll SiC fihcr 

Comrlete conversion was ac hien:d in ten hours al 1473K and two hours al 1573K SLM 

micrngrarh of incomrlctly n:actcd fihcr showt:d that the lorma1i1rn of the carhide 

occurred from the outer surfact: of tht: fiher toward 1ls ct:nlt:r . The rt:actt:d fi hn cons 1qt:d 

mainly of SiC wi th an oxygen ccintt:nl of I 21 wt '1c. Fi her dcnsificalion was achint:d h~ 

heat treatment in nit rogen at I 873K Tht: XRD raut:rn and TEM mic nigrarh sh11wt:J the 

crystalline character of the fiher , 
Thermodynamics uf Si -C-0 sys tem is critical in a numhcr of areas . Tht:st: im: ludt: 

carhothermit: reduction of silica and growt h of silica scales on SiC Tht: rrt:dominanct: 

diagram for thi s system was conslruclt:d hy Jacohson and Orila 1201 Kint:li c analysi s of 

silicon ca rhide growth is give n hy Jha I 211 . Other asrecls of this system art: discussed 

in 122-271 Diffusion coefficients of Si and C in SiC wcrt: dett:rmint:d hy li on t:l al 128 . 
• 

291 . 



2.3 Structure and properties of SiC 

SiC crystallize in a numher of different modifications . called polytypc~. in all llf 

which two dimensions of the unit cell are the same while the third i~ a \ariahlc integral 

multiple of a common unit [ 12 [. The different polytypic modifications can he regarded 

as huilt up of layers of structure stacked parallel to each other at constant inten·als along 

the \·ariahle dimension . The two unit cell dimensions parallel to these layer~ an: the :same 

for all the modifications . The third dimension depends on the ~tacking ~e4uence . hut ,, 

always an integ.ral multiple of the layer spacing Hexagonal and rhomhnhedral plllytypt::--

are denoted as a- SiC. while cuhic modification as /3 -SiC. The hexagonal unit ct:11 ha:--

dimensions a=h = 3 078A while c is a variahle integral multiple nf 2.518 A . J -SiC "a 

metastahle low temperature modification fnnning around 2 IOOK . It can exi st llnly ;tt 

temperatures helow ahout 2300K. transforming irrt:versihly into n -SiC type "fill " at 

higher temperatures . This 6-layered hexagonal polytype 1s the nH1q commlln lll()dificatil1n 

of the compound . The structure of SiC is shown in Figurt: I . 

Atomic -level characterization of SiC was done hy Tsong [30[ . For elcctron,c 

purposes Du et. al. studied the chemistry and structure of SiC implanted with aluminum 

13 I [. 

The oxidation resistance of SiC wa~ rnnsidered hy Jacohson 132[ . The S,C '" 

inherently unstable in air and fonns a thin layer of silicon dioxide (SiO: l in an oxidiLing 

environment . The SiO, has the lowest pcnncahility to oxygen ot any of the common ., 
oxides and fonns an effective reaction harrier. 



Figure 1 

b) 

Strucrure of SiC : (a) Cubic or J- SiC , (b ) Tetrahedral or a -SiC 

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

Si atoms [12]. 

" 



2.4 Al-Si allo~:s 

The Al-S i all oys are preferred matri x fo r SiC hecause as descrihed later in the 

text Si prevents formation nf aluminum carh ide . Tah le 2 [33] gives the composi t i<1 n and 

applica tion of some Al-Si a ll oys . They have comparati ve ly high fluidit\· in the nwlten 

state and most ly used as casting alloy, . 

Binary Al-Si all oys are not co nsidered hea t-treatahle si nce only a sma ll amount 

of silicon is soluhle in al uminum ( 1.65 wt 'lc max imum ) and si nce the si li con that d()e~ 

reprecipitate from so lid so lution causes very lit tle hardening 

The Al -Si system is simple eutectic type with the eutec tic cnm positi1ll1 at 12 6 

wt 'lc Si . During solidifica tion of 443 alloy (Al - 5 wt 'lc Si) dendrites \lf almmt pure Al 

so lidify fir st. The spaces hetween these dendrites are then fi ll ed w11h al um inunHi l1 co11 

eutectic . When the eutectic freezes it decomposes into almost rure al urrnnum and ,i li C1ln . 

As the so lidifica ti on rate is increa,ed. the dendrite ce ll , hecome ,ma ile r and tlm 

increases a lloy strrngth 

The eutectic structure of sa nd cast AI-S1 all oys can he i:!rea tly refined hy the 

addition of small amounts of sodium (0 025 wt '1c ). either as metallic sodium or a, S()Jium 

sa lts just he fo re casting . Sodium modification of aluminum sa nd castings leads to higher 

tensile strengths . 

2 .5 Aluminum-silicon-magnesium-copper casting alloys 
., 

The strength prorerties of cast aluminum-silicon hinary alloy, can he impn\\eJ 

hy the addition of small amounts of mag nes ium (ahout 0 .35 wt 'lr ). The most imrortant 



Table 2 Chemical compos itions and typical applications of aluminum casting al loy~ 1:n1 

Alloy Si Cu Mg Typical applica tions 

designation wt 'lc wt 'lc wt 'lc 

354 9 1.8 0 5 general-purpose al loy used fnr engine pans . 

meter housings. ai rcraft. mi ss ile 

A356 7 0 .3 intricate castings requiring good strength 

and duct ii it y: transmi ss ion cases. truck 

wheels . cyl inder hlocks. marine hardwan: . 

cyli nder heads 

A357 7 0 .5 airc raft and missile part s 

A332 12 I I automoti ve pistons . diesel engine pistnn~ . 

engine parts operating at ele\'ated 

temperatures 

, 
A360 9 .5 - 0 .5 general purpose castings 

A380 8.5 3.5 - general purpose castings 

• 



aluminum casting alloy of th is type is 356. which co ntains 7 wt '7r S1 for cas tahility and 

0 35 wt o/c Mg 10 make the all oy heal-trea table . The mag nesi um silic ide (Mg,Si) co ntent 

of the alloy is in the ra nge 0 5 to 0 .6 wt 'lc and the prec ipitati on strengthening 1s 

aurihuted to a metastahle phase of Mg,Si Add ition of coppe r reduces the ductil ity hut 

increases the hardness of the alloys . Together copper and magnesi um 1mpnl\e 

mac hinahil ity and st rength on hea t trea tment 1341 

2.6 Phase equilibria in the AI-Si-C system 

The binary suhsystems Al-Si. AI-C. and Si-C (f- igures 2-4) arc well know n 135 1 

The Al- Si system shows a simple eutec ti c at 850K and 11.3 at. pct Si. with ,ny lim ited 

terminal solid solubi lit y . The AI-C system shows a single intermediate phase al AIJC, that 

decomposes peritec tica ll y al 2429K lo yie ld so lid ca rbon and a liquid phase co nt ain ing 

about 20 at. pcl C. The solubility of ca rhon in liqu id Al al tempe ra ture, le,, than 1800K 

is neg ligible . The Si-C sys tem shows a single imc:rmcdi ale phase at SiC that dccumpl1,e, 

peritec tica ll y at 3103K to yie ld solid carhon and a liquid rhase containing ahout I 9 at. 

pct C . 

The high temperature phase relations in the AI-Si -C were studied extensi,·el) m 

connection with aluminum carhotermic redueli lln 136-381 and liquid phase si ntering llf 

silicon carbide 1391 . Related phase diag rams are summari zed 1401. 

The phase e·quilibria in the AI-Si-C system was studied hy Viala el al. 141 .421 

• Liquid aluminum was equilibrated with silicon carbide and reac tion products wen:: 

determined using chemical analys is . On the base of results ohtained the phase diag ram 
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of AI-Si-C system fo r the temperature interval 973 -1473K was constructed The AI-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 fo r Al -Si liquid was perfo rmed 

hy Handwerker er al. [431 . Bur the results of their ca lculations differed suhstantially from 

their own experimental data. 

2. 7 Reactions in the AI/SiC composite 

During the AI-SiC composite fabrication involving the contact hetween molten Al 

and SiC . Al,C, can form on the interface and thi s carbide is re sponsihle for degradat ion 

of the mechanical properties of the material [44] . Although a large numher nf 

puhlications are availahle on Al,C fo rmation only a few give quantitative Jcsc rirti on l11 

the rrocesses taking place . lseki et. al [45] studied the extent of the following reaction 

4Al(I ) + 3SiC(s) = Al,C,(s) + 3Si(IJ ( I 2) 

for mole ratio SiC/AI = 3/4 at different temperatures and treatment times . A thin 

reacti on layer was detected which consisted of Al,C particles and aluminum mctal. It 

was ohserved that ( 111 )"1 and (()001 )Al,C, planes were parallel rn thc interfau: . 

Quantitative analysis done by X-ray diffraction showed that the extent of reaction ( 12) 

increased from 973K to 1273K hut was practically the same for 1273 and 1473K . It was 

also found out that additions of free silicon to aluminum melt could suhstantially decrease 

the extent of reaction (12) or even stop it Ll oyd and Jin assessed the reactivity hetween ., 
SiC and molten Al for SiC /AI = 0 .3 at 973 to I 173K [46] . After one hour exposure 4 .5 

wt pct Si in the composite was observed at 948K . 6 5 wt rct at 1073K and 8.2 wt rct at 
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1173K The reaction products at 1073K and SiC/AI = 746 were studied hy Hughes ct 

al. [47] . The authors of this paper also perfonned equilibrium calculations for AI -SiC 

system hut ideal solution model used for Al-Si solu tion is not adequate in this case 

because of the big positive deviations of Si from ideal behavior 

Mechanism and kinetics of the chemica l interaction hetween liquid al uminum and 

si li con-ca rbide sing le crystals was studied hy Yiala et. al. [48] This work showed that 

chemica l interaction at temperatures ranging from 930 to I IOOK between liquid 

aluminum and hexagonal a-SiC crystals always proceeds via a dissolution-precipitatiun 

mechanism. This mechanism involves the migration of carhon atoms by liquid-phase 

diffusion from places where the SiC surface is in direct contact wi th the metal matrix lll 

the growing faces of Al,C, crystals located at or near the metal icarhidc interface . The 

silicon liherated in this reaction dissolves in alum inum . fonning a liquid Al-Si alloy . 

The rate at which such a decomposition reaction proceeds. as well a~ the 

morphology of the resulting reaction zone. greatl y depends on the po lari ty of the 

substrate surface exposed 10 aluminum attack The (0001) Si face and the random!\ 

oriented faces behave in a simil ar manner These faces dissolve a rather fast rate in 

aluminum and. Al.Ci crystallites nucleate on!O the SiC surface with their c-axi~ 

preferentially oriented in a direction parallel 10 the c-axes of the substrate . Latera l 

extension of these crystallites results in the fonnat ion of an adherent and continuous layer 

of Al,C, crystals that very efficiently protect the underlying suhs trate from further 
., 

decomposition. Due 10 these preferential gem1i nation and growth orientations. passivatiun 

takes place sooner at the Si face than al randomly oriented faces . As for the (000 I) C 



face. it exh ibits a very particular hehavior it dissolves at a much slower rate than am 

other face (six to ten times slowe r): hut as Al.Ci crys tals cannot nucleate or remain fixt:d 

onto thi s face . passivation never occurs Consequently . if exposed for a \·ery long timt: 

to alu minum attack . the C face will appear more damaged than any other face . The Si 

face must he considered more reacti ve. although the C face may he severely damaged 

under special conditions (long time or high temperarun: reactions) 

Lloyd et. al. 149 .50] studied the kinetic s of reaction ( 12 ) hy monitoring the.: 

intensities of the Al,C, and si licon X-ray peaks . In these experiments . SiC MMCs were 

remelted and held at different temperatures ahove the liquidus t'nr \·arious times Tht: 

melts were then solidified . ground to powder and examined hy X-ray diffracti on Tht: 

reaction rare in AA2014-20vol. '7c SiC (wrought alloy) was high initially hut droppc.:d tll 

a low level after ahout I hour . This fas t dror was explained hy ~hit:lding effect of 

alumi num carhide on SiC particles. The extent of reac tion increased with incrt:asing the 

temperature . Reaction kinetics was not grea tl y affec ted hy the vo lume fractilln of tht: 

reinforcement In case of A356 alloy (cas ting alloy) which has 7 7c Si nll significant 

reaction was detected at 998K. hut the reac tion was ohser\'(:d at 1073 K It wa~ 

summarized that unprotected SiC is thennodynamicall y unstable in the wn1ught alloys. 

and any melt processing has to he very carefully controlled it excess ive Al,C formation 

is to he avo ided . However . the high si licon casting alloys are much more resistant tn 

Al,C 1 formation and SiC composites hased on these alloys are more stable in the molten 
fJ 

sta te. 

The rate of SiC particlt: degradation in aluminum-hased compnsites was 



estahlished hy Carotenuto et al. [51 J 

Formation of magnesium spine! was srudied by Wang er. al. [52[ The composite 

was supplied hy Alcan International Ltd . Aluminum alloy (A3 56 ) wi th a nominal 

compos ition of 92 .7 wt pct Al. 7 wt pct Si. and 0 .3 wt pct Mg was employed as the 

matri x material. This al loy was reinforced hy 15 vo l pct SiC particulates with an ave rage 

size of 5 to IO µm . Based on availahle thermodynamic data it was proposed that in 

additil>n to reaction ( 12 ) the following reactions may take place : 

SiO,(s) + 2Mg(I) = 2MgO(s J + Si(!) 

SiO,(s) + 4/3Al( li = 2!3A l,O,(s l +S i(I J 

SiO,(sJ + l /2Mg(I J + Al(IJ = l/2MgAl ,O,(~l + Si!l l 

Mg(I) + l /3A l,O 1(s) = MgO( s) + 2/3A l(IJ 

Mg(! ) + 4/3Al,O1(s) = MgA l,O,(s) + 2/3Al(l) 

Mg(I) + Al,O 1(s) + 0 (1) = MgA l,O,(s) 

Mg(!) + 2A l(I) + 40(1) = MgA l,O,(s) 

MgO( s) + Al ,O,(s) = MgA l,O,(s) , 
MgO(s) + 2Al(I) + 30( 1) = MgAl:0,(s) 

2Mg(I) + SiC(s) = Mg,Si(s) + C(s) 

( 14 l 

! I 5) 

( 16 ) 

( I 7) 

( I Rl 

l 19 ) 

! 20 l 

(21 l 

(22) 

Usi ng SEM-EDAX paHems it was shown that reaction product on the houndary hetween 

Al and SiC was MgAl,O, . 

Ratnaparkhi and Howe [53[ studied diffusion honded interface hetween Al-Mg ., 
alloy and SiC using high resolution and analytical electron microscopy . Diffusion 

bonding was performed at 834K under pressure The fo llowing reaction products were 



ohserved Mg2Si. MgO . MgAlp, and AlxMg, . 

Chernyshova and Koheleva studied the interaction hetween Al-Si alloy and carhon 

fihers 1541 . Formation of hoth Al,C and SiC was nhserved ac che interfaet.: 

To reduce che degradation of SiC panicles hy liquid aluminum treating or coating 

of SiC particles may he used . Several mechods involving the prese nce nf oxides aniund 

the SiC panicles ha ve heen proposed recently 1551 chese are nxidacion of the panicle\ . 

produce ion of oxide coacings hy che so l-gel technique. and deposicion of nxidc paniculah.: ~ 

at che surface of the SiC panicles hy a dry mixing cechniquc . 

2.8 Wetting, solidification and microstructure of AI /SiC composites 

Wettahilicy of SiC hy aluminum and Al -Si alloys was scudied hy Laurent t:t al. 

hy measuring the contact angle fonned hy molten metal or alloy on a \i nglt: crystal of 

SiC 1561 It was fo und that contact angle droppt:d with time . Aftt:r two hours of t:xpu\urc 

the contacc ang le hecame conscanc and che cemperacurt: increase from 950 to I 050K kd 

to the contacc angle decrease from 75 to 50 degrees. meaning imrwvt:d wt:lting tor 

higher temperacures . Also slight improvement in welting was ohserved for increase ut 

si licon concentracion in aluminum alloy from Oto 18 \Vt pct Oh ct al. 15 7.58 1 studied 

we ttabili ty of SiC hy al uminum all oys measuring threshold pressure tor infiltration. Near -

equilihrium welting was achieved in 5 w IO minutes . The rt:sults on etkct of tt:mpcraturc 

and si licon concentration were found to he similar to chose of Laurent t:L al 1561 . ., 
Kohashi et al. 159.601 measured che time required for the SiC paniclcs to ht: 

incorporaced into Al alloy . The panicles first formed agglomeraces and only then wert: 



im:orporated into the melt . The incorporation time was suhstantially decreased \\ 1th 

temrerature increase from 993 to 1223 K Also titanium and magnesium shortened the 

incorporation time Effect of Mg and Ti was exr lained hy formation llf ,ilicide, 11r 

carhides Reaction rroducts were identified as Mg,Si and TiC resrecti\'ely Correr and 

zinc . which have weak affinity for SiC and dn not fom1 silicides or carhides. rrnlnn):!ed 

the incorporation time . Addition of silicon also increased incorroratinn time Althou):!h 

all three Li. Ph and Bi decrease the surface em:rgy of li4uid nnly Li addition decreased 

the incurroration time . Lar):!e reaction rroducts were found in this case . The rrnidel (lf 

rarticlc rushing /entrarment transitinn during directinnal snlidificat1on llf Al S1C 

cornrnsites was de ve lored hy Stefanescu et. al. 1611 

The evolut ion nfthe cornrosite micrustructure during direct1nnal \ll lid1ficat1on \\a, 

studied hy Rohatgi et. al. 1621 It \.va, found that the rresence of ,ilium carhide rart11.: lc, 

disturhs the orderly aligned arrangement of dendrites nhser\'ed in the hase al lny. under 

simi lar so lidification conditions . excert near the chill surface where a rarticlc -lree 1<111e 

was ohserved due tn rrohahlc rushing nf rarticlcs hv the micrusu1ri S<llidificatilln In int 

with cell sracing finer than the rarticlc size During the entire range (lf \ol1d1ficat11111 

conditions studied . the silicon carhide rarticles were rushed hy growing dendrite\ 11f n · 

aluminum into the last freezing eutectic li4uid 

Recently Rohatgi 1631 also rrorosed a new tyre of comro,ite . Aluminum all<1~ 

was reinforced with fly -ash rarticlcs. which are a waste hy -rroduct of coal -hased r< ~wer 

generation Incorporation of fl y-ash rarticles reduced the cost of aluminum casting, h~ 

acting as filler: decreased the density of the comrosite and increased it, hardne,\ . 



ahrasion res istance. and stiffness 

Effec t of so lidification parameters and melt cleanliness on the pro perties of the 

composite was discussed hy Samuel et. al. 164.651 The specific gra\'ily nf mt1s! of ihe 

reinforcements used in aluminum MMCs is usually higher than that of molten aluminum. 

which leads to seuling or '"sedimenting '" in the melt. In AI /SiC composites sedimentation 

of the SiC particles tn the houom of the melt crucihle normally occurs during remelting 

once ihe meh material reac hes the mushy zone . As the temperature of the melt ri se~. the 

sedimentation increases with increasing flu idity of the molten material Al~o. ,, nh 

senling. the upper regions of the md! hecome denuded of reinforcement. which ctn 

result in large differences in melt viscosity and temperature in different parts 11f the mdt 

Therefore. it is important that mechanical stirring ht: commenct:d as so11n a~ the mi:tal 

is sufficiently fluid . Pri or to that the melt should he ~tirri:d manual!) . I ll rnsuri: 

homogeneous mixing of SiC particks throughout the crucihle Anotht:r factor rnntrihuting 

10 SiC sedimentation is tht: ··dead time ·· hetween castings. when tht:rt: is mi mi:chanical 

stirring This can he avoided hy manual stirring for ve ry short timi: · prior to and arti:r 

casting . It was nhserved that higher solidification rates provided refinement of the 

microstructure with more uniform SiC particle distrihution and higher tt:nsik prnpertic~. 

whereas lowering the solidification rate led !O clustering of the SiC particles in tht: 

indendritic regions and lowe ring of the tensile strength . 

Fluxing changed the chemical composition of !ht: matrix alloy hy ri:mm·ing tht: 
e 

alloying elements magnesium and strontium from the melt and hy introducing sodium aml 

potass ium into the melt. The removal of magnesium softens the compositt: matri x h, 



reducing the amount of the Mg:Si -phase precipitate This result s in ,ig nificant 

degradation in the mechan ical properties of the composi te . Therefore. flux treatment 

using alkali chl orides cannot he applied to compos ites containi ng mag nesium and m 

strontium in their matri x. 

Typical microstructure of Al alloy /SiC composite is shown in figure 6 1501 

Many of the Si particles nucleate at the SiC -matri x interfaces and gn1 w tPwa rd the 

aluminum matrix 1661 The e\erage SiC particle size was ahout 12 µm . It wa, pn1pp,ed 

that during solution treatment the Si particle~ undergo changes in size and in shape. In 

the initial stages of solution trea tmenl. unmodified Si particles undergo necking and 

separate into segments that retain their original morphology . Because \lf the ,eparati1m. 

the average particle size decreases. and the fragmented seg ment\ an: e\entuall y 

spheroidized . Most of the in\'estigators agree that the precipitated pha,c 1n AI -Si-~l g 

alloys suhjected to artificial ag ing is Mg,Si and ha\'e suggested the f\l ll\lwing prnccw 

( I) precipitation of Guinier-Preston (GPJ zones: 

(2) intermediate -phase /3 -Mg:Si. together with a homogeneous precipitation if the ag ing 

temperature is ahove the GP rn m: S\l l\'Us : or intem1cdiate -phase d -Mg:Si . tllgethcr \~ 1th 

a heterogeneous precipitation: and 

(3) e4uilihrium-phase 6 -Mg,Si. kc structure . 

Microscopic examination of the interface region in AI/SiC comp\lsite reinforced 

with as-received and oxidized SiC particles was done hy Rihcs ct . a l. 1671 N\l reacti \ln 
e 

hetween the SiC particles and molten aluminum was ohser\'ed hecause sh\lrt period, \l l 

time and low tempcratun:s wen: invol ved during fahricati\ln 



Figure 6 A typica l microstrucrure of the Al /SiC composite. Bl ac k 

particles - SiC. white marr ix - Al alloy 150] 

21j 

.. 
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Yan et. al 168 ] investigated the microstructure of SiC reinforced A356 cast Al 

metal-matrix composite hy means of transmi1ion electron microscopy and ene rgy -

dispe rsive X-ray analysis . ii is claimed thal severa l phases we re nhserved in the 

composi te for the first time : 

- Sphe rica l-shape amorphous phase wi1h chem ical composi tion J\l,S iXa:-

- y-SiC. a new va ri am of SiC. ii is lath -l ike with a triclinic crys1al strucrure ha\ ing 

a =0 308nm . h =0 .305nm . c = 1.262nm. a=93 .8". /3 =90 0" and y =60 o··: 

- J phase. which is a newly di scovered cons1ituen1 phase . ii is hulk -likt: with a C-face -

centered orthorhomhic crys1al structure having a = 0 .680nm. h = I 170nm and 

c =0 .826nm . 

2. 9 Physical properties of the AI /SiC composites 

Chiou and Cha ng 169 ] fahr icatt:d SiC whi sker reinforced aluminum composi tt: hy 

vac uum infiltration of liquid aluminum into a porous whisker preform under an argon ga\ 

pressure, using an infiltration 1empera1ure of 938K. The volume frac1ion of whiskt:r, 

ranged from 11 to 37 pct. The whisker diameler was l -3µm . the whisker length was 30-

200µm . The SEM s1Udy of frac1ure surface showed that there was no whi sker pull -out 

The greater was 1he vo lume frac1ion of whiskers. the higher wert: 1he 1ensi le s1reng1h 

and the tensile modulu s and 1he lower was the ductili1y . In particular. for a rn lumt: 

frac tion of 37 pct the 1ensile streng1h was increased hy 474 pe1 and the modulus wa, 
I> 

increased hy 108 pcl. compared to the corresponding va lues of unreinforced me1al. J\1 

the same time ductility decreased from 29 to 4 pct. Coefficie nt of thermal expansion at 
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373K also reduced from 21 3 to 11 .8 x 10-" K 1• 

Comparison srudy of mechanical behavior of Si Cl Al composite and matrix A356 

alloy was done by Wang and Zhang [70] The elastic constant and yield strength of tht: 

composite material were found to be higher than those of the control alloy. hut the 

ultimate tensile strength (UTS) and the ductility were lower . Panicle -matrix interfact: 

debonding . paniclc cracking. and void formation in the metal matrix were considered to 

he responsible for the low ductility . 

Three possible types of fracture behavior are possi ble in paniculatt: compo~itt:~ 

[66] . If the panicle-matrix interface is weak . the crack will propagate through the 

interface. but if the interface is strong. together with a strong matri x. the panicles will 

he loaded to their fracture stress and crack . In the case that the matrix i~ weak n:lati\'t: 

!O the interfacial and particle strengths. the fracture will occur in the matrix hy normal 

void nucleation and growth . 

Kim et al. [71] studied fracture mechani sms in aluminum alloys reinforct:d with 

whiskers . The fractografic results showed that the prese nce of the hrinle clea\agt:-likt: 

fracture facets originated from the coarse manganese-containing intermetallic particle~ 

wh ich might have been formed during the composite powder metallurgy proct:ssing. 

although fracture occurs mostl y by the ductile dimpled mode . From tht: in -situ SEM 

observation of fracture processes of the composite. coarse intcrmetall ic panic ks art: 

cleaved first to form microcracks at relatively low stress levels and act as local stress 
.. 

concentrators which facilitate the void formation at the near hy whisker ends . 

Similar observations were made hy Lee et. al. [72] during in -s itu analysis of tht: 



microfracture process using SEM technique In the 2 I 24-T6P composite m icrocracks 

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 

wi th whisker clusters or residual pores. provided potential crac k initiation si ces Thus. 

in the 2 l 24-T6P composice showing a ductile rupture mode. coa rse manganese -containing 

particles cleaved firs! to form microc racks. and shear hands tended co fo rm along these 

disc rete cracks . Subsequently. a mai n crack propagated along the shear hands: local 

whisker breakage and vo id fo rmation ac whisker ends wichin the shear-hand regions ma :-

have contribuced co the main crack growth Converse ly . in che 2009-T6P composice 

where coarse and hrinle manganese-concaining intennetallic particles are almosc ahscnt. 

microcrack fonnation was not ohserved in che initial loading stage . In thi s case. 

microcracks appeared mainl y al whisker cluscers along which sheer hand s seemed to 

fonn. suggesting thac whisker cluscers played an important role in initiating frac cure In 

the 2009-0A composite hroken whiskers ac ced as addicional strong fractun: initiation 

sices. In che 2124-T6P composite. mosc of voids were iniciatcd at ,. hisker ends h\' che 

decohesion of whisker-matrix interfaces . 

Sugimura and Suresh [73] studied the effecc of SiC contenc on fatigue crac k 

growth in aluminum alloys reinforced with SiC particles It was found chat an increase 

in SiC concentration results in an apparent increase in the rate of fatigue crack growth 

under conditions where primaril y particle fractun: and matrix rnid growth occur . .,The 

propensicy for particle fracture increased with increasing stress intensity facrnr range . 

increasing volume fraction of the reinforcement. and increasing particle size . Ac the same 
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time when alloys were rein fo rced with bri!!le whiskers there was li!!le or no cnntrihuti on 

to overall fracrure from reinforcement fracture or interfacial dehonding . As a result these 

metal -matri x composites ex hibited a superior resistance to fatigue crack growth a~ 

compared to the unreinfo rced matrix alloy . 

The review of toughening and strengthening mechani sms through discontinuou~ 

rein fo rcement was given hy Xia and Langdon 174] . 

2.10 Fiber composites 

Precipitation or dispersion hardening of a metal can result in a dramatic increase 

in the yie ld stress and /or the work hardening rate . The influence of these nhstacles on 

the elastic modulus is negligihle . This is so hecause the intrinsic properties of the strong 

particles (the high elastic modulus ) are not utili zed Their only function is !O impcde 

dislocation movements in the metal . The improvement in stiffness can he ohtained hy 

incorporating high modulus fihers in a metal matrix 144] . In a metal -matrix composite\ 

the strength is generally determined hy the ceramic fibers while the fracture prnpertics 

are controlled hy the metallic component 175] 

SiC fibers are of considerahle interest as reinforcements for metal -matri x and 

ceramic-matrix composites . Basically they are produced hy chemical vapor deposition of 

SiC on a continuous carbon fiber. Typical microstructure of the SCS-6 fiber is shown in 

Figure 7 [75] . Typical microstrucrure of the Al /SiC composite is shown in Figure 8 [76] ., 
One of the major factors which limits the successful application of the composites 

at high temperarure environments is the occurrence of chemical reactions hetween the 



(a) 

Figure 7 

(b) 
. ,-, 

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

(b) Schematic drawing of the fiber microstrucrure (75] . 

., 
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100 µ-m 

Figure 8 SEM micrograph of the Al all oy composite reinforced with SiC fibers [76 ] . 

.. 



reinforcement and the matrix [771 . These reactions are generally diffusion controlled and 

occur during composite fabrication . as well as during service . Although the develorment 

of an interaction zone at interfaces is desirable for estahlishi ng a sound fiher ' matrix 

bonding. overgrowth of the interaction layer is detrimental to the rrorerties of the 

composite . The tensile strength . fracture . fatigue. and crack growth heha v1or an: all 

influenced by the thickness of the interfacial reaction zo ne Therefore. it is imrortant to 

understand the nature and severity of interfacial reactions hetween rotential matrix alloy\ 

and various reinforcements . 

The study of interface reactions between Ni 1Al matrix and SiC fihcr wa\ 

conducted hy Yang et. al. [771 It was found that SiC fiher reacts with nickel al uminidc 

to form a handed structure on the SiC side and comrlex reaction rroduct\ \ln the matrix 

side . The fo llow ing reaction zones were identified : zone 1 - Ni ,Si + C. Ni ,S1:- zone 2 -

Ni,(Si.Al) + C. zone 3 - Ni ,(Si.Al) . zone 4 - Cr-rich carhide. N1 ,(Si.Al ). zone 5 - Cr-

rich carbide. Ni ,(Al.Si). Ni 10(Zr.Al.Sil-. zone 6 - Cr-rich ca rhide . Ni ,(Al.Si). 

Ni 10(Zr.Al.Si ), . It was concluded that diffusion harrier coa ting on th,· fiher is needed tu 

minimize the interfacial reaction . 

Thermal stability of interfaces in Ti -6Al -4V composite rein fo rced hv SiC fihcr~ 

was studied hy Badini et. al. [781 It was shown that the rrotective coa ting nn the fihers 

made of TiB2 allows to imrrove the lifetime of the fibers . 

Krishman and Kaufman 1791 studied the inrerface reactions in NiAl comrositc .. 
reinforced with molybdenum fibers . To rrevent interdiffusion hetween NiA l and Mo they 

formed an interface layer of Mo,C hy alloyi ng NiAl with small additions of carhon 
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Extensive study of Ni ,AI /Al ,O, and Ni /Al ,O, composites was done hy Nourhakh\h 1.:t 

a l. [801 

2.11 In-situ composites 

Although the advantages of advanced composites as structures in aerospace anJ 

other demanding applications are well known. they have found few applicatiom nutsiJe 

the military arena . A primary detriment !O the use of thi s materials for commercial 

applications is their high cost Typically. processing of advanced rnmposite . inn1h·e, 

emhedding strong. stiff fihers. which can cost hundreds or thousands of dullar\ per 

pound. in whatever matrix is heing used for the monolithic component hy a se ric~ uf cuq 

intensive steps . Since composites are. hy definition. man-made materiab. their 

constituents are rarel y thermodynamical ly compatihle . Cunsequently. either Juring 

processing or extended high temperature operation. extensive fiher -marrix interact Hin can 

occur. The usual method for avoiding such reactions and to prO\·ide required interfac1;tl 

properties is applying one or more interfacial coatings as diffu ~·on harrit.Ts . Such 

coati ngs can add additional hundreds of dollars per pound to material cost In -situ 

composites. materials in which reinforcements. matrices. and de\ired interface\ are 

formed during processing. arc an a!!ractivc route to cns1 -effec1i,·e structures . In the 

hierarchy of structural materials. in -situ composites can he considered 10 he intermediate 

hetween monolitics. which contain natural multiphases and are cheap hut have limitcJ .. 
mechanical property flexihilit y and artificially reinforced composites wh ich contain 

artificial reinforcements and are expensive hut offer great property tlexihilitv ln -\itu 



composites take advantage of synthetic multiphases for propeny tlexihility . hut should 

have costs nearly those of monolitics . An auractive processing route to ohtain synthetic 

mult iphases. as well as desirahle matrices and interphases. takes advantage of solid -slllid 

and solid -liquid displacement and internal reduction reactions to form desirahle pha~es 

I 811. The work of a numher of recent investigations using this approach is di scussed 

helow. 

2.12 Composites produced by melt oxidation 

Lanxidc Corporation developed Al ,O,/Metal Composites hy the directed oxida11on 

of Molten Aluminum-Magnesium-Silicon Alloys I 821 The growth of Al ,O, metal 

composites hy the directed oxidation of molten Al -Mg -Si alloys rn1ceeds through fo ur 

distinct stages The first stage encompasses the early heating of the a ll oy ignot. melting. 

and continued heating to hetween 11 n and 1173K . In this latter temperature range. the 

molten alloy surface rapidly oxidizes to fom1 a MgO-covered MgAl ,O, layn . During 

further heating and initial soak at the composite growth temrcrature ( I I 7:, tl1 I 57:,K l. 

the duplex layer slowly thickens (second stage) . The start of the third stage. gnmth 

initiation . is marked hy the srread of a metal -reach zone ove r the duple .x layer : thi~ 

metal-rich zone is believed to he connected to the molten alloy through micn1cracks in 

the thickened MgO/MgAI,0, layer . Small nodules of the oxide/metal composite nucleate 

from the metal reach layer. During the final rapid growth stage. the small compnsitl'. .. 
nodules grow and coalesce to form a macroscopically planar growth front. which persists 

until growth is complete . Throughout the growth rrocess. the nternal surface llf the 



Al,O,/metal composite is covered hy a thin MgO layer. Immediately under this externa l 

layer and separating it from the Al,O 1 is a thin layer of molten metal . 

The growth kinetics of an Al:O,/metal composite hy the directed nxidation nt an 

aluminum alloy ( 10 wt pct Si. 3 wt pct Mg. halance Al) was measured as a function pf 

temperature ( 1398 to 1548K) and oxygen panial pressure in 0 ,/ Ar gas mi xtures I 83 I 

The growth rate exhihited an ac ti vat ion energy of 370 kJ /mol and a dependence lln 

oxygen panial pressure consistent with a Po/ ' relationship A disso lution-rreciritatilln 

growth mechani sm was prorosed in which the growth rate is controlled hy the t:lect rnnic 

conducti vit y of an external Al,O 1-doped MgO surface laye r in co njuncti ll n with gram 

houndary diffusion of magnes ium 

Also alumina- matri x com pos ites with SiC r anicul ates ha\T heen r roduced h~ 

directed melt ox idation of a multicomronent Al all oy 1841 The mic ros tructun: consis ted 

of three interpenetrating phases the SiC rreform. a continuous Al,O , mat ri .x. and a 

network of unox idized metal. The vo lume frac tion of metal within the 1ixida tion rrnduct 

decreased with increas ing processing temperature. and it s distrihuti ()n was less unitnm1 

when a pre fo rm was present. The preform did not show ev idence of deg radation hy the 

molten alloy. hut the growth front tended to climh up panicles. increasing the ox id ation 

area and enhancing the rate of compos ite fo rmation The total porosity of the comrosi tc 

was found to increase with increasing Mg content. processing temperature . and /or SiC 

panicle size . Poros ity within the channel s was associated primarily wi th insufficient metal .. 
fl ow to feed the solidifica tion shrinkage A histo rica l overview ()f the deve lorment of 

Lanxidern composites is g iven hy Lewis and Singh 185 1 
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2.13 AI/TiC composites 

An in-s itu r, rocess fo r making compos ites compri si ng a n:frac tnry materi al 

di sper.ed in a solid matr ix was suggested hy Koczak and Kumar 186 1. Accord ing t() the 

desc ription of the r,atent a molten compos ition comprisi ng a matri x liquid . and at leasr 

one refracto ry carhide-fo rming component are prov ided . and a gas is int roduced into the 

molten composition. A reac ti ve component is also provided fo r reac tion with the 

re fractory materi al-fo rming comr,onent . Tht: refractory materi al-fo rm ing c()mpont: nt ;rnd 

reac ti ve component reac t to fo rm a rd rac tory ma teri al di sperst:d in the matrix liquid . anJ 

the liquid compos ite is coo led to fo rm a so lid compos ite materi al. In one emhodimrnt. 

the reac ti ve component is a ca rhonaceous component in the fom1 ()fa C()mpont:nt () f the 

gas . a solid in the gas or the molten compos ition. or h() th . The ca rh\l nact:ou-, u1 rnpo nen1 

is prov ided for reac tion with a refractory ca rhide-fn m1ing component to yi t:ld a rt:!ract() r~ 

carhide . In a r,referred emhodiment tht: matr ix liquid i~ moltrn alum inum and the 

refractory carhide fo rming component is tantalum . In other emhnd imt:nts. refr ac tnrv 

horidcs or refractory nitrides are fn m1ed in situ in the matri x liquid 

This method was mos tl y used fo r in-si1u grow1h of T iC. In inilial work () f SahtH1 

and Koczak 1871 carhonaceous gas was huhhlt:d lhrough Al-Ti me ll and fine (0 . l !ti 

µm) TiC pla telets were produet:d . Longer r,rocess ing timt:s anJ largt:r huhhle \ 17.e 

increased the average TiC size slightl y . When graphite panic les wert: used as carhon 

source the final TiC ranged from suh micron to seve ral (5 - 10) mic rons in size rega rdles" ., 
of the ini tial graphite size . The results of this work were summarized hy Koczak and 

Premkumar 188 I. 



The work on in -si tu forma tion of TiC was conti nued hy Premkumar and Chu 

[89.90 [ It was fo und that when carhon panicles were mixed with Al-Ti all oy and heated 

they reac ted fo rming TiC. Neither unreac ted cores nor surface reaction zones in the 

ca rhon panicles were ohservcd Fi ne (0 5 µml TiC panicles were not on ly rnund in 

shape hut also were relatively uni form in size . It was suggested that the forma tion pf TiC 

was ac hieved via a mechani sm of multiple nucleati on and grPwt h pf TiC in si tu frpm the 

ca rhon-saturated Al-Ti melt during isothermal holding The presence pf fine suhmicron -

size carhides with a narrow size di strihution meant that nucleation was easier than 

growth . At the same time when natural gas was used as a carhon source increasi ng 

reac tion time from 5 to 30 minutes led 10 the increase of partic le size from 2 to 10 ~im 

Recent de ve lopment s of in situ fo rmation of TiC arc discussed in [91 .92[ . 

Jarfors et. al. [931 studied the n:actions taking place during infiltratinn pf graphite 

fihers hy Molten Al-Ti all oy . Three react ions 

Ti(ll + C(s) = TiC(s) 

4Al(ll + 3C( s) = Al,C,( s ) 

Al,C,(s) + 3Ti(I) = 3TiC(s) + 4Al(ll 

we re ohserved to take place simultaneousl y . The reac ti on product s consisted uf part!~ 

reacted graphite fihers covered hy two layers Al,C, and TiC TiC was alsn present in 

the form of small crystal s randomly distrihuted in the matri x a ll oy The results uf 

experiments were explained using AI-Ti -C phase di ag ram de ve loped h\ Svendsen and 
" 

Jarfors [ 94 I 

Fom1ation of TiC in Al-Ti melt with the intention uf gram refinement n l 
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aluminum alloys was studied hy Banerj i and Reif 195] React ion zones nn sc r ara tc 

graphite partic les showed that they represented aggregates of small TiC part ic k s. Also 

it was also fo und that alumi num ca rbide could fo rm a laye r on T iC . The results of thi s 

work we re ex plained in terms of re lative thermody namic stah il itics of AIJC, and TiC. 

Later thermodynamic analys is made in this pape r was rev ised hy f-i ne and Con ley 196]. 

Rapp and Zheng 197 ]. and Yokokawa et. al. 198] But the reasons hehind the fo rmat1 nn 

of laye rs of T iC and AIJC, remai ned unclea r. 

Thermody namic assessment of Al-T i system was done hy Cauner ct. al. !99 1. and 

diffusion of ca rbon in titanium carhide was studied hy van Loo and Bast in [ 100[ 

Formation of ternary compound Ti,SiC: or the mi xtures of SiC and T iC wa~ 

studied using combustion sintering hy Klemm cl al [ 101 1 or hy chcmica l \ aror 

depos iti on hy Touanen [ 102 ]. Thermodynamic analysis of chemica l va r ur der ns it in n of 

Ti1SiC, was done hy Racault el a l. 11 03 ] 

Chrysanthou et. al. I I 04 ] prepared Cu!T iC compos ites hy maintainmg Al-T i mdt 

with carbon blac k at 1773 K fo r I hour. After melting of the all 11y . ca rhnn hl ack was 

observed to ri se to the surface of the melt and graduall y di sappeared as it reacted with 

Ti . It took approximately 40 min . for complete reac tion. The size of the particles in Cu-

12 % TiC compos ite was of the order l -3µm . while in Cu-55 '7c TiC it was about I 5µ m 

The finel y dispersed particles were almost spherica l i'.1 shape . 

.. 
2.14 SiC /MoSi 1 composites 

Molybdenum di silic ide (MoS i, ) is a promi sing intermetallic com r ound fo r high 



temperature structural applications in oxidizing atmospheres 11051 It has a highc:r 

melting point (2293K) than aluminides of iron . nickel. and ti1anium : furthermore . it ha\ 

excellent ox idation and hot corrosion resistance approaching that of SiC. It s outstanding 

ox idati on resistance is due to the formation of a glassy si lica (SiO, ) layer which aus a\ 

a protective film al high temperatures However . like most of the intermeiallics. the 

majo r problems impeding the use of MoSi, are it s extreme brinleness and poor impaC! 

strength at low temperatures . It ex hihiis a hri1tlc-10-duc1ile transition at appro.ximaiel ~ 

I 173- I 273K . Ahove thi s temperature . MoSi: behaves more like a metal . showing yielding 

and stress-relieving characteristics The strength of MoSi : at ele\'a!ed temperature~ i\ 

relatively low since ii undergoes creep and plastic deformation at temperatures ahm·e the 

transition temperature. Therefore . 10 make MoSi: a viahle structural material. it i\ 

necessary 10 improve the room -temperature fracture toughness. elevated -tempc:rature 

strength. and creep resistance 

The study of SiC whisker-reinforced MoSi : composite showed 1ha1 the add1tiun 

of 20 vol <Jc SiC whiske r did not resul! in significant imprm·ement in either the fle.xural 

st rength or fracture toughness. The composi te exhihi1ed a hrinle fracture heha\'im acmss 

the fracture surface . No whisker pull uut was observed on the fracture surface . Thi~ 

suggested that the bonding between the whisker and the matrix was strong . Because or 

this stro ng bond propagating cracks could not he deflected . A thin reaction layer was 

fo und at the interface of SiC-fiber /MoS i: composites . It is thought that the ou ter C-rich 
., 

layer reacted with MoSi, to form SiC. 

A solid state displacement reaction between Mo,C and Si was used to synthesize 



a MoSi ,/SiC compos ite hy Henager and Brimhall [ 106 ]. Compos ite was rroduced hy 

vacuum hot pressing of powder compacts of blended Si and MoC . Using X-ray 

diffrac tion and quantitati ve metallography it was detennined that in the interval I 973 -

2073K the followi ng reac tion takes place 

Mo,C(s) + 5Si(s) = 2MoSi,(s) + SiC(s ) (26) 

Traces of Mo,Si ,C were prese nt in the final compos ition. The fo llowing rrnduu 

sequence and reaction mechani sm was determined : initially Mo,Si ,C fo rms. fo llowed hy 

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 asrect ratio of -

20 but then the plates underwent pinch-off into di sc reet particles arprnximately I µ m in 

diameter. Thennochemical evaluation of combustion sy nthesis of MoSi,-SiC composi te~ 

was done by Yandhyala [ I 07 I. 

2.15 Theoretical possibility to form SiC in-situ in Al-Si alloy 

Figure 5 [42] shows a ternary AI-Si-C phase diagram . As seeri from the figure 

Al-Si melt can be in equilibrium with silicon carbide. This fact mea ns that if ca rbon is 

introduced into Al -Si melt. there is a theoretical poss ibility to fonn SiC in-situ in Al -Si 

alloy but surprisingly no trial s have been made to produce a compos ite material in thi ~ 

way. 

2.16 Conclusions 

Literarure review showed that incorporat ion of silicon carbide r art1cles inw 
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aluminum all oys allows to improve mechanica l prope rt ies of this materia l compa ring w 

unreinfo rced matri x all oy . Unfo rtunately during liquid stage production of al uminum 

matri x compos ites re info rced wi th silicon carbide aluminum carb ide is fo rmed and it i, 

responsible for reac ti ve deg radation of mec hanical properties of the compos ite . To avo id 

aluminum carbide fo rmation high silicon concentrations should be employed . Also the 

compos ite is relati ve ly ex pensive hecause of the high price of silicon ca rhide The tH her 

possi bil ity to produce thermodynamica ll y stahle and cheap composite is h, in-,it u 

reac ti on of aluminum-s il icon melt wi th carhon. To make the compos ite successfu ll y it i, 

necessary to have complete thermodynamic analys is of the ternary AI-Si -C S \ stem and 

ex perimentally try di ffe rent different ca rbon sources if they are suitahle for sil iclln 

carbide production On the hase of these conclusio ns the fo llowi ng ohJect i\ es were 

establi shed fo r thi s work 

2. 17 Research obj ecti ves : 

I . Thermodynamic analys is of AI-S i-C system with the goa l Jq fi nd optimum 

conditions fo r in-s itu fo rmation of SiC. 

2. Experimental stud y of the suitability of different carhon sources fo r in -situ 

fo rmation of SiC. 

3. Microstrucrure of the intermediate and final products and determination the 

mechani sm and the rate of reac tion. 
e 

4 . Cheap and effecti ve method of in-s iru production of AI/SiC composi te fo r 

industrial consideration. 



3. THERMODYNAMIC CALCULATIO~S 

3.1 Introduction 

The calculations of equilibrium species distribution were performed usi.ng the 

program "HSC Chemistry for Windows " devel oped by Outkumpu Research Oy . Pori. 

Finland and commercially available . The name of the program is based on the fact that 

it automaticall y 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.: 

sys tem reaches its minimum va lue at a fixed mass balance . The algorithm was first 

described by White et. al. [ 108] . Recentl y similar approach was success fully applied f()r 

development of a new process for the direct conversion of high grade nickel mauc l ll 

nickel [ I 09] . 

The following are two basic equations : 

G = 2:n,(G,l = mm (nl 

(28) 

where G is the total Gibbs energy of the system . G, is the Gibbs energy of species 1. n, 

is the number of moles of species i. a11 is the number of atoms of j in species of 1. h, is 

the number of moles of element j . 

The calculations were done for Ar atmosphere . The following assumptions were 

made during the ca lculations : 

I . Si and Al form liquid solution and activity coefficient of Al 1s one 
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2. AIJC. and SiC are solid species which can be present in the system as separate phases 

3. No ternary phase can form . 

Activity coeffic ient of Si in Al was desc ribed using quasi -regular solution model 

ln(fs ,l = (h 1 + h/ T)( l -X 5, ) ' (29 ) 

where f5, is ac ti vity coefficient of Si. h1 and h, are co nstants. T is temperature . 

X5, is mole fraction of Si . 

Two composition limiting conditions were used to determine h1 and h, From the 

eutectic point on the Al -Si phase diagram 1351 at T=850K and x, , = 0 122 acti\it\ 

coefficient of silicon was found to he 

(30) 

with pure solid silicon as a standard state 

The following approach was used to determine the second condition The n: sults 

of preliminary calculations with the use of ideal solution model for Al-Si system 

coincided with the experimental data 141 .451 at approximately 1423K . So it was assumed 

that solution becomes ideal at this temperature and for the temperature inten·al 1423 -

1573K fs , was taken as one . For the temperarure interval 973-1423K the ac ti\it\ 

coefficient was found to be : 

In( fs, ) = ( -4 . 048 + 5760/T)( I -X 5,)' (3 I) 

Results of the calculations together with experimental data I 42 .43 .45 .46] and the 

calculated values of Lloyd 149] on the temperarure dependance of silicon concentration .. 
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 hy the model 
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deve loped in thi s work. So the mode l may be used for analys is of AI-SiC interacti ons 

A point of max imum in Figure 9 at 1423 K is the po int where liquid Al-Si so lution 

hecomes idea l. At lower temperatures the behav ior of the system is determined hy strung 

temperature dependance of the acti vity coeffi cient of silicon in the melt. It dec reases 

fro m 8 I 97 to I . when the temperarure increases fro m 973 to 1423 K At hi gher 

temperatures the activ ity coeffi cient of silicon is one and the behavio r of the svstem 1~ 

dete rm ined hy the Gi hhs energy of the reac tion betwee n Al and SiC . 

3.2 Pure Al with SiC. 

The calcul ations were made to study the effec t of init ia l compos iti on and 

temperature on the equilibrium spec ies di strihution in the AI-Si-C sys tem Tahle 3 and 

Figure 10 show the effec t of SiC addition to pure Al at T= 1073 K. As seen from the 

fi gure . when small quantity of SiC is added it reac ts completely producing AIJC and Si 

in the melt 

4Al(l. all oy) + 3S iC(s) = AIJC,(s) + 3S i(l. alloy) 

.1G = -49.706 +76 . IST J/mol 

Equilibrium constant fo r the reac tion (3 2 ) may he expressed hy the fo llowing equatio n: 

(34 ) 

Taking into account that a,\ 1J c1 = I. as,c = I . and a"1 ==- 1. equation (34) may he rewritten 

in the fo ll owing fo rm : ., 

(35) 



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

T. K Initial Addition. Equilibrium compos ition 

compos ition mol 'lc of 

of all oy . all oy 

mol 'lc 

A l Si A ll oy Compos ition of SiC Al,C , 

mol 'lc alloy. mo! '7c mol 'lc mol 'lc 

Al Si 

1073 100 - 2. I 'lc SiC 99 .3 97 89 -, 11 0 0 .70 

1073 100 - 5. l 'lc SiC 98 .3 94 .8 1 5 . 19 0 l.70 

1073 100 - 8. l 'lc SiC 97 .3 91 .68 8 .32 0 2 .70 

1073 100 - 10 . 1 'lc SiC 95 .78 91.01 8.99 I 5 2.87 

1073 100 - 20 . 1 'lc SiC 87 . I 8 91.0 1 8 .99 10 .21 2.61 

1073 100 - 40 . 1 ¼SiC 73 .89 91.0 1 8.99 23.88 2 21 

1073 100 - 80 . 1 'ic SiC 56 .66 9 1 0 1 8.99 41 .65 l.70 

1073 100 - 140. 1 'lc SiC 4 1.96 9 1. 0 1 8.99 56 . 78 l.26 

1073 100 - 200 . 1 %SiC 33 .32 9 1 0 1 8 99 65 .68 1. 00 • 
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and hrnce 

Xs, = K1' fs, (36) 

As seen from equation (36) silicon concentration in the melt and accordinly extent 11f 

reaction (32) is determined not only hy K value (o r Gihhs energy of reaction) hut als11 

hy so lution properties of the melt (f~, ) Effect of temperature on f, , 1s much more 

pronounced than on Gibhs energy and as a result the reaction (32) becomes more Jrin:n 

by sol ution properties of the melt than by Gibbs energy of reaction. The effect 11f 

temperature on the silicon concentration is g,,·en in figure 9 . The following e4uatiom 

were found to Jescrihe the silicon concentrations . 

X,, 

-39 .29 + 0 .06601T-l.955 x !O 'T' (973 - l-423K ) 

50 02 - 0 .03455T + 7 ()()() Y IO ''T' ( l-423 -15 73 Kl 

As seen from Figure IO SiC appears in the equilibrium composilion after the 

SiC /AI mol ratio accedes 0 . 1. This i~ also the point at which Al 4C. (2 9mol pct) and S1 

concentration in alloy (8 99mol pct) reach maximum. while Al in alloy (91 .0lmol pct> 

reaches minimum . With further additions of reinforcement. alloy and AIJC, tracti t1 11 ~ 

decrease. SiC increases . while the concrntratinns of Si and Al in alloy Jo not change 

As seen from the fig ure . aluminum carbide. which 1s detrimental for physical prnpertie~ 

of the composite. is always present in the system . Therefore pure Al should not he used 

as ma trix metal for silicon carbide . 

The corresponding compositional path is shown in Figure 11 . When small quantity 
e 

of SiC is added the composition lies in the L1 + AIJC binary phase triangle Audition 

of SiC such that SiC / Al ratio reaches O I is equal to reaching ternary phase L + SiC 
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Figure 11 AI-Si-C phase diagram at 1073K with compositional path 

corresponding to addition of SiC to pure AL Phase identification 

is given in Figure 5. 
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+ Al,C 1 at point D. With further SiC additions the composi tion of Al -Si al loy does not 

change and correspond s to the point A on the diag ram . 

Figure 12 142] shows the microstructure AI /SiC sample after reaction for lh at 

1270K . Aluminum carbide fo rms a reac tion laye r on si licon carbide . The Al,C, /SiC mole 

ratio estimated from Figure 12 was fo und to he 0 .057 which is close to 0 .048 calculated 

from Table 4 . Figure 13 1421 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 1 are present in the system . 

Table 4 and Figure 14 show the effec t of temperarure on the species distrihut1()n 

in the system for initial SiC/ Al mole ratio equal to I . As see n from the figure 

temperarure increase from 973 to 1423K leads to the increase of Si concentration in alloy 

from 6 46 to 15.43 mol pct, Al,C, fracti on from 1.09 to 2 64 mol pct. and all t1y fractio n 

from 50 .54 to 51 .32 mol pct. while Al concentration in a lloy and SiC decrease fr ll m 

93 .54 and 48 .37 mol pct respecti ve ly to 84 .57 and 46 .04 mol pct Further increase ot 

temperature from 1423 to 1573K leads to decreasing silicon concentration in all oy tn 

13 74 mo! pct, aluminum carbide to 2. 34 mol pct. and alloy fraction to 51. 17 mol pct. 

while the concentration of aluminum in alloy and the fraction of silirnn 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 temperarure from 973 to 1423K is equal to the movement of 
., 

point A1 toward point A :, and point 8 1 toward point B> As a result the ternary phase 

triangle L, + SiC + Al,C, is now reached at point D, Accordingly the corresponding 
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Table 4 Effect of temperature on the equil ibrium species distribution 

Temp Initial Addition. Equilihrium compos ition 

K compos ition mol 'lr 

of alloy . of al loy 

mol 'lc 

Al Si Al loy Compos ition of SiC Al ,C 1 

mol o/c mol 'lc mo! ¼ all oy . mol 'lr mol 7c mnl 'lc 

Al Si 

973 100 - 100 '7c SiC 50 .54 93 .54 6.46 48 37 1 09 

1073 100 - 100 '7c SiC 50 .76 9101 8.99 47 .72 152 

1173 100 - lOO 'lc SiC 50 .96 88 . 71 1129 47. 12 192 

1273 100 - IOO 'lr SiC 5 I . 13 8678 I 3.22 46 .62 2 25 

1373 100 - lOO 'lr SiC 51 .26 85 .22 14 .78 46 .21 2.53 

1423 100 - 100 '7c SiC 51.32 84 .57 15.43 46 .04 2 64 

1473 100 - 100 %SiC 51.27 85 . 18 14 .82 46 .20 2.53 

1573 100 - 100 '7c SiC 51. 17 86 .26 13 .74 46.49 2.34 

1673 100 - lOO 'k SiC 51.09 87. I 8 I 2 82 46 .73 2 18 



2e 

Figure 13 

50 

II 
II 

40 

I I • 
II + 

30 
,, 

XRD specte r of AI-SiC sample reacted at 1270K for I h [ 42] . 

5 4 

., 



0 
E 

Figure 14 

Al in a lloy 

BO 

60 Al-Si a ll oy 

40 SiC 

20 Si in a l! o 

Q j ii t It t I I 
I 

j iii I I I Ii I j I I I I I I I I Ii I 1 I I I i l I , 1 
900 1100 1300 1500 1700 

Temperature, K 
# 

Effect of temperarure on the equilibrium species distribution. 

initial SiC/ Al= 1. 

., 



Al 

Figure 15 

Si 

A, 
·,co 

0 --/c.-~~-__:..:::::~~,4...,..~.,....,....,...,...,...,"T"T"",....,....,..,.,....,"T"T"",....,....,......,.,.-4' C 0 20 BO 100, 

Effect of temperature on the Al-Si-C phase diagram and 

compositional path corresponding to addition of SiC to pure . .\! 

For points A 1 and B1 T=973K, for points A: and B: T= 1423K . 

Phase identification is given in Figure 5. 

56 

., 



::,---, 

values of Al,C, and Si concentration in alloy increase . The further increase of 

temperature after 1423K was reached leads to the movement of poi nt B, toward Si hut 

now point A, moves hack toward point A 1 As a result the fraction of Al,C and S1 

concentration in alloy decrease 

Ta hie 5 and Figure 16 show the effec t of Si Cl Al ratio and temperature on the 

form ati on of Al,C, in more detail s. As seen from the figure the temperature decrease 

from 1273 K to 973K allows to decrease the quantity of Al.Ci approximately two times 

Maximum of Al,C, is reached for SiC/AI rat io in the range 0 1-0 2. The point s of 

maximum correspond to the points D of crossing (a t different temperatures) A-Al,C and 

AI-SiC lines (Figure 15) 

3.3 Al-Si alloy with SiC. 

When Si is present in initial Al alloy it may decrease or completely pre vent the 

reaction between Al and SiC 1451 and Tahle 6 and Figure 17 give the quantitati,e 

estimat ion of this effect. Minimum silicon concentrations enough to prevent Al,C 

formation for each temperature are determined by pos ition of point A on the phase 

diagram and are the same silicon concentrations as given on Figure 9 As see n from 

Figure 17 this minimum concentra tion strong ly depends on the temperature f-or 

example. 7 mol pct Si is enough to prevent A).C format ion at 973 K . while at 1073 K 

0 .5 mo! pct of A].C, may he fom1ed . 
" 

These results were compared with experimental data of Lloyd 1491 According tu 

149] an alloy A356. contai ning 7 wt. pct Si (6 74 mol pct) . reinforced with IS , ol pct 
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Table 6 Effect of Si concentration in Al all oy on the formation of Al,C , 

(A l - 20mol '7c SiC) 

Initial 

concentration Equilihrium concentration of Al,C, . mol <7c 

of Si in all oy. 
Tempera ture. K 

mol<ic 

973 1073 1173 1273 

0 .0 1 1. 85 2.61 3.32 3.92 

1.96 1.27 3 30 

3.85 073 I 45 1 13 2.71 

5 .67 0 .22 2. 16 

646 0 

742 0 .44 1.09 

8.99 0 ; 

9 . 10 I . 15 

10 .72 0 . 16 

11 .29 0 

12 .29 0 .25 

13.22 0 • 
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SiC was melted and held for 2 hours al 998 and 1073K . Aluminum carhide was detcctcd 

after keeping the composite at 1073K hut was not found after treatment at 998K . from 

the equation (37) al 998K the reaction (32) will he pre vented if Si is higher than 7 12 

mol pct . which is very close 10 the Si concentration in the A356 all oy So there is a gno<l 

agreement hetween calculated and experimental data 

The effect of silicon addition on the compositional path is shown in Figure 18 . 

As see n from the figure effect of silicon addition up 20 mol pct is equal lo sliding tht: 

first point of the compositional path from pure Al wward po int f As a rcsult when point 

A is reached equilihrium composition will consist only of liquid alloy and SiC and nn 

aluminum carhide can form . 

Figure 19 142] shows the micrograph of the SiC heated in the prese nu: uf Al -Si 

alloy containing 20 mol pct Si Comparison of thi s Figure with figure 12 show~ that in 

accordance with thermodynamic calculations no aluminum carhide was fom1ed 

3.4 Al-Si allo_\ with carbon. 

For in-situ formation of silicon carhide. carbon may he added 10 liquid aluminum -

silicon alloy In this case the fo llow ing reaction may take place 

Si(l.alloy) + C(s) = SiC(s) 

.:.G = -72 .705 + 7.45T. J/mol (-+0) 

Table 7 and Figure 20 show the equilihrium species distribution . when carhon i\ ., 

added lo the liquid alloy. containing 30 mol pct Si Silicon reacts with carhon. forming 

SiC until addition of 19 mol pct of carbon. Thi s is the point when aluminum carhide 
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Figure 19 Optical micrograph of SiC panicles heated for lh at 1270K 

in the presence of Al-Si alloy containing 20 mo! % Si (42] . 
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Table 7 

T. K 

1273 

1273 

1273 

1373 

1373 

1373 

1473 

1473 

1473 

1573 

1573 

1573 

Effec t of tempe rature and carbon addition to 30mol '7c Si -70mol '7c A l 

a ll oy on the fo nnatio n of SiC and AIJC, 

Initi a l Add ition Equilibrium comrosition 

compos itio n of ca rbon 

of a lloy. mo l 'lc of 

mo l 'lc a ll oy 

Al Si Alloy Compos it ion of SiC AI JC, 

mol '7c mo l 'lc mol '7c a lloy. mo l % mnl 'ir mnl 'i~ 

Al Si 

70 30 16 .0 1 'lc C 83 .99 83 .34 16 .66 16 .0 1 () 

70 30 20 .0 1 'lc C 80 .25 86 .78 13 .22 19 .56 0 19 

70 30 24 .0 17. C 77 .71 86 .78 13.22 20 .94 I .JS 

70 30 1601 '7, C 83 .99 83 .34 16 .66 16 .0 1 0 

70 30 20 .01 'lc C 80 .82 85 .22 14 78 18 .59 0 .59 

70 30 24 01 S'< C 78 .23 85 .22 14 . 78 20 .02 1. 75 

70 30 16 .0 1 'lc C 83 .99 83 .34 16 .66 ' 6 0 1 0 

70 30 20 .0 1 'lc C 80 .83 85 . 18 14 82 18 .57 0 .60 

70 30 24 .0 1 lJc C 78 .24 85 . 18 14 .82 19 .99 176 

70 30 16 .01 7c C 83 .99 83 34 16 .66 16 01 0 

70 30 20 .0 1 'lc C 80 .44 86 .26 I 3 . 74 19 .24 0 32 

70 30 24 .01 ¼C 77 .88 86 .26 13 .74 20 .64 148 

• 
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appears in the equilibrium composirion . Formation of aluminum ca rbide rakes placc 

according to reaction: 

4AI + 3C = Al,C, (41) 

t.G = -268. I 85 + 98 59T. J/mol (42) 

Reaction (39) is parallel to the reacrion (41 ). After Al,C, appears in rhe eq uilibrium 

composirion rhe concentrations of Al and Si do not change . rhe fraction of alloy 

decreases. while the quanrity of SiC grows simultaneously with A~C The allny 

composition corresponds to poinr A on the phase diagram . To avoid aluminum carbide 

formarion the addition of carbon should he limited . 

According !O Table 7 addition of less than 16 mol pct of C to alloy with 30 mnl 

pct of Si allows to form only silicon carbide During experiments dcscrihed in more 

derails in Chapter 5. 10 .2 mol pct of carhon were added to rhe mentioned allov at 

1573K . As predicted hy rhermodynamic calculations only SiC was fom1ed . The 

microstrucrure of rhe sample is given in Figure 40 . Effecr of Si concentrarion in inirial 

alloy on the maximum concenrration of SiC which can he reached without Al,C, 

formation is shown in Ta hies 8 and 9 and Figure 21 . At I 4 73 K alloy with 30 mnl pct 

of Si allows to reach 18 mol pc! of SiC. alloy wirh 40 mol pct of Si - 28 mol pct of SiC. 

while alloy with 50 mo! pct of Si - 40 mol pc! of SiC. As seen from Tahle 8 addition 

of less than 24 per of C to alloy with 40 pc! of Si allows to form only silicon carbide 

During experiments described in more derail s in Chaprer 5. 20 mo! pc! of carbon were 
e 

added to the mentioned alloy al 1573K . As predicted by rhermodynamic calculations only 

SiC was formed . The microsrrucrure of rhe sample is given in Figures 66 and 67 . The 



Table 8 

T. K 

1373 

1373 

1373 

1373 

1473 

1473 

1473 

1473 

1573 

1573 

1573 

1573 

68 

Effect of temperature and carbon addi tion to 40mol '7c Si -60mol c1c Al alloy 

on the fonna tion of SiC and Al,C, 

Initial Addition Equilibrium composition 

composition of carbon 

mol '7c of 
Al Si Alloy Composition of SiC AIJC 

alloy 
mol '7c mol '7c mo! ¼ all oy. mo! '7c mol ¼ mol clt 

Al Si 

60 40 16.01 'lc C 83 99 7144 28 .56 16.0 1 0 

60 40 24 .0 1 '7r C 75 .99 78 .96 2104 2-L0I () 

60 40 32 .01 'lcC 68 .68 85 22 14 . 78 30 .65 0 .67 

60 40 40 01 'lc C 62 .45 85 .22 14 .78 34 .47 3.08 

60 40 16.01 'lc C 83 99 7144 28 .56 16 .01 0 

60 40 24 .01 '7c C 75 .99 78 .96 2104 24 .01 0 

60 40 32 .01 'lc C 68 .69 85 . 18 14 .82 30 .63 0 .68 

60 40 40 .01 'lc C 62.46 85 18 14 82 34 .45 3 09 

60 40 16 .01 'lc C 83 .99 7 1 .44 28 56 16 .01 0 

60 40 24 01 'lc C 75 .99 78 .96 2104 24 .01 0 

60 40 32 01 'lc C 68 44 86 .26 13 . 74 3 I I 2 0 .44 
• 

60 40 40.01 llc C 62 .27 86 .26 I 3 .74 34 .87 2.85 



Table 9 

T. K 

1373 

1373 

1373 

1373 

1473 

1473 

1473 

1473 

1573 

1573 

1573 

1573 

69 

Effect of temperature and carhon addition tn 50mol '1c Si -50mnl '1r Al al lo: 

on the forma tion of SiC and Al,C 

Initial Addition Equilihrium composition 

composition mol 17c of 

alloy 
Al Si Alloy Composition of SiC Al ,C 

mol '7c mol '7c mol '7c al Joy. mol 7c mol :4 moJ '; 

Al Si 

50 50 3201'1/cC 67 .99 73 .54 26.46 32 OJ 0 

50 50 40 .01 7c C 59 .99 83 35 16 .65 40 .01 0 

50 50 48 OJ 7c C 53 .06 85 .22 14 78 45 LB 1.91 

50 50 56 OJ 'lc C 45.43 85 .22 14 78 50 .05 4 51 

50 50 32 OJ o/c- C 67 .99 73 .54 26.46 32 01 () 

50 50 40 OJ 7c C 59 .99 83 .35 16 .65 40 .01 () 

50 50 48 .01 7c C 53 .06 85 .18 14 82 .502 1.92 

50 50 56 OJ '7c C 45.43 85 . 18 14 .82 50 .05 4 .52 

50 50 32.01 '7c- C 67 99 73 .54 26.46 32 OJ 0 

50 50 40 OJ '7c C 59 99 83 .35 16 65 40 .01 0 

50 50 48 .01 11c c 52 .95 86 .26 13 .74 45 .32 1.73 

50 50 56 01 '1c c 45 .37 86 26 I 3. 74 50 28 4 . 34 ' 
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final compos ition of thi s sample is approx imately the same as of the one pro<luced hy 

addition of SiC to Al- Si alloy with 20 mol pct Si and prese nted in Figure 19 . Compari so n 

of Figures 66 and 19 shows that the difference het wee n them lies in the shape of SiC 

In -s itu fo nned SiC from Figure 66 retains the round shape of prec ursor ca rhon particles. 

while SiC from Figure 19 has irregul ar jagged surface 

Effect of S1 concentration on the compos itional path is show n in F1gun.: 22 

Ca rhon addition to alloy with 30 mol pct of Si is e4ual to movement from point G: 

tnward ca rhon When small amount of ca rhon is added the compos ition lie, in the L, -..-

SiC phase triangle With further additions of ca rhon the cnmpos iti onal path crosse, the 

hnundary line of ternary phase at poi nt 11 1 At thi s point aluminum carhide appea rs in the 

equilibrium compos ition. Increase of Si concentration in initial alloy from 30 to 50 mnl 

pct is equal to the sliding the fi rst point of compositional path from point G: toward point 

G, and as a result the max imum SiC conce ntration. which may he achieved without AIJC 

fo m1ation increases. 

Also as see n from fig ure 23 the increase of temperature from 1173 K to 1423 K 

leads to the decrease of maximum of SiC achie vahle without AIJC 1 from 20 to 17 mol 

pct. At 1423K according to Figure 23 the heha vior of the system changes to reve rse . At 

temperatures higher than 1423K raising the temperature leads to slight increase in SiC 

and decrease in A14C, . 

The effect of temperature on the phase diagram is shown in Figure 2-l 
e 

Temperature increase from 11 73 to 1423 K is e4ual to sliding of point A1 toward A, and 

point B1 toward point B:- At the same time the point where AIJC appea rs in the 
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equilibrium composition moves from H1 !O H, and the quantity of SiC ac hievable wi thout 

Al,C, fo rmation decreases slightly . At temperarures higher than 1423 K the move ment 

u irection of points A, and H, changes !O reverse . 

., 



4. EXPERTMENT AL 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 '7c pure was purchased from Aldrich Chemical 

Company. Inc. Activated carhon. designated Norit RO 35 I 5 was purchased from Nor it 

N . V .. Netherlands . Natural gas was of industrial supply . Ar gas was purchased from 

Sierra Welding Suppl y. Sparks . NV Alumina crucib les and tuhes were purchased from 

Coors Ceramics Company. Golden. Colorado . 

4.2 High temperature furnace set-up 

Lindherg. single zone . vertical tube furnace. type 54433 with working 

temperature range 773 -1773 K was used in all experiments . The furnace consists pf a 

working chamber. heating elements. insulation . platinum/platinum- 13 '7c rhodium 

thermocouple. and a control console Double-end silicon carhide heating elements an: 

mounted above and below furnace chamber. The positioning of element~ ·ompensates for 

heat loss from the ends of the process tube and improves the system performance . The 

chamber is constructed of high-temperature graded insulation. assuring excellent chamher 

temperature uniformity and thermal efficiency . Control console model 59545 is a 

specially designed instrument for use with silicon carbide heating e lement furnace and 

calibrated for platinum thermocouple This instrument system consists of a Lindberg solid 
" 

state temperature controller with a 4-digit thumbwheel setpoint switch and phase -angle 

fired output pulses. a Lindberg power output module. and an on/o ff power input circuit 



hreaker . The controller with adj ustahle proportional hand and fixed n.:set and ratt: 

func tions also fea tures an adj ustable maximum power cont rol that varies the load vo ltage 

from Oto 100 '¼ . This power contro l is used to reduce output vo ltage !O compensate for 

lower heating element resistance during heat up and to increase output vol tage to 

compensate for higher heating element resistance due to agi ng . Temperatu re profile llf 

the furnace is given in Figure 25 . About 6 cm length of constant temperature zone with 

± 2 K was obtained . 

4.3 Preparation of allo.\ 

Al uminum -s ilicon alloy was prepared hy mixing Al and Si Tht: mixture wa~ 

placed into al umina crucible of 30 mm diameter and 100 mm height The crucihle wa~ 

introduced into the furnace under Ar atmosphere . The furnace was heated to 1773K and 

kept at this temperature fo r one hour to ensure comp lete melting of thc allov 

Experimental serup is give n in Figure 26 . It included the resis tance furnace with al umina 

tube inside it. thermocouple. gas inlet and gas outlet Crucihle was placed on ceram ic 

support . Alloys contai ning 30 . 40 or 50 mol pct of Si were used in further experiments . 

4.4 Reaction with natural gas 

After melting of the all oy the furnace was cooled to desired temperature and aftcr 

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 timc .. 
intervals 2-3 g alloy samples were sucked usi ng 5 mm diameter quartz tuhe from the 

bonom 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 Eac h sample wa~ 

anal yzed on carbon using LECO carbon and su lfur analyzer and some of the samples 

were subjected to X-ray diffraction and microscopic eva luation. 

4.5 Reaction with graphite rod 

After melting of alloy graphite rod 500 mm long and 15 mm in diameter wa~ 

introduced in to the crucible Ar was bubbled through the melt to provide mixing and 

reac tion was carried for 4 hours . Then the rod was removed from the melt and lj Ue nched 

in air The pan of the rod wh ich reacted with the melt was cu t into pieces and subjected 

ESM-EDAX analysis . 

4.6 Reaction with activated carbon particles 

Activated carbon in the forn1 nf smal l rods I mm in diameter and 3 to 5 mm lnng 

was added lo the melt. After 15 min of exposure argon gas was bubbled thrnugh the 

melt. This provided mixing and carbon incorporation into the liquid all ny. Gas !low rate 

was 2 I/min After cenain reaction time the crucible was removed from the furnace and 

quenched in air An extent of reaction was ca lculated using the fo ll owing equation . 

X = S\,<.:Sc 

where X is fraction lransfonned. S\,c is area of SiC fo rmed. \ . i~ area of nonreacted 

carbon . 
e 

4. 7 SEM-EDAX anal~·sis 

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



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

Microscope . Energy dispersive spectrometry was done using KEVEX software 

4.8 X-ray powder diffraction 

The phase content of the samples was determined by the X-ray powder diffract inn 

method . The X-ray source was Cu-KO'. radiation with a monochromator. The scanning 

20 angle was from 10" to 90" at a scanning rate of 2''/min and a chan speed of 2 .'i 

cm/min . For the X-ray diffraction pattern analysis. Braggs Law was applied in the fnrm : 

A = 2d sin 0 

Knowing A. the wavelength of Cu-KO'. ( 1.542 A) radiation and the 20 angle pf reflection. 

the ct -spacings were calculated fnr diffraction peaks By comparing thL' calculatL'd d -

spaci ngs with the standard JCPDS data file . the phases in each spL'cimen werL' 

determined . 

4.9 Chemical analysis 
# 

Carbon analysis was done using LECO CS-46 System . The sys tem consists of a 

Model 770-200 Determinator and a Model 763-600 Induction f-urnace . Principally. the 

sample is combusted with oxygen in a LECO Induction Furnace using LECOCEL 

acce lerator. Approximately 97 9c of the carbon is oxidized to CO, and about 3 'Ir 

comhusts to CO (except on low carbon samples where ,·ery little CO is formed) . sulfur .. 
ox idizes to SO, During combustion the concentration of gases in the closed loop rapidly 

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



s: 
The so l id state detectors are energy detec tors. Filters are used to r ass the 

arr ropri ate IR wave lengths to eac h detector In the ahsence of CO . CO:- and SO: the 

energy rec ieved hy eac h detector is max imum . During comhusti nn the IR adsorption 

r ropenies of CO. CO, and SO: gases in the chamher cause a loss of energy : therefon: 

a loss in signal results which is proponional to the concentration of each gas Accurac \· 

of analys is is 5 '7c . 

., 
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5. EXPERIMENT AL RESt;L TS 

5.1 Experimental trials 

5.1.1 Reaction with natural gas 

The effect of time (4 to 120 minu tes). temperature ( 1273 and 1473K) and ga\ 

composition ( I 0. 20 . and 40 pct of CH, with Ar) on in-s iru fonnation of SiC in 30 mol 

pct Si - 70 mol pct Al melt was investigated The X-ray analysis of the samples , Figun: 

27) showed that SiC was formed but its quantity was extremely low . As can he seen frpm 

Figure 27 . along with SiC. Al,O, was also formed The natural ga~ used was 11! 

commercial grade . The fonnation of alumina in the melt may he due !O the reac tinn llf 

aluminum with impurities present in the natural gas such as CO. CO, and H,O. The 

results of experiments are summarized in Tables IO and 11 . 

5.1.2 Effect of time, temperature and gas composition. 

As can be seen from Figure 28 there is no significant effect of time and ga~ 

composition on the SiC fonnation in the melt at 1273K . The carbon content of the melt 

remained in the range of O 15 to O 30 wt. pct. If generated silicon carbide part ic ks were 

randomly distributed in 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 proces~ 
.. 

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

of si licon carbide particles to the surface . After the crucibles were cooled some kind of 
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Figure 27 X-ray diffraction pattern of the sample with O 3wt '7o carbon after 

1 hour of reaction of narural gas with 70wt 'k Al-30wt 'lc Si all oy. 
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Table IO 

Time. 

mm 

0 

1 
2 
1 
4 

6 

10 
1 () 'i 

14 

1 'i 'i 

16 5 
7.2 
71 

)1 'i 

27 
10 

11 
11 'i 
1R 

18 'i 
40 'i 

46 <; 

56 5 
f.,) 

71 

76 
Q() 

110 

Results of Al -Si alloy analysis on carbon after reac tion of 

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

Concentration of narural gas 

IO '7c 20 % 40 o/c 

Carbon. wt %. 

0 0 0 

01 0 O'i 0 06 

0 2 () 1 () 0 17 

0 18 
() )R () 1 'i 

n 7n 
n 71 0 71 

0 ) 'i 

0 16 
0 74 

0 7<; 

n l R 

n 1R 

0 19 
() 1 'i 

0 18 

0 19 . 
0 16 

() 7() 

0 19 

0 19 
0 7() n 7n 

0 31 
n 7,1 

0 21 

0 21 

023 
021 
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Table 11 Results of Al-Si alloy analys is on carbon after reac tion of 

70wt%Al-30wt%Si alloy with natural gas (A r-10 %CHJ) at 1473 K. 

Time. Carbon concentration. 

mm wt 7l: 

0 0 

17 0 .74 

33 0 37 

48 0 .30 
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figure 28 
Effect of reaction time and partial pressure of natural gas on c:irbon 

content in the melt at 1273K. 
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52 

"metal foam " was detected on the walls of the crucihles. The concentration of carhon in 

the "foam" was 0 .52 to 0 .88 wt pct. which was 2 to 4 times higher than the averagt: 

concentration of carhon in the bulk alloy . Overall efficiency of natural gas was \Try low : 

3 pct fo r IO pct of CH,. 2 pct for 20 pct of CH, and O. 6 pct for 40 pct of CH, . 

Maximum silicon carbide concentration reached in the "metal foam" was 3 wt pct 

Figure 29 shows typ ical microst ructure of the samp les taken from the hulk a ll oy and 

from the "foam " The "foam " was much more porous hut XRD pattern showed that the 

composition of it was practicall y the same as llf the hulk all oy . The possihlc silirnn 

carhide particles were too small and were not identified hy energy di spersi n: 

spectrometry during scanning electron microscopic analysis . 

Figure 30 shows the effect of temperature and time on the carhon co ncentration 

in the bulk alloy . As can he seen from Figure 30 temperature does not ha,e sig nificant 

effect on SiC formation in the alloy . For example. alter one hour of reac tion time carhon 

content in the alloy at 1273K was 0 .3 wt pct The same concentration was achie,ed at 

1473K . , 
To understand the reasons of low natural gas efficit:ncy the calculations were 

made to study the effect of temperature on the species distrihution in C-H system . Figure 

31 shows the results of such calcu lations . As seen from the figure at temperatures higher 

than 1073K natural gas is not stable . So when the mixrure of natural gas and argon was 

introduced into melt. natural gas decomposed into carbon powder and hydrogen Bu~ 

most of the carbon formed was removed from the melt hy Ar . which served as a carrier 

gas . As a result the efficiency of natural gas was extremely low 11 !OJ 



Figure 29 

BS-

Typical SEM images of the sample after the reac tion of narural gas 

with (70w1%Al-30w1o/c Si) alloy. (000 1) - me1al "foam " from !he !Op of 

the crucible. (0002) - bulk alloy . 
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5.1.3 Conclusions on the experiments with natural gas 

The srudy of natural gas as a ca rbon source was done at 1273 to 14 73 K . 

concentration of CHJ was 10 to 40 pct and reaction time 4 to 120 min . Maximum SiC 

concentration formed was onl y 0 .88 wt pct. Hence due to very low efficiency (less than 

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

5. 1.4 Reaction with graphite rod 

Reacti on with graphite rod was carried out at 1773K for 6 hours. The liquid a llo:-

n.:acted with the rod and the reaction zone was fo m1ed . Figures 32 I ll 34 show SEM 

images in hacksca!!ered electrons of the reaction w ne with different magnification . t\" 

seen from Figure 32 reacti on znm: has the form of a ring around tht: graphitt: rod . Tht: 

thickness of the zone was estimated to ht: 300 ± 100 µm . figures 35 to 37 show EDS 

spectra of the sample at points I and 2 ( Figure 34) and average analysis of the rn nt: 

Close to the inside surface of a zone aluminum carbide pre va iled. while close to the uuter 

surface silicon carbide prevailed . But practicall y everywhere both wer•: prese nt clu"e to 

cach other . Figures 33 and 34 show that darker areas n:prese nting mo\!ly aluminum 

carbide are mutually penetrating with lighter areas representing mostly silicon carhidt: . 

Average EDS analysis of the sample (F igure 35) shows that the quantity of silicon 

carbide was a little higher. Because onl y a small ponion of carbon reacted . acco rding to 

the phase diagram there should he no aluminum carbide . But actual presenct: of .. 
aluminum carbide may he explaint:d using the following mechanism the melt penetract:d 

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



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

graphite rod with magnification l 5X . 

e 
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Figure 33 SEM image in hackscattered electrons of the reaction zo ne lln the 

graphite rod with magnification 140X . 
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Figure 34 SEM image in hac ksca!lered electrons of the reaction zone on the 

graphi te rod wi th mag nification 350X. I - Al,C. 2 - SiC. 
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Figure 35 EDS spectra corresponding to the average concentration of the reaction 

zone (Fig . 34) on the graphite rod . 
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Figure 37 EDS spectra of the reaction zone (Fig. 34) on the graphite rod • 

at point 2. 



graphite there was an excess of carbon and as a result of local equilibrium both SiC and 

AlJC, 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 surface the melt was stirred . there was 

no excess carbon and mostly si I icon carbide was produced [ 111 I. The results of 

experiments with graphi te rod is presented in Table 12 The piece of rod with reaction 

zone was left in ai r and its ou ter surface decomposed into powder in a few days . Thi~ 

is well known behavior of composite degradation when aluminum carbide is pn:sent 1n 

the material . 

5.1.5 Conclusions on the experiments with graphite rod 

Reaction with graphite rod was ca rried out for 6 hours . Reaction zone of 300 µm 

was fo rmed consis ting of the mixture of SiC and AIJC, . Due to the AlJC. 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 it auimted carbon is a suitab le souru: ut 

carbon for SiC fo rmation . Initial all oy composition was 70 mol pct Al - 30 mol pct 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 analyzed using SEM-EDAX system 

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 

Time . 

hours 

6 

Results of experiments on reaction between 70 wt '1c AI - 30 wt '4 Si 

all oy and graphite rod at 1773K 

Reaction zone length . Characterization of reac tion 

µm products 

300± 100 mix ture of SiC and Al,C 
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Figure 38 SEM image in hackscauered electrons of a SiC particle after reaction at 

1573 K for 20 hours lnJtial alloy 70wt 'lc Al -30wt 'lc Si . 
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Figure 39 Energy spectra of the SiC particle from figure 38 . 



Figure 40 SEM image in backsca ttered elec trons of several SiC panicles after 

reac tion at 1573 K fo r 20 hours. In iti al alloy 70wt '7c Al-30wt '7c S1. 

e 



Figure 41 SEM image in hac ksca!lered elec trons of a non-completely reacted 

particle with a ca rbon core after reaction at 1573 K for 20 hour~. 

Initial all oy 70wt 'lc Al-30wt '1c Si ., 



shows one of the SiC particles. No residual carhon is seen. EDS anal ysi, ( Figun: 39) 

shows high Si peak proving the particle to he SiC (carhon is not detectah k hy th1, 

method) . Because of the small carhon addition and the chosen fonn of mixing the 

distrihution of SiC was not random and the particles concentrated in certain areas. hgun: 

40 shows one of such areas with seve ral SiC particles . As seen from f-igures 38 and 40 . 

the SiC particles mostly retained the round shape and the size of initial carhon m<ls Nl1 

aluminum carbide was detected in any sample . Figure 41 shows the particle which still 

has a carhon core . This particle did not react completely . It s microstructure shllv. , that 

the SiC laye r grew from the surface tn the center of the particle . 

As predicted hy thennndynam1c calculations with addition of I 0 .2 mo! pct llf 

ac tivated carbon to the liquid aluminum -silillln alloy only si licon carhide was h1r111eJ 

The micrnstructure of incomplete ly reacted particle allows to conclmk that ,il1c11n 

carbide formation was taking place through the mo\'ement of the n:action front from the 

surface to the center of the particle . Most probahle mechanism of this pron:s, wa, 

diffusion of silicon to the SiC /C interface . where it reacted with carhon to form si!1Clln 

carhide . The fact that all particles had approximately the same size as initial carhon 

means that no SiC was formed hy nucleation and growth mechanism I 112 J. 

The result of experiment with ac ti va ted carhon is presented in Tahle I 3 

5.1. 7 Conclusions on the experiments with activated carbon ., 

Reaction hetween 70 mo! pct Al - 30 llllll pct Si alloy anJ 10 2 mnl pct carhon 

was carried uut at 1373K for 20 hours . Only silillln carhide was formed Hence actirnll'ci 



Table 13 

Time . 

hours 

20 

Result of ex periment on reac tion hetwecn 70 wt 'lr AI - 30 wt c1~Si 

a lloy and ac ti va ted c.:a rhon at 1573K. 

Ex tent of reac tion. '7r Charac.: te ri za ti (in of reac t inn 

r rndu c.: ts 

99 SiC and unreac ted ca rhon 
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carhon is an excellent source of carhon for SiC formation and detailed stud\ pf tht: 

mechanism of reaction of SiC formation was undertaken . 

., 



5.2 MECHAl'ilSM OF SiC FORMATION 

5.2.1 Characterization of activated carbon 

Figure 42 shows a photog raph of as rece ived activated carhon panicks . As seen 

from the figure they have a rod-like shape I mm in diameter and 3 to 7 mm long . Figure\ 

43 to 45 show the microstructure of activated carhon at different magnifications . The 

penetration of hlack and white colors means that the material is highly porous and its 

poros ity provides high surface area for reaction . 

Figures 44 and 45 show that depending on the panicular spot there is a significant 

difference in density and porosity level Figure 44 shows the microstrucrure of the pon: . 

while figure 45 shows more dense pan of the carhon panicle . 

Figure 46 shows EDS spectra of activated carhon Because carhon i~ nlit 

detectahle hy this method the fact that the main peak was identified as potassium mcam 

that this is the main impurity. while other impurities arc Al. Si. and Ca . These are 

typical ash constituents and usually they are present in the form of different oxides . Glild 

peak comes from the coat ing. 

The term a((irnred or a((i1·e rnrhon in its hroadest sense includes a wide range 

of amorphous ca rhon hascd materials prepared to exhihit a high degree of pllrosity and 

interparticulate surface area . These are ohtained hy comhustion. partial comhustion. and 

thermal decomposition of various carhonaceous suhstances . These materials may he in 

granular or in powdered form The granular form is characterized hy a large internal ., 

surface and sma ll pores. whereas the finally divided powdered form is associated with 

larger pore diameters hut a smaller internal surface area I 1131 . 
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Fi gure -t2 A photograph of as recei\ed acti\a ted carbon part ic le ,. 
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Figure 43 SEM image in hackscauered electrons of an activated 

carhon particle . magnification 200X . 
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Figure 44 SEM image in hackscattered electrons of a pore in the ac tivated carhnn 

particle. magnification IOOOX 
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SEM image in backscattered electrons of a dense part of thl: 

activated carbon particle . magnification IOOOX . 
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Activated carbons are excellent adsorhents and thus are used to purify . decolorize. 

deodorize. dechlorinate . detoxicate . filter. o r remove or modify the salts. separate. and 

concentrate in o rder to pennit recovery: they are also used as catalysts and catalyst 

supports . 

The adsorbent properties of activated carbons are essentially attributed to their 

large surface area. a high degree of surface reactivity. universa l adsorption effect. and 

favorable po re s ize. which makes the internal surface accessible. enhances the adsorption 

rate. and enhances mechanical strength . The most widely used commercial act ivatt:d 

carbons have a specific surface area in the order of 800 to 1500 m:/g This surface a rt:a 

is contained predo minantly within micropores. which ha ve effec tive diameters smalkr 

than 2 nm . In fact. a particle of activated carbon is made up o f a complex network of 

pores which have been classified in!O micropores (diameters < 2 nm) . mesopo re~ 

(diameter between 2 and 50 nm). and macropo res (diameters > 50 nm ) The macropores 

do not contribute much toward surface a rea but act as conduits for the passage of the 

adsorbate into the interior mesopore and the micropo re surface where most of the 

adsorption takes place . The pore size distribution in a given carbon depends o n the typt: 

of the raw material and the method of manufacture of the carbon . 

The large surface area of the activated carbon is the result of the acti\'ation 

process in which a carbonaceous char with little internal surface is ox idized in an 

atmosphere of air. carbon diox ide. or steam at a temperature between I 073 and 1173K . 

This causes the oxidation of some of the regio ns within the char in preference !O others 

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

" 
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of a large internal surface area. which in some cases may he as high as 2500 rrr1g_ 

Transmission electron microscopy of carhonaceous material s has shown that the 

ac ti va ted carhon strucrure can he visualized as stacks of nat aromatic sheets cross linked 

in a random manner (Figure 47) [113] . Activation hy carhon dioxide or steam in the 

range 1073 to 1173K reduces the number of these aromatic sheets in the original ,tacks. 

leaving in some cases single and in general nonplanar laye rs. 

Electron spin resonance srudies have revealed that the aromatic sheets in acti\'ated 

carhons contain free radica l structures or strucrures wi th unpaired elec trons. These 

unpaired electrons are resonance stahilized and are trapped during the carhonizatilln 

process as a result of the hreaking up honds at the edges of the aromatic sheeh thu~ 

creating edge carhon atoms . These edge carhon atoms ha ve unsatisfied valences and can 

thus interact with heteroatoms such as oxyge n. hydrogen . nitrogen . and sulfur . gi\'ing 

ri se to different types of surface functi onal groups. The elemental compositinn t1f a 

typical activated carhon was found to he 88 '7c C. 0 5 '7c H. 0 5 '7c N. I '1c S. and 6 Ill 7 'HJ . 

the balance representing inorganic ash constituents . The oxyge n content of an acti\'ated 

carbon can. however vary between I and 25 wt '1c . depending on the type of raw 

material and the conditions of the activation process. One of the poss ihle acti,·ation 

processes includes the following steps: I . impregnation of raw materials such as coke or 

coal with potassium hydroxide . carbonate. or sulfate . 2. heating to 973 - l l 73K. 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 carhon 

particle showed high potassium peak 

.. 
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figure -t7 Schematic representation of the microstructure of acti\'a ted carbon [ 113] . 

., 



5.2.2 Initial stage of carbon reaction with the melt 

To srudy rhe mechanism of reacrion herween acrivared carhon and Al -Si allll\' 

carhon panicles were inrroduced inro the melr . The melr was kepi a! 1373 to 1573K for 

!O 6 hours. Reacrion producrs were srudied using SEM -EDAX sysrem . 

Figures 48 and 49 show several carhon particles afrer !hey were incorporared in! ll 

the melr. As seen from rhe figure at 1473 K afrer 1 hour of reacrion time rhe parricks 

keep rhcir round shape . Alstl snme of rhe parricles form agglome rares . Figures .'iO and 

51 show one of !he parricles with higher magnificarmn . As seen from this figun: rn, 

reacrion zone has heen formed on the inrerface hetween rhc carhlln and the matrix allll\ 

Figures 52 and 53 show rhe interface at higher magnificarion Because carhon is hi gh ly 

porous material !he marrix alloy occupies the surface pores hut there is nll signs llf melt 

penerrarion inro rhe carhon ar this stage 

Figure 54 shows rhe microsrrucrure of the marrix alloy on the huundary with 

carhon . I! consis!s of primary silicon crysrals ([DS specrra is given in Figure .'i.'i) and 

Al-Si eurecric mixture (Average specrra of !he curectic mixrure is gi\'en ':1 Figure 56) 

There is no so lid soluhiliry of Si in Al or Al in Si and rherefore an eurectic compositil1n 

rcpresenrs a mechanical mixrure tif pure metals !36] . It has the composition of 12 .2 1rn1I 

pc! Si and 87.8 mol pct Al and it is presented hy Si laminares in Al marri:c 

Corresponding EDS specrra are given in Figures 57 and 58 

I> 
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Figure 48 

r Al-Si 
alloy 

Micros1ruc1ure of the alloy after incorporation pf carhon ,II 147 :H( for 

I hour. SEM image in hackscaueret.l electrons . 

., 



Figure 49 Microstrucrure of the alloy after incorporation of carhon at 14Df..: fm 

I hour . SEM image in secondary electrons . 

., 



Figure 50 SEM image in secondary electrons of one carhon r article alter 

reaction at 1473K for I hour. 
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Figure 51 
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SEM image in hackscattercd electrnns of nnc carhon rartick 

after reaction at 1-inK for I hour . 
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Figure 52 The microstructun: of the interface hetween the carh()n anJ rn,ilri.x al!t)\ 

after reaction at 1473K for l hour . SEM image in hacksca!!ereJ 

electrons . .. 



Figure 53 The microstrucrure of the interface hetween the carhnn and matrix ;lilm 

after reaction at 1473K fllr l hour. SEM image in sernnJary electrnm . 



Figure 54 The micros!rucrure or Al -Si eutectic in the matrix alloy after reaction 

at 1473K for I hour. SEM image in secondary electrons . 

., 
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Figure 55 EDS spectra of primary Si crystals from Figure 54 . 
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Figure 56 
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EDS spectra of Al-Si eutectic mixture from Figure 54 
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Figure 57 EDS spectra of Si crystals in eutectic mixture from Figure 54 . 
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EDS spectra of aluminum crystals in eutectic mixture from Figure 54 . 
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5.2.3 Intermediate stage of reaction 

Figures 59 and 60 show several partly reacted SiC particles after reaction at 

13 73K Figure 61 shows one of the particles with high magnification. As see n from thesi.: 

figures reaction proceeds from the surface to the center of the particles . Varia tion of 

reaction zone thickness on different particles was estimated to he from Oto 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 prO\·ing 

it to he SiC (carbon is not detectable by this method) As seen from Figure 63 fre shly 

fom1ed SiC is presented in the form of individual grains. meaning that each carhon grain 

reacted separa tely forming a grain of SiC. 

Figure 65 shows typical microstructure at higher temperatures ( 1473 to 1573K) 

One particle complete ly reacted. while the others did not react at a ll . So the extent of 

react ion was either 0 or I and each particle has its ow n ac tivation time . which wa~ a 

probability fu nction . 

Compa rison of Figures 59 and 65 shows that initial stagt:s of rt:action art: 

activation and movement of the reaction front . At lower temperatures ( 1373K) tht: 

limiting stage is the movement of the reaction zone . At higher temperatures ( 1473 w 

1573K) the reaction is limited by an ac ti vation time and as soon as the reaction starts for 

each individual particle it 4uickl y proceeds to complete transformation of carhon to 

si licon carbide . ., 



Figure 59 A micrograph of seve ral partly reac ted carbon particles after reac tion 

at 1373K fo r 6 hours. SEM image in hac kscattered elec trons 

., 



Figure 60 A micrograph of several partl y reac ted ca rhon particles after rt:ac t1 on 

at 1373K fo r 6 hours. SEM 1magt: in secondary e lt:crrons 

., 



Figure 61 Partl y reacted carhon r art1 cle alter reaction at I :n3K for 6 hour, . 

SEM 1magi: in hackscaui:rt:<l t:lt:ctrnns. 

• 



Figure 62 Reaction zone on the part ly reacted carhon particle af'tt:r rc:actiun 

at 1373K for 6 hours. SEM 1magt.: in had.scattered electrons 

., 



Figure 63 A micrograph of the interface hetwecn the carhnn and matrix allo~ 

with high magnification after reaction at 13nK for 6 hours. 

SEM image in hackscaltered elcumm ., 



Si 

Au 

Figure 64 EDS spectra of the reaction formed SiC from Figure 63 . 
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Figure 65 A microg raph o f seve ra l C and S iC panic les a ftt:r reaui on at 1-l73 K fm 

2 hours . One partic le completely reac ted and fo rmed S iC O the r 

panic les did no t reac t at all . ., 
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5.2.4 Final stage of reaction . Characterization of in-situ formed AI/SiC composite 

Figures 66 and 67 show the microst ructure of the in -si tu fo rmed Al 'SiC 

composi te . As see n from the fig ures all the panicles have appearance of SiC and well 

di strihuted in the space . Hence the main goa l of this wo rk - to fo rm SiC in- situ wa~ 

ac hieved . The pa nicles retain the size and the shape of initial carhon. From the Figures 

6 1 to 63 one can conclude that the reac tion proceeded from the surface to the center of 

the ca rhon panicles 

f igures 68 to 70 show two di ffe rent indi vidual SiC panicles As seen fro m the 

fi gures there is high concentration of white mat!er on the interface di ffe rent m appearance 

from SiC or matri x alloy . Figures 71 and 72 show the interface of SiC partic les wi th 

high mag nification EDS spec tra taken at di ffe rent spots (figures n to 75) all owed to 

identi fy seve ral ox ides (A I-S i-0. S1-AI-Ca-O) () f different compos iti ons. The hig h ox ygen 

concentration in the system may origi nate fro m three di ffe rent sources : 

I . oxygen present as ash constituent. 2. oxyge n int roduced with ca rhon r an icles. 

3 . oxygen corning from the leak in the system. 

But the absence of suhstanti al ox ide amounts in non-reacted or r arely reau ed 

samples means that the most important source of oxygen was ash constituent s. The: 

presence of Ca in ox ides indicates that ca lcium and oxyge n were pushed out of SiC and 

fo rmed oxides of different cornros it ion. These ox ides concentrated on the houndary 

between SiC and matri x alloy. 

Figure 76 shows the rnicros tructure of SiC with high mag nification. As seen from 

the figure some poros ity still exists hut it is very low comparing with initial ca rhon. Also 

e 



Figure 66 Microstructure of in-situ formed AI /SiC compos ite after reactinn 

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

., 



Figure 67 M icrostruc ture of in -situ fo rmed A I/S iC compos ite a ft e r n:ac tion 

at 1573 K for 6 hours. SEM image in secondary e lec tro ns . 



Figure 68 Microstructure of one SiC par1icle after reaction at 1573K 

for 6 hours. SEM image in hackscattered electrons . 

., 



Figure 69 Mic rostructure o f one SiC parti c le afte r reactio n at 1573 K 

for 6 hours. SEM image in secondary e lec tro ns . 



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

at 1573K for 6 hours. SEM image in hacksca!lered electrons . 

., 



Figure 71 Microstructure of the! interface hetween SiC and matrix al lu, with 

high concentration of oxides afler reaction at 1573K for 6 hour:-;_ 

SEM image in hackscauerecJ electrons . 
e 



Figure 72 Microstrucrure of the interface hetwecn SiC and matrix alllly with 

high concentration of oxides after reaction at 1573K fm 6 hour~ . 

SEM image in secondary dectrons . .. 
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Figure 74 EDS spectra at point 2 of Figure 71 . 
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EDS spectra at point 3 of Figure 71 . 
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Figure 76 Microstructure of SiC. SEM image in secondary electrons . 
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comparison with freshly fonned SiC (F igure 63) shows that 1f in the latter case SiC wa~ 

present in the fonn of individual grains in the latter case gram houndaries are no longer 

seen . Hence SiC went through sintering process . 

Figure 77 shows the interface hetween the matrix a ll oy and SiC with lnw 

concentration of oxides The SiC has a perfect round shape also meaning that there was 

a sintering effect. 

stages : 

I. 

2. 

On the hasc of availahle data the mechanism of reacti on may he hroken into 3 

Activation (no changes in carhon or matrix alloy are seen) Activation time is a 

prohahility function . 

Reaction proceeds from the su rface to the ce nter of carhon pan icles : SiC i~ 

produced in the form of individual grains 

3. Sinte ring of SiC. 

, 
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Figure 77 Microstructure of the interface hetween SiC and matri x all oy with 

low concentration of ox ides after reaction at 15 73 K fo r 6 huurs. 

SEM image in backscattered elec trons. 
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5.2.5 Reaction rate 

To de termine the rate of reaction the ex periments were perfo rmed at temperarures 

1373 to 1573K fo r 0 .5 to 6 hours. The results of experiments are presented in Tahk 14 . 

Microstrucru ra l analys is of the react ion products has shown that the charac ter ist ic 

fea tures of the mechanism of reaction are ac ti vat ion. movement of the reac tion zone and 

sintering . According to Sohn [ 11 4] these are typica l fea tures of the nuclea tion growth 

kinetics In such case a flu id-solid reac tion starts hy fo rming nuclei at the surface of tht: 

so lid . As the reac ti on progresses. these nucle i grow in size and new ones are fo rmed . 

Eventually they overlap one another and cover the whole surface . thus fo rming what is 

ca lled the reac tion interface in a shr inking - core system. Usuall y such type of nuclea tion 

growth kinetics gives sigmoidal curve for conve rsion as a functi on of rime and may he 

trea ted using Av rami equation [11 5]. 

The relationship between volume transformed and time may he ex pressed using 

the fo llow ing equation 

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

where a is the volume frac tion transformed. K is the rare constant and t is the time . 

The experimental data we re fitted to the ahove model th rough a linea r 

transformation of equation (38) : 

In I In ( 1 - a) 1 I = n Int + In K (39) 

Plots of In I In (I - a) 1 
] vs In r were constructed fo r temperatures 1473 and 1573 K 

(F igure 78). From these plots va lues of n and K were de termined and are give n in 

Table 15 . 

., 



Table 14 Results of experiments on reaction between 60 mol 'lc Al - 40 mo!% Si 

alloy and activated carbon 

Temperature. Ti me . hours 

K 
0 5 I 2 4 6 

Extent of reac tion. 9.: . 

1373 7 

1473 0 0 11 25 72 

1573 18 36 90 

Table 15 K and n va lues in Avrami equatinn 

T. K n K 

1473 2 082 0 .0238 1 

1573 -, 117 0 .03835 

" 
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Figure 78 Tran sformation kinetics of carbon into silicon carbide 
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At temperarure 1473K 

At temperarure 1573K 

In [ In (I -a) 1 
[ = 2 082 Int - 3.738 

In [ In (I - a) 1
] = 2. 1165 Int - 3.261 

::. S 4 

(40) 

(41) 

Figure 79 shows the va lues calculated using Avrami equation and experimental 

results . The di sc repancy hetween the model and experimental values is connected with 

low precision in measurements of extent of reaction The ave rage error in measureme nt:--

was around ± 20 '/c. 

Activation energy of reaction was determined using Arrhenius rel ationship 

K = A exp(-E) RT) (42 l 

where A is a constant. E, is activation energy. R is gas constant . and T is temperature . 

From equation (42) we obtain : 

In K = In A - E) RT 

The lnK vs 1/T is presented in figure 80 It was found that 

In K = 3.758 - I 1042/T 

and E, was found to be 92 kJ /mol 

(43 ) 

(44) 

According to Christiansen [115[ n=2. is characteristic of transfnm1ation . 

controlled by grain edge nucleation. while n = 2 5 . is characteristic nf diffusion controlled 

growth. The fact that in this srudy 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 interface and 

diffusion . At 1373K most of the particles slowly grew from the surface to the center . 

which is characteristic of diffusion controlled growth . At 1573K some nf the particles 

quickly transformed into SiC. while others remained unreac ted . This is characteristic llf 

the process controlled by nucleation at the interface . 

., 



Figure 79 
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6. SL'\iMARY AND CONCLUSIONS 

I . A new process of in-s iru fo nnation of Al/SiC composi te has hee n deve loped 

Comparing to the convent ional method of SiC production from SiO: and carhon. 

the temperature of SiC fo nnati on was dec reased from 3000K to 1573K and the 

operation time fro m 48 to IO hours. 

2. The hinary Al-Si solution was descr ihed using quas i-regul ar solution mode l and 

ac ti vity coefficie nt of Si was fo und to he 

In( fs.J = ( -4 048 + 5760/T) x ( 1-x~/ 

fs,= I 

(973 -1423 K) 

!1423 -1573Kl 

3 Thennody namic analys is of AI-SiC system which corresponds to co m ent ninal 

process ing of AI/SiC composi te showed that Al,C, (which is detr imenta l for 

phys ical properties of the composi te) fo nns at all studied temperatures and SiC 

concentrations and therefore pure aluminum should he avo ided as a matri x metal 

with SiC as re info rcement . 

4 . To decrease or even prevent the fo rmati on of aluminum carbide silico n may he 

added to aluminum alloy . The silicon concentration enough to completely pn:\'ent 

aluminum carbide fo nnation may be calcul ated using the fo llow ing equations: 

ISij -39 .29 + 0 0660 1 T -1. 955 x 10 'T' (973 -1423K} 

ISij 50 .02 - 0 .03455T + 7 OOO x !O"T' ( 1423-1573 Kl 

5. It was shown that if carbon is added to aluminum all oys containing 30. 40 . or 50 

mo! pct of Si than 16 . 24 . or 40 mol pct of SiC ca n he fo nned respecti ve ly 

without any aluminum carbide fo nnation. 

• 
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6 The results of thennod ynamic analysis found excellent ag reement with 

experimental data obtained in thi s work and give n in the literature . 

7. Three different carbon sources were tried for in-s itu fn nnation of SiC Na tural 

gas was found unsuitable hecause of ve ry low efficie ncy . During reaction it 

decomposed into carbon and hydrogen but most of the carbon powder was 

removed from the mel t by argon which se rved as a carrier gas . 

Graphite was also fo und unsuitab le hecause of aluminum ca rhide fonna tion The 

melt penetrated cavi ties in graphite and hecause of loca l ca rhon excess alum inum 

carbide fo nned together wi th SiC 

Activated carbon was fo und to be an exce llent source for SiC fo rmati on . During 

experiments only SiC was fo nned at all temperatures . silico n and carhlln 

concentrations . 

8 The stud y of reacti on mec hani sm hetween Al-Si all oy and activated carhPn 

showed that reac tion proceeds th rough three di st inct stages 

- activation (no changes in carhon or mat ri x alloy are see n) 
# 

- reaction (reaction front moves from the surface to the center of ca rhon panicleq 

- sintering of SiC 

Reaction fonned SiC retains the size and the shape of initial carhon . 

9 . After complete transformation ox ides prese nt in auivated carbon as as h 

constituents precipitated on the interface between the mat ri x a lloy and SiC 

10 . Kinetic study showed that the reaction proceeds in the mixed regime with control 

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

., 
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described using Avrami equation and activation energy was found to he 

92 kJ/mol. 

7. RECOMMENDATION 

Ex tensive stud y of mechanical properties of in-situ formed AI /SiC composite ,~ 

recommended . After chat the developed process may he cried on industrial scale . 

" 
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APPENDIX 1 

Input data saved a• : a :\als1c.IGI 

Effect of Si C/ .>J. ratio 
T~erature: 7 0 0 .0 0 0 C , Step m 

Pressure : 1 .000 bar , Step• 
Number of Ste ps: 10 

Phas e Specie 
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1 A.le (c;;l 
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25 . 000 
25 . 000 
25 . 000 
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0 .000 bar 

Input 
mol 

0. 0 00 
0.000 
0 .000 
l .000 

Step Act1 v1 t y 

l 
2 
3 
4 
5 
6 
7 
8 
9 

l Ar(g) 
l N2 (q) 25 . 000 l . OOOOE-10 

mol 
0 . 000 
0.000 
0 .000 
0 .00 0 
0 .000 
0 .000 
0 .000 
0 . 000 
0.000 
0 . 100 
0.000 
0 . 000 
0 .000 

coe!~ .1 c1e n t. 
1 .00 0 
1.00 0 
1 . 0 00 
1 .0 0 0 
1 . 00 0 
l . 0 0 0 
1 .0 0 0 
1.0 0 0 

l Si (q) 
l SiC (q) 
2 A..l 
2 Si 

10 3 SiC 
ll 3 
12 4 
13 4 

S13N4 
A..14C3 
A..lN 

25 . 000 
25 . 000 
25 . 000 
25 . 000 
25.000 
25 . 000 
25 . 000 
25 . 000 

9 (-4 . 0 48•5760/ T)• (l-x(9) ) "2 

X 
SiC 

l . OOOOOE-03 
l . OlOOOE-01 
2.0lOOOE-01 
3.0lOOOE-01 
4.0lOOOE-01 
5.0lOOOE-01 
6 . 0lOOOE-01 
7.0lOOOE - 01 
8 . 0lOOOE-01 
9.0lOOOE - 01 

r 1 
A..l 

9 . 98670E-Ol 
9.l5690E-Ol 
9 . 15690E-Ol 
9 . 15690E-Ol 
9 . 15690E-Ol 
9 . 15690E-01 
9 . 15690E - 0l 
9 . 15690E - Ol 
9.15690E-01 
9.15690E - 0l 

T 2 
SiC 

l . OOOOOE-36 
3 . 77700E-02 
l.37770E-Ol 
2 . 37770£-01 
3.37770£-01 
4.37770£-01 
5 . 37770£ - 01 
6 . 37770£-01 
7.37770£-01 
8 . 37770£ - 01 

0 . 000 
0.000 
1. 0 00 
0.000 
0 .0 01 
0 . 000 
0.000 
0 .000 

r J 
Si 

1 . 00000£-03 
6 . 32300E-02 
6 . 32300£-02 
6 . 32300£-02 
6.32300£-02 
6.32300£-02 
6.32300£-02 
6.32300£-02 
6 . 32300£-02 
6.32300£-02 

T 4 
A..14C3 

3.33330£-04 
2. 10770E-02 
2. l0770E-02 
2. l0770E-02 
2 . 10770E-02 
2 .10770£-02 
2 . 10770£-02 
2 . 10770£-02 
2. 10770£-02 
2 . 10770£-02 

f 

1 .000 
1 . 00 0 
1 . 000 
1 .000 

1 7 5 

., 
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E!!act o! Si C/AJ. ratio 
Tamper a tura: 700. 000 C , Step -
Prasaure: 1.000 bar , Sta p -
Numbar o! Staps : 10 

Fhaaa Specie Tamp 
C 

l l Al (q) 25 .000 
2 l AJ.2 (q) 25 . 000 
3 l AJ.c (ql 25.000 
4 l A.r(9) 25.000 
5 1 N2 (q) 25 . 000 
6 1 Si (9) 25 . 000 
7 1 sic c9 i 25.000 
8 2 Al 25 . 000 
9 2 Si 25 .000 

10 3 Sic 25 . 000 
11 3 Si3N4 25.000 
12 ' AJ.4C3 25 . 000 
13 ' AJ.N 25.000 

9 (-4 . 048+5760 / T) • (l - x( 9)) •2 

X 't l 't 2 
SiC Al Si 

l.OOOOOE-03 9 . 98670E- Ol l.OOOOOE-03 
l . lOOOOE-02 9.85330E-Ol l .lOOOOE-02 
2 .lOOOOE-02 9 .72 000E-01 2.lOOOOE-02 
3.lOOOOE-02 9 . 58670E-Ol 3 . lOOOOE - 02 
4 .lOOOOE-02 9 .4 5330E-Ol 4 . lOOOOE- 02 
5 . lOOOOE-02 9.32000E- Ol 5 . lOOOOE-02 
6 .lOOOOE-02 9.18670E-01 6.lOOOOE-02 
7.l OOOOE-02 9 . 15690E-01 6 . 32300E-02 
8.lOOOOE-02 9.15690E-01 6 . 32300E- 0 2 
9 .l OOOOE-02 9.l5690E-01 6 .32300E- 02 

0.000 C 
0.000 bar 

Input Step Acti vity 
mol mol coe!!1cient 

0.000 0. 00 0 1. 00 0 
0.000 0 .000 1 . 000 
0.000 0.000 1 . 000 
1.000 0 .0 00 1 .000 

l. OOOO E-10 0 .000 1 .0 00 
0 . 00 0 0 . 00 0 1.000 
0 .000 0. 00 0 l .uOO 
1.000 0 .000 l . 000 
0.000 0 .00 0 ! 
0 . 00 1 0 . 0 10 .000 
0. 00 0 0.000 .000 
0.000 0 .000 l .000 
0.000 0 . o~o l .coo 

't 3 't ' SiC Al4C3 
l.OOOOOE-36 3 . 33330E-04 
l .O OOOOE-36 3 .6 6670E- 03 
l.OOOOOE-36 7.00DOOE- 0 3 
l.OOOOOE-36 l . 03330E- 0 2 
l . OOOOOE-36 l. 366 70E-02 
l.OOOOOE-36 l .70000 E- 02 
l.OOOOOE-36 2.03330E-02 
7.76980E-03 2 . l0770E-02 
l . 77700E-02 2.10770E- 0 2 
2.77700E-02 2. :0770E-02 
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177 

E!!act o! SiC/Al ratio 
Ta.mperatura: 800 .00 0 C, Step• 0.000 C 

Pr•••ure: 1.000 bar, Stap • 0 .0 00 bar 

Numbar o! Staps: 12 

Phaaa Spacia Taq> Input Step Activity 
C mol mol coe!!1.c1.an1: 

l l Al (9) 2 5 . 000 0.000 0.000 l.000 

2 l Al2 (9) 25.000 0.000 0.000 l.000 
3 l AlC(9) 25.000 0 .000 0.000 l . 000 
4 l >.r (9) 25.000 l . 000 0 .000 l.000 
5 l N2(9) 25.000 l.OOOO E- 10 0.000 l.000 
6 l Si (9) 25.000 0 .000 0.000 l.000 
7 l SiC(9) 25 . 000 0 .0 00 0.000 l.000 
8 2 Al 25 . 000 l . 000 0.000 1.000 
9 2 Si 25 . 000 0.000 0 .000 ! 

1 0 3 SiC 25.000 0.001 0 .010 l.000 
11 3 Si3N4 25.000 0.000 0.000 1.000 
12 4 Al4C3 25 . 000 0.000 0.000 1.000 
13 4 AlN 25 .000 0 .0 00 0. 000 1 .00 0 

9 (-4 . 048+5760 /T ) • (l-x(9)) '2 

X y l y 2 y 3 y 4 

SiC Al Si Al4C3 SiC 
1. 00000E-03 9.98670E-01 1.00000E-03 3.33330£-04 1.0000 0 £-3 6 
1.10000£-02 9.85330£-01 1.10000£-02 3 . 66670£-03 1.00000£-36 
2 . lOOOOE-02 9 . 72000E-01 2.lOOOOE-02 7 . 00000E-03 1.00000E-36 

3.lOOOOE-02 9.58670E-0l 3.lOOOOE-02 1.03330£-02 1 . 00000£-36 

4. lO000E-02 9 .4 5330E-0 1 4.l 0000E-02 1 . 36670£-02 1.00000E-36 

5 . lOOOOE-02 9.32000E-01 5.lOOOOE-02 1.70000£-02 1 . 00000£-36 

6 . lOOOOE-02 9 .18670£-01 6 .lOOOOE-02 2.03330£-02 l.OOOOOE-36 

7.lOOOOE-02 9 .05330E-01 7.lOOOOE-02 2.36670£-02 1 .00000E-36 

B.lOOOOE-02 B . 92000£-01 8 . lOOOOE-02 2 . 7 0000£ - 02 l.OOO OOE-36 

9 . 10000£-02 8.83630£-01 B. 72770E-02 2 . 90920£-02 3 . 72280E-03 

l.OlOOOE-01 8 . 83630£-01 8 . 72770£-02 2 . 90920£-02 1. 37230£-02 

l .l lOOOE - 01 8.83630E-01 8 . 727 70E-02 2 . 90920£-02 2 . 37230E-02 

X y l y 2 
SiC Al Si 

1 . 00000E-03 9.99000E+Ol l.OOOOOE-01 
1 . lOOOOE-02 9 . 89000£+01 l.10400E+OO 
2.lOOOOE-02 9 . 78900£+01 2 . 11500E+OO 
3 . lOOOOE-02 9 . 68700E+Ol 3 . 13200E+00 
4.lOOOOE-02 9 . 58400E+Ol 4.15700E+OO 
5 . lOOOOE-02 9.48100E+0l 5.18800E+OO 
6 . lOOOOE-02 9.37700£+01 6 .22700£+00 
7.10000£-02 9 .2 7300E+Ol 7 . 27200E+OO 
8 .lOOOOE-02 9 . 16800£+01 8 .32 500£+00 
9 . lOOOOE-02 9 .lOlOOE+Ol 8 . 98900£+00 
l.OlOOOE-01 9.10100£+01 8 . 98900E+OO 
l . llOOOE-01 9 . 10100£+01 B.98900E+OO 

., 



T~erature : 800 .000 C, Step • 0 . 000 C Pressure: l . 000 bar , Step • 
Number o! Step:1: 12 

Phase Specie T~ 
C l l >J. (9) 25.000 

2 l >J.2 (9) 25.000 
3 l >J.C (9) 25.000 

' l Ar(9) 25.000 
5 l 112 (9) 25.000 6 l S1 (9) 25.000 7 l SiC(9) 25 . 000 8 2 >J. 25 .000 
9 2 Si 25.000 10 3 SiC 25.000 

11 3 S13N4 25 . 000 
12 4 >J. 4C3 25.000 
13 ' >J.N 25.000 

9 (-4 .04 8+5760/T) • (l -x(9)) "2 

X Y l Y 2 
sic sic Al 

l.O OOO OE - 03 l.OOOOOt-36 9 . 98670t-Ol 
2.0lOOOt-Ol l .l3720t-Ol 8 . 83630E-Ol 
4.0lOOOt-Ol 3 . l3720t-Ol 8 . 83630t-Ol 
6.0lOOOt-Ol 5.l3720t-Ol 8.83630E-0l 
8.0lOOOt-01 7 . l3720t-Ol 8.83630E - 0l 
l.OOlOOt+OO 9 . l372 0t-Ol 8.83630E-Ol 
l.20l00E+OO l.ll370E+OO 8.83630E-Ol 
l.40100E+OO l.31370E+OO 8 . 83630E-Ol 
l.60100E+OO l.51370E+OO 8.83630E-Ol 
l . 80100t+OO l . 71370E+OO 8.83630E - Ol 
2.00lOOt+OO l.91370t+OO 8.83630E-Ol 
2.20100E+OO 2.ll370t+OO 8.83630E-Ol 

X 
Sic 

l.OOOOOE-03 
2.0lOOOE-01 
4.0lOOOt-Ol 
6.0lOOOE-Ol 
8 . 0lOOOE-Ol 
l.O OlOOE+OO 
l . 20100t+OO 
l . 40lOOE+OO 
l . 60lOOE+OO 
l.80100E+OO 
2.00lOOE+OO 
2.20100E+OO 

y l 
>J. 

9.99000t+Ol 
9.lOlOOE+Ol 
9.lOlOOE+Ol 
9 . lOlOOE+Ol 
9.lOlOOE+Ol 
9.lOlOOt+Ol 
9.lOlOOt+Ol 
9.lOlOOt+Ol 
9.lOlOOt+Ol 
9 . lOlOOt+Ol 
9 . lOlOOt+Ol 
9.lOlOOt+Ol 

y 2 
Si 

l.OOOOOt-01 
8.98900t+OO 
8 . 98900E+OO 
8 . 98900t+OO 
8.98900t+OO 
8 . 98900E+OO 
8 . 98900t+OO 
8.98900t+OO 
8 . 98900t+OO 
8. 98900E+OO 
8.98900t+OO 
8 . 98900t+OO 

0.000 bar 

Input Step 
mol mol 

0.000 0 . 000 
0.000 0.000 
0.000 0.000 
1.000 0 .000 

l. OOOOE-10 0 .000 
0.000 0 .000 
0.000 0 .coo 
1.000 0 .000 
0.000 0 .coo 
0 .001 0 .2 00 
0.000 0 . 000 
0 .coo 0. 00 0 
0.000 0 .c oo 

Y 3 Y 4 
S1 Al4C3 

l . OOOOOt-03 3 . 33330t-04 
8 .72770E-02 2.90920£-02 
8.72770£-02 2 . 90920£-02 
8 . 72770£-02 2.90920t-02 
8 .72770£-02 2.90920t-02 
8.72770£-02 2.90920E - 02 
8.72770£-02 2.90920E-02 
8 . 72770£-02 2.90920t-02 
8. 7277 0£-02 2 . 90920t-02 
8 .72770 t-02 2.90920t-02 
8.72770t-02 2 . 90920t-02 
8 . 72770 E- 02 2.90920t-02 
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Act1 v1ty 
coef! icie nt. 

1.000 
1.000 
1 .000 
1. 000 
1.000 
1.000 
1. 00 0 
1 .000 

r 
l . coo 
l .c oo 
l .000 
1.000 



Input data ••ved aa: a: \ als1c.IGI 

t!!ect o! S1C/Al ratio 
Tttzr;>erature : 900 . 000 C, Ste p • 
Pre••ure: 1.000 bar , Step• 
Number o! Step•: 10 

0.000 C 
0.000 bar 

1 
2 
3 

' 5 
6 
7 
8 
9 

Pha.ae Specie 

l Al (9) 
1 Al2 (9) 
1 Ale (9 ) 
l Ar (9 ) 
l N2 (9) 
l S1 (9) 
l S 1 C( 9) 
2 Al 
2 Si 

10 3 
11 3 
12 4 
13 4 

Sic 
Si3N4 
Al4C3 
AlN 

Tttzr;> 
C 

25.000 
25.000 
25.000 

Inpu t 
mol 

0.000 
0.000 
0 . 000 

25.000 1.000 
25.000 l.OOOO t -10 
25.000 
25.000 
25.000 
25.000 
25.000 
25.000 
25 . 000 
25.000 

0 . 000 
0 .0 00 
1 . 000 
0.000 
0.001 
0.000 
0.000 
0.000 

9 ( - 4. 048+5760 / T) • (l-x(9)) "2 

X T l 
S1C Al 

l . OOOOOt-03 9 . 98670£-01 
l.OlOOOE-01 8.65330t-Ol 
2 . 0lOOOE-01 8 . 54890t-0l 
3.01000[-0l 8 . 54890[-0l 
4.01000[ -0l 8.54890£-01 
5.0lOOOt-01 8.54890£-01 
6.0lOOOE-01 8 . 54890[-0l 
7 . 0lOOOE-01 8 . 54890£-01 
8 . 01000[ -0l 8 . 54890[-0l 
9 . 01000[-0l 8 . 54890[-01 

! 2 T 3 
S1C Si 

l.OOOOOt-36 l.OOOOOt-03 
l . OOOOOE-36 l . OlOOOt-01 
9 . 21690£- 02 1 . 08830[-0l 
1.92170£- 01 l.08 830£ -01 
2 . 92170£ - 01 l . 08830E-Ol 
3.92170[-01 1 . 08830£-01 
4 . 92170[-01 1 . 08830[ - 0l 
5 . 92170£-01 l.08 830E- Ol 
6.92170[-01 1 .0 8830[-01 
7.92170£-01 l .0 8830t-Ol 

Step 
mol 

0 . 0 00 
0 .0 00 
0 .000 
0.000 
0.00 0 
o .coo 
0 . 0 00 
0.000 
0.000 
0 .1 00 
0 .000 
0 . 000 
0.000 

y 4 
Al4C3 

3 . 33330[-04 
3 . 36670[-02 
3 . 62770[ - 02 
3 . 62770[-02 
3. 62 770[-02 
3. 62770[-02 
3. 62770[-02 
3. 62 770£-02 
3 . 627 70[-02 
3 . 62770t-02 

Act1v1ty 
coe!!1c1ent 

1.000 
1.000 
1.000 
1.000 
1 . 000 
1.000 
1 .000 
1.000 

( 

1. 000 
1. 000 
1. 000 
1. 00 0 

1 7 9 

" 



Input d.at..a ••ved aa : a:\ala1c . IGI 

E!!ect o! SiC/A.l ratio 
T~erature : SI00.000 c, 
Pr•••ure: Step • 

Number o! Steps : 10 

l A.l (9) 
l A.l2 (9) 
1 A.le ( 9 ) 

1.000 bar, Step • 

Te111> 
C 

25.000 
25 . 000 
25.000 
25.000 

0 . 000 C 
0 .000 b•r 

Input 
mol 

0.000 
0.000 
0 . 000 
l . 000 

Step 
l 
2 
3 
4 
5 
6 
7 
8 
g 

l Ar(9) 
l N2 (9) 
l Si (9) 
l SiC(9) 
2 A.l 

25 . 000 l . OOOOE-10 

mol 
0.000 
0 . 000 
0 . 000 
0 . 000 
0 . 000 
0 . 000 
0 . 000 
0 . 000 
0 . 000 
0.015 
0.000 
0 . 000 
0 . 000 

2 Si 
10 3 
11 3 
12 4 
13 4 

Sic 
Si3N4 
A.l4CJ 
A.lN 

25.000 
25.000 
25 . 000 
25 . 000 
25.000 
25.000 
25 . 000 
25 . 000 

9 (-4 . 048+5760/T) • (l-x(9)) A2 

X 
Sic 

l.OOOOOE-03 
l.60000E-02 
3.lOOOOE-02 
4.60000t-02 
6 . lOOOOE-02 
7 . 60000t-02 
9 . lOOOOE-02 
l . 06000t-Ol 
l.21000E-Ol 
l . 36000E-Ol 

y l 
A.l 

9 . 98670E-Ol 
9.78670t-Ol 
9.S8670t-Ol 
9 . J8670t-Ol 
9.l8670t-Ol 
8 . 98670t-Ol 
8.78670t-Ol 
8.58670t-Ol 
8 . 54890E-Ol 
8 . 54890t-Ol 

y 2 
Si 

l . OOOOOE-03 
l . 60000E-02 
3.lOOOOE-02 
4.60000E-02 
6 . lOOOOE-02 
7.60000t-02 
Sl . lOOOOt-02 
l . 06000t-Ol 
l.08830E - 01 
l.08830E-Ol 

0 . 000 
0.000 
1.000 
0 . 000 
0.001 
0.000 
0.000 
0 . 000 

y 3 
A.l 4C3 

3 . 333301:-04 
5.33330t-03 
l.03330E-02 
l . SJJJOE-02 
2 . 03330E-02 
2 . 533JOE-02 
3 . 033JOE-02 
3.533JOE-02 
3 . 62770E-02 
3 . 62770E-02 

y 4 
S1C 

l.OOOOOE-36 
l.OOOOOE-36 
1 . oooooE-36 
l.OOOOOE-36 
l.OOOOOE-36 
l . OOOOOE-36 
l.OOOOOE-36 
l.OOOOOE-36 
l.216SIOE-02 
2 . 7l 6SIOE-02 

.\ct1v1ty 
coet'"!' i cient 

1 . 000 
1. 000 
1 . 00 0 
1.000 
1 .000 
l . 000 
l .000 
1 .0 0 0 

! 
1 .000 
l .000 
l . 000 
1. 0 0 0 

1 8 0 

e 



Input d.ata saved aa: a:\al•ic. IGI 

I:rrect or SiC/A.l ratio 
Ttu1'1perature: 1000 C, Step -Pres•ure : 1.000 bar, Step -Number or Steps: 10 

Phase Specie Temp 
C 

l l A.l (9) 25 . 000 
2 l A.12 (9) 25.000 
3 l A.le C9J 25.000 
4 l >..r (9) 25.000 
5 l N2 (9) 25.000 
6 l Si (9) 25.000 
7 l SiC (9) 25.000 
8 2 A.l 25.000 
9 2 Si 2 5 . 000 

10 3 SiC 2 5. 000 
11 3 Si3N4 25.000 
12 4 AHC3 25 . 00 0 
13 A.lN 25.000 

9 (-4 .048+5760/T) • (l-x(9)) "2 

X r l 
SiC Al 

1 . 00 000 £- 03 9.98670£- 0 1 
2 . 10000£-02 9. 72000 £- 01 
4 . 10000 £- 02 9.,5330£- 0 1 
6.10000£-02 9 .1 8670£- 0 1 
8 . 10000£-02 8 .9 2000£-01 
l.OlOOOt-01 8 . 65330£-01 
1.21000£-01 8.38670£-01 
l.41000£ - 01 8.31160£-01 
1.61000£-01 8.31160£- 0 l 
1 . 81000£-01 8 . 31160£-01 

'[ 2 
Si 

1.00000£-03 
2.10000£-02 
4.10000£-02 
6 . lOOOOt-02 
8 . 10000£-02 
l. OlOOOt-01 
l.21000t-Ol 
1.26630£-01 
1 . 26630£-01 
1.26630£-01 

0.000 C 
0.000 bar 

Input Step Activity 
rnol rnol coe!!ic1ent 

0. 00 0 0.000 
0.000 0.000 
0.000 0.000 
1.000 0.000 

l. 0000£-10 0 .000 
0 .00 0 0 .00 0 
0 . 000 0. 00 0 
1.000 0.000 
0.000 0.000 
0.001 0 .020 
0.000 0.000 
0.000 0.000 
0 . 000 0 . 000 

'l 3 Y 4 
Sic A.l4C3 

l . OOOOOt-36 3.33330£-0 4 
1 . 00000£-36 7 . 00000t - 03 
l . OOOOOt-36 1 .3 6670£-02 
1.00000£-36 2 . 03 330£-02 
l.OOOOOt-36 2.70000£-02 
1.00000£-36 3.36670£-02 
l.OOOOOt-36 4.03330£-02 
1.43690£-02 4.22100£-02 
3 . 43690£- 0 2 4 . 22100£ - 02 
5 . 43690£-02 4 .2 2100£-02 

l.000 
1 . 000 
1.000 
l .000 
1 . 000 
l.000 
1 .000 
l .000 

! 
1.000 
1. 000 
l.000 
1.000 
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Input data saved a•: a :\alsic. IGI 

E!!ect o! SiC/A.l rat i o 
Temperature : 1000 C , Step - 0.000 C 
Pressure: 1. 000 bar , Step = 0.000 bar 
Number o! Steps : 10 

Phase Specie Ten;, Ir.put Step Activ1ty 
C mol mol coef! i cient. 

l l >-1 (g) 25.000 0 . 0 00 0 .000 1. 00 0 
2 l >-12 (g) 25.000 0 .OD O 0 .000 1. 00 0 
3 l >.l.C(g) 25.000 0 .000 0 . 000 1. 000 

' l l<r(9) 25.000 l.000 D. OD O 1 .000 
5 l N2 (9) 25.000 l . DDDD E-10 0 . OD O 1 .000 
6 l Si (g) 25 .00 0 0.00 0 0 .DO D 1.000 
7 l SiC( g) 25.000 0.00 0 0 .OD O 1 .000 
8 2 >-1 25 . 000 l . 000 0 .000 1. 000 
9 2 Si 25.000 0.000 0 .000 ! 

10 3 SiC 25.000 0.001 D. :oo l . COO 
11 3 Si3N4 25 . 000 0. 0 00 0. 00 0 l . 000 
12 4 AHC3 25.000 0.000 0. 0 00 l .000 
13 4 >.l.N 25.000 0.000 0.000 1 . 000 

9 (-4.048+5760 / T)•(l-x(9))"2 

X '( l '( 2 '( 3 '( 4 
SiC Al SiC Si >-1,c3 

l.OOODOE-03 9 . 986 70 E-Ol l .OOOOOE-36 l. OOOOO E-0 3 3 . 33330E -0 4 
l . OlOOOE-01 8.6533 0 E- Ol l.OOOOOE-36 l . OlOOO E- 0 1 3 . 3667 0 E- 0 2 
2.0lOOOE-01 8 . 31160E- 0 1 7.43690E-02 l.2663 0 E- 0 1 .2 2100E-02 
3.0lOOOE-01 8 .3ll60E- Ol l.74370E- Ol l.26630E- Ol 4 .221 0 0E-02 
4.0lOOOE - 01 8. 31160E - Ol 2. 74370E- Ol l . 26630E- Ol 4 .22100E-02 
5.0lOOOE- 01 8. 31160 1: - 0 1 3. 74370E-Ol l.26630 E - Ol ' . 22lDOE-02 
6 . 0lOOOE-01 8.31 1601: - 01 4 . 74370E- 0 1 l.2663 01:- 01 4 .22100E-02 
7.0lOOOE-01 8.311601:-01 S. 743701:-01 l.2663 01:-01 4 . 221001:-02 " 8.010001:- 01 8.31 1601:- 01 6 . 743701:-01 1.266301:-01 , . 221001:-02 
9 .01000 1:-01 8.311601: - 01 7. 743701:-01 l . 266301:- 0 1 4. 221001:- 0 2 

., 



Input data saved a•: a: \a ls1c.iQi 

E!!ect o! te.n;>eratur• 
Tamp•rature : 700.000 C, Step a 

Pressure: 1.000 bar, Step a 

NUJT\ber o! Steps : 10 

Phase Spec::.. e Te.:,-;, 
C 

l l Al (9) 25 . 000 

2 l Al2 (9) 25 . 000 

3 l AlC (9) 2 5 .000 

4 l Ar (Q) 25.000 

5 1 N2 ( Q) 2 5. 000 

6 1 Si (9) 2 5 .000 

7 l SiC (9) 2 5 . 000 

8 2 Al 25.000 

9 2 Si 25 . 000 

10 3 S1C 25 . 0 00 

11 3 S13N4 25 .000 

12 4 AJ.,c3 25.000 

13 4 AlN 25.000 

9 (-4. 048+5760/T )• (l-x(9))"2 

X 
Temperature 
9.73150E+ 02 
l.02315E+03 
1.07315£+03 
1 . 12315£+ 0 3 
l . 17315E+ 0 3 
1. 22315E+03 
l.27315E+03 
l . 32315[+ 0 3 
1 . 37315£+03 
l .42 315E+03 

y 1 
S iC 

9.36770E - 0 1 
9 .2 46 00£- 01 
9 .12720E- 0 1 
9 .0 l51 0E- Ol 
8.91170E-01 
8 . 81790 E-Ol 
8. 7 3370£- 01 
8 .65 65 0 £- 0 1 
8 . 59160£- 01 
8 .53210£- 01 

X Y l 
T~erature Al 
9 . 73150£+02 9.35,00E+Ol 
1.02315[+03 9 . 22700£+01 
1 . 07315£+03 9 .lOlOOE+Ol 
l . 12315£+03 8 . 98200E+Ol 
1 . 17315£+03 8 . 87100E+Ol 
1 . 22315[+03 8 .7 6900[+01 
1.27315£+03 8 . 67800E+Ol 
1.32315£+03 8 . 59600E+Ol 
1.37315£+03 8 . 52200£+01 
1 .4 2315£+03 8.45700[+01 

'[ 2 
Al 

9.15690£-01 
8.99460£-01 
8 . 83630£- 0 1 
8 .68680E- 01 
8 . 54890£- 0 1 
8 . 42390£- 01 
8 . 31160E-01 
8.21HOE- 0 1 
8. 12220£-01 
8 .042 8 0 E- 01 

'[ 2 
Si 

6 . 45900[+00 
7 .7 3500£+ 00 
8 . 98900[+ 00 
l.01800E+Ol 
l . 12900E+Ol 
1 . 23100[+01 
1 .32200[+01 
l.40400E+Ol 
l. 47800[+01 
1.54300[+01 

50.000 C 
0 .00 0 bar 

Input 
mol 

0.000 
0 .000 
0 . 000 
1 .00 0 

l.OOO OE-10 
0 .00 0 
0.000 
1.000 
0.000 
1 . 000 
0.000 
0. 000 
0.000 

y 3 
Si 

6 .32300£- 02 
7.54030£-02 
8 . 72770£- 0 2 
9.84910£-02 
l .0883 0E-O l 
l. 18210E-01 
l . 26630£-01 
1. 34150E-Ol 
l.40840[-0l 
1. '6790£- 0 1 

Step Activity 
rnol co•!!ic1ent 

0 .000 
0 . 00 0 
0 .000 
0 .00 0 
0.000 
0.000 
0 .000 
0.000 
0 . 000 
0.000 
0 .000 
0.000 
0.0 00 

y 4 
Al4C3 

2.10770£-02 
2.51340£-02 
2.90920£-02 
3 . 28300£-02 
3.62770£- 0 2 
3 .94030£- 0 2 
4.22100£-02 
4. 47150£-02 
4.69450E-02 
4.89300£-02 

1 . 000 
1.000 
1.000 
1 .000 
1.000 
1 .000 
1 .000 
1.000 

! 
1.000 
1 .000 
1.000 
1 .000 
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184 

Input ruata saved aa : a: \ alsic.IGI 

E!!ect or ta.mperatur• 
Tamperature : 1150 .000 C , Step 2 50.000 C 
Pressure : 1.000 bar, Step m 0 .00 0 bar 
Number or Steps: 8 

Phase Specie T~ Input Step Acti vi t y 
C mol mol coef!1c1ent. 

l l Al (Q) 25.000 0. 00 0 0.000 1 . 000 
2 l >.12 (g) 25.000 0.000 0.000 1 .00 0 
3 l Ale (Ql 25.000 0. 00 0 0.000 l .000 
4 l A.r(Q) 25. 00 0 1.000 0. 00 0 l .000 
5 l N2 (Q) 25 .000 l. OOOO E-10 0 .00 0 l. 000 
6 l Si (9) 25 .0 00 0.000 0 . 00 0 l .000 
7 l SiC ( Q ) 25. 000 0 .00 0 0 .00 0 l .000 
8 2 Al 25 .00 0 1 .000 0 .000 1. 000 
9 2 Si 25.000 0. 000 0 .000 l .000 

10 3 sic 25.000 1 .00 0 0. 00 0 l .000 
11 3 Si3N4 2 5 .000 0 .000 0. 000 l .000 
12 4 Al<C3 2 5 .000 0 . 00 0 0. 00 0 l .000 
13 4 AlN 2 5 . 000 0 .000 0.000 .000 

X y l y 2 y 3 y 4 
TtuT'lperature Sic Al s1 Al4C3 
l.42315E+03 8. 5326 0 E- Ol 8 . oo,oE-Ol l. 467(0E- Ol 4 . 89130E - 0 2 
l . 4731SE+03 8 . 58820E- Ol 8 .ll 7 50E- 0 l l . 411 BOE- 0 1 4. 70590E- 0 2 
l.5231SE+03 8 . 63940E- Ol 8.l856 0 E- Ol l.3606 0 E- Ol 4.535< 0 E- 02 
l.57315E+03 8.6866 0 E- Ol 8.2483 0 E- 0 l l . 31340E- Ol 4.3781 0 E- 0 2 
l .62315E+03 8.73020E-Ol 8 . 30600E- Ol l .2 6980E-Ol 4 . 23270 E- 0 2 
l.67315E+03 8. 77 060E- Ol 8 .35900E-Ol l.22940E- Ol 4. 0 9780E- 02 
l . 72315E+03 8.73010E- Ol 8 . 30330E- Ol l.26990E- Ol 4.233! 0 E- 0 2 
l.77315E+03 8 . 66660E - Ol 8 .2 1600 E- Ol l.3333 0 E-Ol 4. '445 0 E- 0 2 

X y l y 2 
Te.:rperature Al 51 
l. 42315E+03 8.45700E+Ol l. S4300E+ Ol 
l. 47315E+03 8 . 51800E+Ol l . 48200E+Ol 
l.52315E+03 8 . S7500E+Ol l . 42SOOE+Ol 
l . 57315E+03 8.62600E+Ol l.37400E+ Ol 
l.62315E+03 8.67400E+Ol l .32600 E+Ol 
l.67315E+03 8. 71800 E+Ol l.28200E+Ol 
l. 7231SE+03 8 . 67300E+Ol l.32700E+Ol 
l.77315E+03 8.60400E+Ol l.39600E+Ol 



Input data aaved a• : a :\als1c . IGI 

E1'1'ect 01' Si 
TttJ'l'q:'1•rature: 800 C, st"P -
Pressure: . 000 b.a.r, Step -
Number 01' Step• : 10 

Phase Sp•cie T~ 
C 

l l "-1 (9) 2 5 . 00 0 
2 l "-12 (9) 2 5 . 00 0 

3 l "-le (9) 25 .000 
4 l Ar (9) 25 . 0 00 

5 l N2 (9) 25 . 000 
6 l Si (9) 25 . 000 
7 l SiC(9) 25 .00 0 
8 2 "-1 25 . 0 00 
9 2 S1 25 . 0 00 

10 3 SiC 25 . 0 00 
11 3 Si3N4 25 .00 0 
12 4 "-l 4C3 25 . 00 0 
13 4 "-lN 2 5 . 00 0 

9 (-4 .0 48•5760 / T) • (l - x ( 9)) ' 2 

X 
S1 

1.00000[-04 
2 . 010001:-02 
4.01000[ - 02 
6 . 01000[-02 
8.01000[-02 
1 . 00100[-01 
1 . 201001:-01 
1.40100[-01 
1.60100[ -01 
1.80100[ -0l 

y l 
"-1 

8 . 83 7 50[ -0 1 
9 . 07310[- 0 1 
9 . 30880E- 0 1 
9 . 54'40E- 0 1 
9. 7 800CE- Ol 
1 .0 0 00 0[+00 
1 . 000 0 0[+00 
l . OOOOOI:• 0 0 
l.OOOOOE+ OO 
1.000001:+ 0 0 

y 2 
S1C 

l . 12810E- Ol 
l. 30480E- 0 1 
l . 4816 0 1:- 0 1 
l . 6583 0 E- 0 l 
l . 83500E- 0 1 
2 .0000 0 1:- 0 1 
2.00 0 001:- 0 1 
2.00000E- 0 1 
2.00000E-01 
2 . 00000E -01 

0 . 000 C 
0 . 000 bar 

Input 
mo l 

0 . 000 
0.0 0 0 
0. 0 00 
1 . 000 

1 .0000[-10 
0 . 000 
0 000 
1.000 

.000 0[-04 
0.200 
0 .00 0 
0 .000 
0 .00 0 

y 3 
Si 

8. 7289 0 1:- 0 2 
8.96160[- 0 2 
9 . 194 rni:- 0 2 
9. 42710[- 0 2 
9 . 65980[-02 
l . OOlOOE-01 
l . 20100[-0l 
l.40100E-01 
1 . 60100[-0l 
l.80100E-Ol 

st .. p Activity 
rnol c o e!!ic1e n t. 

0 . 000 
0 . 000 
0 .0 00 
0. 000 
0 . 000 
0 . 000 
0 . 0 00 
0.0 0 0 
0 .02 0 
0 . 000 
0 . 000 
0 . 00 0 
0 .00 0 

y 4 
"-l 4C3 

2.9063 0[-02 
2. 31 72 OE- 0 2 
l . 72810[- 0 2 
l . 13900[- 0 2 
5 . 4995 0[-03 
5.8909 0[- 0 9 
3 . 22840[-10 
1 . 48720[-10 
9. 05570[-ll 
6 . 23260[-ll 

1 . 000 
1 .000 
1 .000 
1. 0 00 
1 . 000 
1 . 0 0 0 

.000 
l . 00 0 

1' 
l .0 00 

. 000 

.000 
l .000 
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Input data sav•d aa: a:\alsic.IGI 

1:rrect or Si 
T~•rature: 900 C, Step • 
Praaaure : 1.000 bar, Step - 0 . 000 C 

0.000 bar 

Number or Stepa: 10 

Ph••• Specie Temp 
C 

Input Step Acti vity 
mol rnol coe!!ic:.ent 

l l Al (g) 25 .000 
2 l Al2(g) 25.000 
3 l Ale 19 > 25.000 

' l >..r (g) 25. 000 

o.oco 0.000 l.000 
0 .000 0.000 1 .000 
0. 000 0.000 l.000 

.000 0. 000 1.000 

5 l N2(g) 25. 000 l .0000 £-10 0. 000 l .000 

6 l Si (g) 25. 000 
7 l SiC(g) 25. 000 
8 2 Al 25 .000 

0 . 000 0. 000 l .000 
0.000 0 .000 l .000 
1.000 0. 000 l .000 

9 2 Si 25. 000 1.0000£-04 0. 020 r 

10 3 SiC 2 5 . 000 0.200 0 .000 l .000 

11 3 Si3N4 25 . 000 0 .0D 0 0.0 0 0 l .000 

12 ' Al4C3 25 .000 O.DDO 0.0 D0 l .000 

13 ' UN 2 5 .000 0.00D 0 000 l .oco 

9 (-4 .0 48+5760 / T) • (l-x(9)) '2 

X y l y 2 Y 3 Y 4 

Si .u sic Si Al4C3 
l.OOOOOE-04 8 .55010£- 0 1 9. 1254 0 £- 02 .08850£- 0 1 3.624901:-02 
2 . 0lOOOE-02 8.77800£- 0 1 l .08350£-01 1 .1 1750£-01 3. 05 4901:- 0 2 
4 . 0lOOOE-02 9.00600£- 0 l l .25450£-01 l .1 46501:- 01 2 .4 8500£-02 
6 . 0lOOOE-02 9 . 23rnOE-01 1. 42550£-01 l .17550£- ') l .9 15101:-02 
8 . 0lOOOE-02 9 .46190 £- 0 1 1.59650£-01 .2D4501:-01 . 34510£-02 
1.001001:-01 9 .68990!:- 0l 1.76740£-01 l .2336D E- 01 7 . 75210£-03 
l.20100E-Ol 9.91790£-01 1 .9 3840£-01 l . 26260£-01 2.05290£-03 
1.40100£-01 l.00000£+ 0 0 2.00000E-01 l .40100£-01 6. 94070£-10 
l.60100E-Ol l.00000£+00 2.00000£-01 l .60100£-01 2. 41700£.-10 
l.80100£-01 l .00000£+ 0 0 2.00000£-01 l.8D1D0£-01 l .35060£-10 

., 



Input data saved as: a: \ als1c.IGI 

[!feet ot Si 
Tfill'T'i)erature: 
Pressure: 

1000 C, Step • 
1.000 bar, Step• 

0 . 000 C 
0 .0 00 bar 

Number ot Steps: 10 

1 
2 
3 

5 
6 
7 
8 
9 

10 
11 
12 

Phase Specie 

1 Al (g) 
l A.12(9) 
1 A.le Cg) 
1 Ar(g) 
1 N2 (g) 

1 Si (g) 

1 Sic (9) 
2 Al 
2 Si 
3 SiC 
3 Si3N4 
4 A.l4C3 

13 4 A.lN 

Tamp 
C 

25.000 
25 . 000 
25 . 000 
25.000 

Input 
rnol 

0 .00 0 
0.000 
0.000 
1 .00 0 

25.000 1 .0 00 0 E-1 0 
25.000 0 .00 0 
25.000 0 .000 
25 . 000 1.000 
2 5 .000 1.0000E-04 
25.000 0 .20 0 
25.000 
25 .00 0 
25.000 

0.0 0 0 
0 . 000 
0.000 

9 (-4. 048+5760/T)•(l-x(S)).2 

X 
Si 

1 . 00000[-04 
2.010001:-02 
4 . 01000[-02 
6.010001:-02 
8 .0 1000[ - 02 
1.001001:-01 
1.20100[-0l 
1.40100[-0l 
1.60100[-0l 
1.80100[-01 

'[ 1 
Al 

8.312 70 [ -0 l 
8.53430[-0l 
8 . 75600[- 0 l 
8.97760[-01 
9 .199 3 0[- 01 
9 . 42090[-01 
9.64260[- 0l 
9 . 86420[- 0 1 
l.OOOOOt+OO 
1.00000[+00 

'[ 2 
S1C 

7.34530[-02 
9.007601:-02 
1.067001:-01 
1.23320[-01 
1.399501:-01 
1.565701:-01 
1 . 73190[-01 
1.898101:-01 
2.00000t-01 
2.000001:-01 

'[ 3 
Si 

1 . 26650[ - 0l 
1.30020E-01 
1 . 33400[-01 
1.367801:-01 
1 . 401501: - 01 
1 . 43530[-01 
1.46910[-0l 
1. 502901:-01 
1.60100E-Ol 
1.80100t-01 

Step 
rnol 

0.000 
0.000 
0 .00 0 
0 .000 
0.000 
0.000 
0.000 
0.000 
0.020 
0 .00 0 
0. 00 0 
0.0 0 0 
0.000 

'[ ' 
A.l4C3 

4.218201:-02 
3 . 66410[-02 
3 .110001:-02 
2.55590[-02 
2.00180[-02 
1. 44 770[-02 
8 . 93610[-03 
3 .39500[-03 
1.31920[-09 
3.283201:-10 

Activity 
coef!1c1ent 

1.000 
1.000 
1.000 
1.000 
1.000 
1 .00 0 
1.000 
1 . 000 

r 
1.000 
1.000 

.000 
1 .000 

187 

., 



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

[!!act o! c~rbon 
T~eratura: 1100 .00 0 C, Step -Pressure: l . 000 bar, Step -
Number o! Steps: 10 

Ph,a,se Specie Tan.> 
C 

l l Al (g) 25 .000 
2 l A.12 (g) 25 .000 
3 l A.lC(g) 2 5. 000 
4 l Ar(9) 25.000 
5 1 N2 (g) 25 .000 
6 1 Si (g) 25. 000 
7 1 SiC (9) 25 .000 
8 2 A.l 25. 000 
9 2 Si 25 . 000 

10 3 SiC 25 . 000 
ll J Si3N4 25.000 
12 4 JU 4C3 25.000 
13 4 JUN 25 . 00 0 
14 5 C 25 .000 

9 (- 4 .0 48•5760/ T) • (l-x(9)) •2 

X 
C 

1 . 0000 0[-04 
4.01000[-02 
8 .01000[-02 
1.20100[-01 
l.60100[-0l 
2.00100[- 0 1 
2.40100[- 0 l 
2.801DDE-Dl 
3 .2 0100[-0l 
3.60100[- 0 l 

y l 
JU 

7.00000[- 0 l 
7.00000[-0l 
7 .00000[-0l 
7.00000[-01 
7.00000[-01 
6 .7 6740[- 0 l 
6 . 33420[-0l 
5.90100[-0l 
5 .46,80[- 0 l 
5. 03 47 0[- 0 l 

y 2 
Si 

2.99900[-0l 
2.59900[-0l 
2.19900[-0l 
l .7 9900[- 0 l 
l.39900[- 0 l 
l. l 7 340[-0l 
l.09830[-0l 
l.02320[-0l 
9.48110[- 02 
8.73000[-02 

X Y l Y 2 
C A.l Si 

l.00000[-04 7.00100[+01 2.99900[+01 
4.01000[-02 7 .29200[+01 2.70800[+01 
8.01000[-02 7.61000[+01 2.39000[+01 
l .20100[-01 7.95500[+01 2.04500[+01 
1 .60100[-0l 8 .33400[+01 l.66600[+01 
2.00100[ - 0 1 8 .52200[+01 l.47800[+01 
2.40100[-01 8.52200[+01 l.47800[+01 
2 . 80100[-0l 8 . 52200[+01 l.47800[•01 
3 .20100[- 0 1 8 . 52200[+ 01 1.47800[+01 
3.60100[-01 8.52200[+01 l.47800[+01 

0.000 
0.000 

Input 
mol 

0.000 
0.000 
0.000 
1 .00 0 

1. 0 000[-10 
0 .000 
0 .000 
0. 700 
0 . 300 
0 .000 
0. 000 
0 .000 
0.000 

.0000[-04 

y 3 
SiC 

l.00000 £- 04 
4.01000£-02 
8.01000[- 0 2 
l.20100[-01 
l.60100£-01 
l.82660£-01 
l . 90170[-0l 
l.97680£-01 
2.05190£-01 
2.12700[-0l 

C 
bar 

Step Activity 
mol coe!!ic1ent 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
D.000 
0.000 
0.000 
0 .000 
0.000 
0.000 
0.000 
0.040 

T 4 
A.14C3 

. 28230 £-11 
2. 092801:-ll 
3. 807601:-ll 
8.50880[-ll 
3.67500[-10 
5. 814901:-03 
l.664501:-02 
2. 747401:-02 
3.83040[-02 
4.91330[-02 

1.000 
1 .000 
l.000 
1.000 
1.000 
1 .000 
1 .000 
1 .000 

r 
.000 
.000 
.coo 

l .000 
.DOD 

, 
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Input dat.a saved as : a :\ alsi c.I GI 

Effect o f carbon 
Tamperature : 1100 . 0 00 C , Step 2 

Pressure: . 0 00 bar, Step -
Number o( Steps: 1 0 

Phas• Specie T~ 
C 

1 Al (9) 25 . 0 0 0 
2 l A12 (9) 25 . 00 0 
3 1 A1C (9) 2 5 00 0 
4 l /u (9) 2 5 . oco 
5 N2 (9) 2 5 000 
6 Sl (9) 2 5 . 000 
7 sic(<,) 25 . 000 
8 2 Al 25 . 00 0 
9 2 Sl 25 .000 

10 3 SiC 25 . ODO 
ll 3 S1 3N4 2 5 .000 
12 4 Al 4C3 2 5 . 0 00 
13 4 AlN 2 5 . 000 
14 5 C 2 5 . 000 

9 ( - 4 .0 (8+5760/ :-) • (l- x ( 9)) - 2 

X 
C 

l .D000 0E-04 
8 .0 l 000 E- 02 
1 . 6 0 1 0 0[- 0l 
2 . 401 00 [- 0 1 
3 . 20100[- 01 
4 . 00l00 E- 0 1 
4 . 80100[-01 
5 . 60100[-01 
6 . 40100[-01 
7 . 201 0 0[- 0 l 

X 
C 

l.0O000E-04 
8 .01 0 00[- 02 
1.60100[-01 
2.40100[-01 
3.20100[-0l 
4.00100[-0l 
4 . 80100[-01 
5 .60100[-01 
6 . 40100[-0l 
7 . 20100[- 0l 

y 1 
Ju 

6 . 0000C E- 0 1 
6. 0 0 000 E- 0 1 
6 .0000 0 E- 0 1 
6 . 0 000 OE- 0 1 
5. 73860 [ - 0 l 

. 87220 [ - 0 1 
4 .0 058 DE- 0 1 
3 . 13950[- 0 1 
2.27310[- 0 1 
1 . 4067 0 [ - 0 1 

y 1 
Al 

6 . 00l00E• Cl 
6 . 52200[+ 0 1 
7. lH00E•0l 
7.89600[+01 
8 . 52200[+01 
8. 52200[+01 
8. 52200[+01 
8. 52200[+01 
8 .52200[+ 01 
8.52 200[•01 

y 2 
S1 

3 . 999 D0 E- Cl 
3 . 19900[- 0 l 
2 .39900[ - 0 l 
1.59900[- 0 1 
9 . 95060[- 0 2 
8 . H830E- 0 2 
6. 94600[- 0 2 
5 . 44380[- 0 2 
3 . 94150[- 0 2 
2 . 43930[- 0 2 

y 2 
Sl 

3 . 99900[+ 01 
3.47800E•0l 
2.85600[+01 
2.10400[+01 
l .47 800E+ 0l 
l. 47800[+01 
1 .47 800[+ 0 1 
1. 47800[+01 
l . 47800E+0l 
1 . 47800[+01 

189 

0 . 000 C 
0 . 000 bar 

Input Step Acti v it y 
mol mo l c o e!! 1 c1er, t 

0 .00 0 0 . 000 .000 
0 .00 0 0 . 00 0 .000 
0 . 0 00 0 . 00 0 l .000 
l .00 0 0 . 00 0 1 .0 0 0 

.0 0 00 E-10 0. oco l . 000 
0 . 0 0 0 0 . 000 l .000 
0 .00 0 0 . 000 .00 0 
0. 60 0 0 . 00 0 .000 
0. ,oo 0 . 00 0 ! 
0 .00 0 0 . 000 . 0C0 
0 . 000 0 . cco . COO 
0 .000 0 .0 00 .000 
0 0 00 0 . 000 . OCJ 

.0 0 O0 E -0 4 0 . : s o .: co 

y 3 y 4 
S1C Al(C3 

.0O0 0 OE- 0 4 2 . 90 00[-12 
8 . 0 lO0 DE- 0 2 6 . 17390[-12 
l . 60100[- 0 l . 621'0[- ll 
2 . (0100[- 0 1 7 . 2751 0 [ -ll 
3 . 00490 [ - 0 1 6 . 5352 CE -0 3 
3 . :5520E- 0 1 2 . 81940 [ - 0 2 
3 . 30540[- 0 1 4 . 9853 0[- 0 2 
3 . 45560[- 0 1 7 . l 5130[- 0 2 
3 . 60580[- 0 1 9 . 31720[- 0 2 
3 . 75610 [ - 0 1 l . 1'830[- 0 1 

" 



Input data saved as: &:\als1c.IGI 

Ef!ect o! c~rbon 
Te.mpera.ture: 1100 .000C, Step~ 
Pressure: l.000 bar, Step m 

Nu:nber o! Steps: 10 

Phase Specie 7emp 
C 

l l Al (g) 25.000 
2 Al2 (g) 25.000 
3 l A.le (gl 25. 000 
4 l Ar(g) 25 . 000 
5 l N2(g) 25. 00 0 
6 l 51 (g) 2 5. 000 
7 l S1C(g) 25. 000 
8 2 Al 2 5 .000 
9 2 51 25 .000 

10 3 S1C 25 .000 
ll 3 S13N4 25. 00 0 
12 4 Al (C3 25. 00 0 
13 4 AlN 25. 00 0 
14 5 C 2 5 . 000 

9 ( - 4 0 48+5760 / T) • (l-x(S)) '2 

X 
C 

.OOOOO E- 04 
8 .0 lO OO E- 02 
l.60100E- Ol 
2.40100E-Ol 
3.20100[-0l 
4.00lOOE-01 
4.80100E-0l 
5.60l00E- Ol 
6 . 40100E-Ol 
7 . 20100E-Ol 

X 
C 

l .O OOOOE - 04 
8.0lOOOE-02 
l.60100E-Ol 
2.40100E-Ol 
3.20100E-Ol 
4 .00lOOE - 01 
4.80100E-Ol 
5.60100E-Ol 
6.40100E-Ol 
7 .2 0100E-Ol 

y l 
Al 

5. 00000 E- 0 1 
5 .00000 E- 0 1 
5 .00000 E- 0 1 
5 .00000E- 01 
5 .00000 E- 0 1 
5. 00000 E- 0 1 
4.27660[-0l 
3. 4l020E- Ol 
2 . S4390E- Ol 
l . 67750E-0l 

y l 
Al 

5.00000E +Ol 
5 . 43500E• Ol 
5.95300E+Ol 
6 . 58000E+Ol 
7.35400E+Ol 
8.33500E+Ol 
8 . 52200E+Ol 
8 . 52200E+Ol 
8.52200E+Ol 
8.52200E+Ol 

y 2 
51 

.9990C E- Ol 
4 .1 99 00 E- 0l 
3.39900E-Ol 
2.59900[-0l 
l.79,0 0 E- 0 1 
9.99000E-02 
7. 4l550E-02 
5.!;l320E-02 
4.UlOOE -0 2 
2.90870E-02 

y 2 
Si 

5 .00000 E+Ol 
4.56500E+Ol 
4.04700E+Ol 
3.42000E+Ol 
2.64600E+Ol 
l.66500£+01 
l . 47800E+ Ol 
l.47800£+01 
l. 47800£+01 
l .47 800£+01 

0.000 C 
0.000 bar 

Input Step Act.1v1ty 
mol rnol coe!!1c::.ent. 

0 . 000 
0.000 
0.000 
l . 000 

l .OOOOE-10 
0.000 
0.000 
0 .50 0 
0 . 500 
0. 000 
0. 000 
0. 000 
0. 000 

l. OOOO E-04 

y 3 
S1C 

l . OOOOOE-04 
8 .0lOOO E-02 
l.60100£-01 
2 . 40lOOE-Ol 
3.20100E-Ol 
4.00lOOI:-01 
4.25850£-01 
4.40870£-01 
4.55890£-01 
4.70910E-Ol 

0.000 
0 . 000 
0 .000 
0. 00 0 
0. 000 
0. 000 
0 . 00 0 
0. 000 
0. coo 
0. 000 
0.000 
0. 000 
0. 000 
0 .080 

y 4 
Al 4C3 

7. 52700£-13 
l. 35880£-12 
2.75570£-12 
6 . 71710!:-12 
2.33550E-ll 
3.68420£-10 
l . 80850!:- 02 
3. 97 HOE- 02 
6 .140 30£-02 
8 .30 620E- 0 2 

l .000 
l .000 
l .00 0 
l.000 
l . 000 
l . 000 
l. oco 
l. oco 

t 
l . 00::> 
l. 000 

.000 
l . :'.)00 
l .000 

190 

" 



InFut data saved as : a: \ als1c3 . :GI 

Effect of carbcn 
Temper.1.ture: 1200. 00 0 C , Step~ 
Pressure: 1. 00 0 bar, Step~ 
Number of Steps : 10 

Pt-. .1.se Specie 

l 1 Al (g ) 

2 1 A12 (g) 

3 1 AlC (g) 

4 1 Ju (g) 

5 1 N2 (g) 
6 l Si (g) 
7 l SiC (<;;) 

8 2 Al 
9 2 Si 

10 3 S1C 
11 3 S13N 4 
12 AUC3 
13 4 AlN 
14 5 C 

X 
C 

l . OOOO OE-04 
8. 0lOOO E- 02 
l . 60100E-01 
2.40100E - Ol 
3 .2 0100E-01 
4.00lOOE-01 
4 .BOlOOE-01 
5. 60100E - 01 
6. 40100E-01 
7 . 20100E-01 

X 
C 

l.OOOOOE-04 
8 . 0lOOOE-02 
l.60100E-Ol 
2.40100E-Ol 
3.20100E-01 
4.00lOOE-01 
4.BOlOOE-01 
5.60100E-Ol 
6 .4 0100E-Ol 
7.20100t-Ol 

'! 1 
Al 

4 . 9999 0 E- 0 1 
4. 9995 0 E-O l 
4.99990E- Ol 
4 .9 999 0 E- 0 1 
4.9999 0E- 01 
4.9999CE-01 
4. 2741C E- 01 
3.(082CE- Ol 
2.542< 0 E- 0 1 
l.67650E - 0 1 

'! l 
Al 

5.00000E+Ol 
5. 43500E+Ol 
5.95300E+Ol 
6.58000E+Ol 
7 . 35400E+Ol 
B. 33500E+Ol 
B.51800E+Ol 
8 . 51800E+Ol 
8 . 51800E+Ol 
8 .51800E+Ol 

; err;, 
C 

25. 0 00 
25. 00 0 
25. 000 
25 .0 0 0 
25 .000 
25 . 00 0 
25 .000 
2 5. 00 0 
2 5 . 000 
25 .000 
25 . 000 
25. 000 
25. 000 
25 . 000 

'! 2 
S1 

4 . 99900E-01 
4 . 19900E- Ol 
3.39900 E- 0 1 
2.5990 0 E- 01 
l.79900E- Ol 
9.99000E- 02 
7. 43340E-02 
5. 92 7 50E-02 
4. '2160E-02 
2.9157 0E- C2 

'! 2 
Si 

5. 00000 E+ Ol 
4.56500E+Ol 
4.04700E+Ol 
3 . 42000E+Ol 
2.64600E+Ol 
l.6650 0 E+Ol 
l.48200E+Ol 
l.48200E+Ol 
l.48200E+Ol 
l . 48200E+Ol 

0. 000 C 
0.000 bar 

Input Step Act1v1ty 
mol 

0.000 
0 .000 
0.000 
l . 00 0 

mol coef!1c 1ent 

.OOOC E- 10 
0.000 
0. 000 
0.500 
0.500 
0.000 
0.000 
0.000 
a .coo 

. OOO CE- 0 4 

y 3 

S:C 
l .OOOOO E- C4 
8 . 0l00 0 E- C2 
l.6010 0 E- 0 l 
2.(0lOOE- 0 1 
3.20100E- Cl 
4.00lO OE- 0 1 
4.25670E- Ol 
4.(0720E- 0 1 
4.S578 0 E- Ol 
4. 70840E-Cl 

0.0 0 0 
0 .000 
0 .000 
0 .000 
0.000 
0. 000 
0 .00 0 
0 .000 
0 . 00 0 
0 .000 
0 .OCO 
0 .O CO 
0. 000 
0 . C6 0 

'! 4 
Al<C3 

4 . 0 975 0 E-13 
8. ;.(36 0 E-13 

.SlllO E-12 
4.85120E-12 
l.88300 E-ll 
3.5820 0 E- 10 
l.81'50 E- 02 
3. 9792 0 E- 02 
6 .14390 E- 0 2 
8 .3086 0 E- 0 2 

1 .COO 
l. 000 
l .000 
l. 000 
l .000 
l. 0 00 
l. 000 
l .000 
l . CO O 

.000 

.000 

.000 
l .OCO 
l .000 
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Input data saved a•: a: \ alsic3.IGI 

Effect o! carbon 
Te.mper.a.ture: 
Pressure: 

1200.000 C, Step~ 
l.000 bar, Step~ 

0. 000 C 
0.000 bar 

Number o! Steps: 10 

l 
2 
3 
4 
5 
6 
7 
B 

Ph~s• Specie 

l A..l (9) 
l A..12 (9) 
l A..lC (9) 
l J>J: (9) 
l N2 (9) 
l Si (9) 
l S1C (9) 
2 A..l 

9 2 
10 3 
ll 3 
12 

Si 
S1C 
Si3N4 
A..1,c3 
AlN 13 4 

14 5 C 

X 
C 

l .OOOOO E- 04 
B . OlOOOE - 02 
l.60100!:-0l 
2.40100!:-0l 
3.20100!:-0l 
4.00lOOE - 0 1 
,.001001:-01 
5 .60100!:-0l 
6.40100!:-0l 
7.20100!:-0l 

y l 
Al 

5.99990!:- 0 l 
5.9999 0 1:- 0 1 
5.99990[- 0 l 
5 .999901:- 0 1 
5.7353 0!:- 0l 
4. B69rnE-Ol 
4.00350!:-0l 
3.1377 0!:- 0l 
2. 27lSOE- Ol 
l.405,0E- Ol 

X I l 
C A..l 

l.OOOOOE-04 6 .00100!:+ 0 l 
B.OlOOOE-02 
l.60100!:- 0l 
2. rn1001:-01 
3 .2 0100!:-0l 
, .001001:-01 
4.BOlOOE-01 
5.60100!:-0l 
6 .4 0100E-Ol 
7 . 20100!:-0l 

6.52200[+ 01 
7 .1'400E+Ol 
7.89600!:+0l 
B.5lSOOE+ Ol 
B.51BOOE+ Ol 
B.51800!:+0l 
8.51800!:+0l 
8.51800!:+0l 
B.51B00E+Ol 

Te."',> 
C 

25.000 
25.000 
25.000 

Input 
mol 

0.000 
0.000 
0.000 

25.000 l.000 
25 . 000 l.OOOOE-10 
25 .00 0 0.000 
25.000 
25.000 
25.000 
25.000 
2 5. 00 0 
2 5. 000 

0.000 
0.600 
0. 400 
0.000 
0.000 
0.000 

2 5 .000 0.000 
25.000 l. OOOO E- 04 

'[ 2 

51 
3.99 900!:- 0 l 
3.199 00!: - 0 l 
2.39 900!:- 0l 
l.59900!:- 0 l 
9.97470!:- 0 2 
B.46B70E- 02 
6 . 962B 0!:- 02 
5.45690!:-02 
3.951001:- 0 2 
2 . 445101:-02 

r 2 
Si 

3 .99 900!:+ 0l 
3.47800!:+0l 
2.856001:+0l 
2.10400!:+0l 
l.48200!:+0l 
l.48200!:+0l 
l.4B200!:+0l 
l.48200E+Ol 
l.48200!:+0l 
l.48200!:+0l 

r 3 
SiC 

l.OOOOOE-04 
B.O lOOOE-02 
l.60100E-Ol 
2.40100!: - 0 l 
3.00250!:-0l 
3.15310!:-0l 
3.30370!:-0l 
3.45430!: - 0l 
3.60490E-Ol 
3.75550!:-0l 

Step 
mol 

0.000 
0.000 
0 . 000 
0.000 
0.000 
0.000 
0.000 
0 . 000 
0 . 000 
0 . 000 
0.000 
0. 000 
0 .00 0 
0.0B0 

Activity 
coe!!icient 

l.000 
l.000 
l.000 
l .000 
l.000 
l .000 
1 .000 
l.000 
l.000 
l.000 
l . 000 
l.000 
1. 000 
1.000 

r , 
llHC3 

l.949501:-12 
4.422901:-12 
l.267BO E-l l 
6.41660!:-ll 
6.61550!:-03 
2. B2E20E-02 
4.990901:-02 
7.15560!:-02 
9.32030!:-02 
l. 14850!:-0l 

; 
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Input dAt.a saved as: a:\.alsic3.IGI 

trrect o! carbon 
Te.mperature: 1200.000 C, Step 2 0.000 C 
Pressure: l.000 bar, Step 2 0.000 b.ar 
Number o! Steps: 10 

Ph.ase Specie T= Input Step Activity 
C mol mol coe!fic1ent 

l Al (g) 25.000 0. 0 00 0.000 l. 000 
2 l A12 (g) 2 5. 000 0 .00 0 0. 00 0 1.000 
3 l AlC(9) 25.000 0.000 0.000 1.000 
4 l Ar (g) 25.000 1 . 000 0 . 000 1.000 
5 l N2 (9) 25.000 .OOOOt-10 0.000 1.000 
6 l Si (g) 25.000 0. 000 0.000 1 .000 7 l S1C(g) 2 5. 000 0 .000 0.000 1.000 
8 2 Al 25 . 000 0 . 700 0.000 l .000 
9 2 Si 25 . 000 0 . 300 0.000 l .000 

10 3 SiC 2 5 .000 0 .000 0.000 l . 000 
ll 3 Si3N4 25.000 0.000 0.000 l .000 
12 Al4C3 25.000 0.000 0. 000 l .000 13 4 AlN 25.000 0.000 0 .000 l .000 
l4 5 C 2 5 .000 1. 0000 £- 04 0 . om l . 0 00 

X y : y 2 y 3 y 4 C kl 51 SiC Al 4C3 l.00000£-04 6 . 999,0t-Ol 2.99,00t-Ol .00000 £- 04 9 . 8266 0£ -12 4 .01000£-02 6. 99!;90 t- Ol 2.59900£-01 4. 01000 £- 0 2 1.67210£-ll 8.01000£-02 6.9,9, 0 E- Ol 2 . 199 00£- 0 1 8. 0 lOO OE-02 3 .194JOE-ll l.20100£-01 6.,99, 0 E- Ol l.79900E-Ol 1.20100£-0l 7.59150£-ll l.60l00E-Ol 6 . ,999Ct-Ol l.399 00 £- 0l l.60100£- 0 1 3 . 57280£-10 2 .OOlOOt-01 6.7635 0 £- 01 l.l7630E-Ol l.82370£-01 5.90970£- 0 3 2.40100£-01 6.3306 0 £- 01 1.101 OOt-01 l.89900£-01 l . 67330£-02 2.80100£-01 5 .8 9760£- 0 1 1.02570£-0l l. 97 430£-01 2.75570£- 02 3 .2010 0£- 0 1 5.4647 0£- 0 1 9.50410£- 02 2 . 04960£-01 3 . 83800£- 0 2 3. 60100£-01 5. 0 318 0 £- 0 1 8 . 75110 £- 02 2.12490£-01 4.92040£-02 
X y 1 y 2 
C kl 51 

.OOOOO E-04 7. OOlOOE+Ol 2 .99900 £+ 01 
4 . 01000£-02 7 . 29200E•Ol 2. 78SOOE+Ol 
8.01000£-02 7.61000£+ 0 1 2.39000£+ 0 1 
1 .2 0100£-01 7.95500£+ 0 1 2.04500£+ 01 
l.60100£-01 8 . 33400E•Ol l.6660 0£+ 0 1 
2.00100£-01 8.5l800E•Ol 1.48200£+01 
2.40100£-01 8.51800£+01 1.48200£+01 
2 . 80100£-01 B.51800£+01 1.48200£+01 
3 . 20100£-01 8.51800£+01 1.48200£+01 
3 .60100£-01 8.51800£+01 1.48200£+ 0 1 

• 



Input data saved as: a:\alsi c3 .IG I 

Ef fe ct o f ~rbon 
Te.mper~tu r e: 
Pre•sure: 
Number o! Steps: 10 

Ph•se Specie 

l Al (g ) 
l Al2 (g ) 
l AlC (g) 

l >..r (9) 

1300. 000 C, Step :a 

1 .000 bar, Step a 

Temp 
C 

25 .00 0 
2 5 .00 0 
25 . 00 0 
2 5 .000 

0 . 00 0 C 
0.000 bar 

Input 
mol 

0.000 
0 .00 0 
0.000 
1.000 

Step >.ct1v1ty 
c oe!!i c1ent 

1.000 
1 .000 
1.000 

l 
2 
3 
4 
5 
6 
7 

8 

l N2 (g ) 25 .00 0 l .OOOO E-10 

mol 
0 . 000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0 . 000 
0.000 
0 .000 
0.000 
0 .00 0 
0.080 

.000 
1.000 
1 .000 
1 .000 
1.000 

l S i (g ) 
l S iC(g ) 
2 >.l 

9 2 
10 3 
11 3 
12 4 
13 4 
14 5 

Si 
S1C 
S i3N4 
Al4C3 
AlH 
C 

X 
C 

l. OOOOOE-04 
8.0lOOOE-02 
l .60100 E- Ol 
2.401 00 E- 01 
3 .20100E-Ol 
4 . 00 l OO E-01 
4 . SOlOOE-01 
5 .60100 E- 0 1 
6 .40 1 00 E- Ol 
7 .20100E-Ol 

X 
C 

l .OOOOO E- 0 4 
8 .0lOO OE-02 
l . 601 00E-01 
2.40100E-Ol 
3 . 20100E-Ol 
4.00lOOE-01 
4.80100E-Ol 
5 .60100E-Ol 
6 . 40100E- Ol 
7.20100E-Ol 

r 1 
Al 

5 . 9957 0 E-01 
5 . Vi970E-Ol 
5.9996 0 E- 0 1 
5. 9Vi60 E- Ol 
5 . E2760E- Ol 

.94770 E-Ol 

.067 90E- 0 1 
3 . :.SSO OE- 0 1 
2 .30620 E- Ol 

. ( 2830 E-01 

r l 
Al 

6 .OOOOOE+Ol 
6 . 52200[+ 0 1 
7 . 14 400E+ Ol 
7.89600[+ 0 1 
8.62600E+ Ol 
8 .62600E+Ol 
8 . 62600E+ Ol 
8 . 62600[+ 0 1 
8.62600E+ Ol 
8 .626 0 0[+ 01 

25 .000 
25 .000 
25 . 000 
25.000 
25.000 
25 .00 0 
25.000 
2 5 .000 

0.000 
0.000 
0 .60 0 
0. 400 
0.000 
0.000 
0.000 
0.000 

2 5 . 0 00 l.OOOO E-04 

r 2 
Si 

3 .9 9900E-Ol 
3 .1 990 0 E- 01 
2.3 9900E - Ol 
l . 59900E- Ol 
9.27970E- 0 2 
7.87860E- 02 
6 . 47760E-02 
5 . 07650E-02 
3.67540E-02 
2 . 274 4 0 E- 02 

r 2 
Si 

4 . 00 000E+Ol 
3 . 47800[+ 0 1 
2.85600E+Ol 
2 .1 0400[+ 01 
1 . 37400E+ Ol 
l . 37400E+Ol 
l . 37400E+Ol 
1 . 37400[+01 
1.37400[+01 
1.37400[+01 

r 3 
S1C 

l.OOOOOE-04 
8 . 0lOOO E- 02 
l.60100E-01 
2.40100E-01 
3.07200E-01 
3 . 21210E-Ol 
3.35220E- Ol 
3 . 49240E - 0 l 
3.63250E-Ol 
3. 77260E-01 

r • 
Al 4C3 

l. OOOO OE-36 
l .OOOOOE-36 
l .O OOOOE-36 
l .OO OOOE-36 
4 . 29890E-03 
2 .62950E- 02 
L82920E-02 
7.02880E- 0 2 
9.22850E-02 
l.14280[-01 

.00 0 
l. 000 
1 .00 0 

.000 
1.000 

.000 

# 
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Input d.11.t.a. save-d .... : " ; \,.l s1c3 . ,GI 

Errect or carbon 
Temperature: 1300 .000 C, Step 
Pressure: l .000 bar, Step 
Number o r Steps : 10 

Ph.t.se Specie 

1 1 Al (g) 
2 l Al2 (g) 
3 l AlC (g) 
4 l Ar (g) 
5 l N2(g) 
6 51 (g) 
7 l S1C(g) 
8 2 Al 
9 2 Si 

10 3 sic 
11 3 Si3N4 
12 4 Al,c3 
13 4 AlN 
14 5 C 

X 
C 

l.OOOOOE-04 
8 .01000£-02 
1.60100£-01 
2.,01001:-01 
3 .20100E- 01 
4 . 00100£-01 
4.80100£-01 
5.60100£-01 
6 . 40100£-01 
7.20100E-Ol 

y l 
Al 

4.999 70 £- 0 1 
.99,70E- 0 1 
.99970E - Ol 

4.99!i70E- Ol 
4. 99!i60t-Ol 
4 . Vi!i60t- Ol 
4.34280£- 01 
3 . ,63 00£- 01 
2 . 563lOE- 0 1 
1. 70320 E- 01 

X Y l 
C Al 

1 . 00000£-04 5 . 00000E+Ol 

Ter.;, 
C 

25. 000 
25 . 000 
25 .000 
2 5 . 000 
25 .000 
25 . 000 
25 000 
25 .000 
25 .000 
25 .000 
25 . oco 
25 .000 
25 .000 
25 . oco 

y 2 
51 

4 .99900E- Ol 
4 .19900E-Ol 
3.39900E- Cl 
2.59900£- 0 1 

.7 9900£- 0 1 
9 . 99000£- 0 2 
6. 915'0E- 0 2 
5.51430£- 0 2 
4 .l l330E- C2 
2.71220E-C2 

y 2 
S1 

5.00000£+01 
8.01000£-02 5.43500£+01 4 . 56500£+01 
1.60100£-01 5.95300£+01 4.04700£+01 
2.40100£ - 0 1 6.58000£ +01 3.42000£+01 
3 .20100£-01 7.35400£+01 2.64600£+01 
4.00 100£-01 8 .33500£+01 1.66500£+01 
4.80100£-01 8.62600£+01 1 .3 7400£+01 
5 . 60100£-01 8.62600£+01 1.37400£+01 
6.40100£ - 01 8 . 62600£+01 1.37400£+01 
7.20100£-01 8.62600 £ +01 1.37400£+01 

0 . 000 
0.000 

Input 
mol 

0.000 
0 .000 
0 .000 

.000 
. OOOO E-10 

0 . 000 
0. 000 
0. 500 
0. 500 
0 .000 
0 . 000 
0. 000 
0 . 000 

. DODO E-0 4 

y 3 
S1C 

.00000£- 0 4 
8 .01000£- 0 2 
1.60100£-01 
2.,01001:-01 
3 .20100£- 0 1 

.00100£ -01 

. 30650£- 0 1 

. 4'660£-01 
4.56670£- 0 1 

. 72 680£- 0 1 

C 
b,r 

Step 
mol 

0.000 
0. 000 
0. 000 
0 .00 0 
0 . 000 
0 . 000 
0 .000 
0 .000 
0 .000 
0 .00 0 
0 .000 
0 .000 
0 . 000 
0 . cso 

y 4 

Al 4C3 
l .OOOOO t-36 
1.00000£- 36 

.00000£-36 

.OOOOO t-36 
l. 0 0 000 £-3 6 
1.00000£-36 
1.64180£ - 02 
3.841'0t- 02 
6.0,1: 0 1:- 0 2 
8 .2 407 0 £- 0 2 

19 5 

Activity 
coetr1c1ent 

1 .000 
1. 000 

.000 

.ooo 

.000 

.000 

.000 

.ooo 

.000 

.oco 

. OJ:J 

.oco 

.000 

.000 

., 



Input dat& saved ~s: a:\als1c3 . 1gi 

t!!act o! carbon 
Temperature: 1300 .000 C, Step= 
Pressure: l.000 b~r. Step= 
Number o! Steps: 10 

Phase Specie T,on;, 
C 

l l Al (g) 25 .000 
2 l Al2 (g) 25.000 
3 l AlC (g) 2 5 .000 
4 l Ax(9) 25 .000 
5 l N2 (g) 25 .0 00 
6 l 51 (g) 25 .000 
7 l SiC (g) 25. 000 
8 2 Al 25 .000 
9 2 Si 25 . 0 00 

10 3 S1C 25 .000 
ll 3 S13N4 25 .000 
12 4 Al ,c3 25 .000 
13 4 AlN 25 .00 0 
14 5 C 25 .000 

X y l y 2 
C Al Si 

l . OOOOO E- 04 6 . 99960£-01 2. 99900E-Ol 
4.0lOOOE-02 6 .9 9960E-Ol 2 . 59900E- Ol 
8. 0 lOOOE-02 6.99960E- 0 1 2. 19900E-Ol 
l .20100E- Ol 6 .99960E- Ol l.79900E- Ol 
l.60100E-Ol 6 . 99960E- Ol 1. 39900E-Ol 
2 .0 0100[-0l 6.872,0E- Ol l.09430E- 0 1 
2. (OlOOE-01 6.0250E- Gl .02430£- 0 1 
2.80100E-Ol 5.99260£- 0 1 9. 54240 E- 0 2 
3 . 20100E- Ol 5.o5260E- Ol 8 . 84190E- 0 2 
3 . 60100 E- Ol 5 . :1270£- 01 8. 14130E- 0 2 

X y 1 y 2 
C Al 51 

l . OOOOOE-04 7 .00 1 00 E• Ol 2 .99900[• 0 1 
4 .0lOOO E- 02 7 . 29200E+ Ol 2.70800E+Ol 
8.0lOOOE-02 7. 60900E•Ol 2.39100E•Ol 
l . 20100E - Ol 7. 95500E•Ol 2 . 04500E+Ol 
l.60100E- Ol 8 .3 3400[•01 l . 66600t•Ol 
2 . 00lOOE - 01 8 .62 600E+ Ol l.37400E•Ol 
2.40100E-Ol 8.€2600E+Ol l.37400E+ Ol 
2.BOlOOE-01 8 . 62600E+Ol l.37400E+Ol 
3.20100E-Ol 8.62600E+Ol l . 37400E+Ol 
3 .60100E-Ol 8 . 62600E+Ol 1.37400[+01 

196 

0 .000 C 
0 . 00 0 bar 

Input Step Activity 
mol mol coefficient. 

0.000 0 .000 1 .000 
0 . 000 0.000 l .000 
0.000 0. 000 l .00 0 
1.000 0. 000 l .oco 

1. OOOO t-10 0 .000 1 .000 
0.000 0 .000 l . 000 
0. 000 0 .000 1 . 000 
0 .700 0 .00 0 1. 000 
0 . 300 0. 000 .000 
0 . 000 0 . 000 l .00 0 
0 . 000 0 .000 l .000 
0 . 00 0 0. 000 .00 0 
0.000 0. 00 0 .000 

l .OOOOE- 04 0. 0 40 .000 

y 3 y 4 
S1C Al4C3 

l . OOOOOE-04 l . OOOOOE-36 
4.0lOOOE-02 l.OOOOOE-36 
8.0lOOOE-02 l.OOOOOt-36 
l.20100E-Ol l.OOOOOE-36 
1.60100[-01 l .O OOOOE-36 
l . 90570E- Ol 3 . 17810E-03 
1 .97570E-01 l. 4l 760 E-02 
2 .0 4580E- Ol 2.51750E-02 
2 . ll580E-Ol 3.61730E- 02 
2 . 18590E-Ol 4.71710E -0 2 
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Figure 81 Acti vity of Si in dilute A l -S i so lution 
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