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ABSTRACT 

The condition for thermodynamic stability of metal 
carbides, nitrides and oxides in Al-M-X system (M=Si, 
Ti, Zr and X=C, N, O) was modeled. ZrC, A1N, and 
A1203 are stable in aluminum alloy melts in the modeled 
temperature range of 933-1600 K. Considering their 
thermodynamic stabilities, they are desirable reinforce-
ment of DRACs. The stabilities of TiC, TiN, ZrN, and 
Zr0 2 are dependent on temperature and composition of 
the aluminum alloy melts. TiC is stable in pure 
aluminum melts beyond 1018 K. Below this 
temperature, the undesirable phase A14C3 and TiAl3 may 
be formed. TiN is stable in the Al-Ti melts beyond 1258 
Κ when the content of titanium is between a critical 
value and its saturation limit. ZrN is stable in the Al-Zr 
melt when the content of zirconium is beyond a critical 
value depending on the temperature. Zr0 2 is 
thermodynamically stable in the aluminum alloy melts 
when zirconium is saturated. The fabrication process 
need be well controlled to avoid formation of 
undesirable phases when these compounds are used as 
the reinforcements of DRACs. Si3N4 and Si0 2 are not 
stable in pure aluminum or the Al-Si melt and can react 
with molten aluminum during the processing process. 
They are not suitable for the reinforcement of DRACs 
without further treatment. 

I. INTRODUCTION 

Discontinuously reinforced aluminum alloy 
composites (DRACs) possess high specific strength, 
high elastic modulus, and superior high-temperature 
resistance. They have been listed among the most 
promising structural materials in the 21th century / l / . 
However, their property/cost ratio is still not attractive 
for the structural application. The properties of DRACs 
are mainly determined by the nature, size, and volume 
fraction of the reinforcing phase and by the properties of 
the matrix-reinforcement interface such as chemical 
stability and interfacial bonding. Apart from the good 
mechanical properties, the reinforcements are required 
to possess high chemical stability in the matrix alloy in 
the temperature range of fabrication, secondary 
processing, and service. At room temperature, the rate 
of the reaction at the matrix-reinforcement interface is 
usually negligible due to the kinetic limitation even 
though the reinforcement is not thermodynamically 
stable and the reaction is feasible at the interface. 
However, in some extreme services, DRACs may 
experience high temperature near or above the melting 
point of the matrix components. The processing of 
DRACs is usually carried out at even higher 
temperature. In these cases, the matrix alloy may be in a 
molten state in whole or at localized sites. The 
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thermodynamic stability of the reinforcement becomes 
very important. 

One main conventional method for the processing of 
DRACs is by incorporating the particulate/fiber 
reinforcement into the matrix melt followed by casting. 
If the reinforcement is not thermodynamically stable, 
unfavorable chemical reactions may occur at the 
reinforcement-matrix interface at high rates. These 
reactions may result in formation of undesirable phases, 
which degrade the interfacial properties. To overcome 
this problem, the reinforcing particles are usually coated 
before incorporation into the matrix melt /2,3/. 
However, such treatment increases the production cost 
of DRACs. In the emerging in-situ processing 
techniques, the reinforcing particles, whiskers, or fibers 
are directly formed and dispersed in the matrix melt 
from the in-situ chemical reaction. Investigation of the 
relative stabilities of the reinforcement candidates is 
also of significance. This assists not only in 
understanding the feasibility of formation of the 
expecting reinforcement, but also in optimization of the 
processing variables to avoid formation of the 
undesirable phases. If the processing variables are not 
well-controlled, some undesirable phase may be formed 
along with the expecting reinforcing phase in the in-situ 

composites. 

The carbides, nitrides, and oxides of III-V group and 
transition metals including SiC, TiC, ZrC, A1N, Si3N4, 
TiN, ZrN, A1203, Si02 , and Z r0 2 have high hardness, 
superior elastic modulus, and high melting point. They 
are potential reinforcements for DRACs. Among them, 
the thermodynamic stability of SiC in Al-Si melt has 
been critically investigated /4-10/. These results showed 
that stability of SiC is dependent on temperature and 
concentration of silicon in the matrix melt. SiC is stable 
when the content of silicon is high in the melt. At low 
content of silicon, SiC can react with mo'ten aluminum 
to form undesirable phase A14C3. The threshold content 
of silicon necessary for the stability of SiC was 
investigated by various thermodynamic modeling /4-6/ 
and by experimental prediction /7-10/. The modeled 
results by Kocherginsky /4/ and Lee 161 are in good 
agreement with the experimental data /7-10/. Many 
researches have also addressed the stabilities of TiC in 
the pure aluminum melt /11-16/. Most authors agreed 
that TiC is stable in pure aluminum melt beyond 1173 Κ 

but the results in the literature are misleading at 
temperature below 1173 K. For example, Fine et a l . l W I 

and Rapp et al. I\2I thought that TiC is also stable in 
pure aluminum melt below 1173 K. However, the 
results of Frage et al. /13/ indicate that TiC can react 
with molten aluminum to form AI3Ti and A14C3 at 
temperature below 966 K. So far, very few data is 
available on the stability of the other reinforcement 
candidates in the aluminum alloy melts. Therefore, the 
stabilities of the above listed reinforcement candidates 
except for SiC are discussed in this paper. 

II. BASIS OF THERMODYNAMIC MODELING 

Gibbs energy minimization method states that the 
total Gibbs energy of a system reaches its minimum 
value at equilibrium. The total Gibbs energy of a 
system, G, is equal to the sum of the Gibbs energies of 
all the phases in the system given by /17/: 

G = Z n i ( g ° + R T \ n P i ) + £ n i g ° + 

pure 
condensed 
ftlta.se 

X n , ( g ° + R T \ n x l + R T \ n y i ) 
sohilion I 

+ Σ n , ( g ' ; + R T \ n x i + R T \ n r i ) + ••• + • 

(1) 

where nh Pb x, and γ, are the number of moles, partial 
pressure in atm, concentration (molar fraction), and 
activity coefficient of the species i respectively, g" is 
the standard molar Gibbs energy of the species i (in 
Joule) at standard condition, R is the gas constant (= 
8.314 J m o r l f C l ) , and Τ is the absolute temperature (in 
Kelvin). 

For a given reactive system such as: 

aA+bB = cC + dD (2) 

the change in the Gibbs energy of the system, AG, can 

be expressed as: 

a,, a. 
AG = AG" + RT In = (cg(". + d g ' D ) - (ag"A +bg"R) + 

°A aH 

χ " χ
 h Λ

 a η Υ λ Υ Β 

(3) 

36 



Q. Zheng andR.G. Reddy 

where a, is the activity of species i; and ΔG° is the 
standard Gibbs energy change of the reaction in Joule. 
When AG is negative, the reaction proceeds toward the 
right and the products are stable. When AG is positive, 
the reaction proceeds toward the left and the reactants 
are stable. When ΔG = 0, the system is in equilibrium. 
Based on these principles, the equilibrium composition 
of a given system can be calculated and the condition 
for stability of the reinforcement can be determined. 

Since processing of DRACs is normally carried out 
at temperatures below 1600 K, the temperature range of 
933-1600 Κ was selected for modeling of stability of the 
reinforcements. In the calculations, pure solid is chosen 
as the standard state. The activities of all solid 
substances are thus taken as unity. Since the content of 
the alloying elements is usually low in aluminum alloy 
matrix, the alloys refer to the Al-rich end of the 
respective system unless otherwise specified. In 
addition, the standard Gibbs energy changes of the 
reactions are calculated based on the Chemical Reaction 
Equilibrium Software, HSC, and are in Joule if not 
specified. 

III. STABILITY OF REINFORCEMENTS IN 
ALUMINUM ALLOY MELT 

A. Titanium Carbide (TiC) 

In the fabrication, secondary processing, and long-
term service of DRACs, the matrix alloy may 
experience high temperature and can be in a molten 
state. Undesirable reactions may take place at the 
interface between the reinforcement and matrix melt if 
the reinforcement is not thermodynamically stable. To 
clarify stability of TiC in the Al-Ti melt, the binary 
phase diagram of the Al-Ti system requires considering. 
Aluminum and titanium form a very complicated phase 
diagram, in which many intermetallic phases such as 
TiAl3 are present /18/. For application of the matrix of 
DRACs, however, the Al-end alloy is of interest. In this 
case, the possible reactions between TiC and the molten 
aluminum in the temperature range from 933 to 1600 Κ 
are: 

377C(s) + 4 Al(l) = 377(/) + Al,C, (s) (4) 

High Temperature Materials and Processes 

lTiC(s) + \3Al{l) = 3TiAl2(s) + Al,C,{s) (5) 

When the concentration of titanium in the Al-Ti melt 
( x T i ) is below its saturation concentration ), the 

reaction shown in equation (4) is predominant; or the 
reaction given by equation (5) is predominant. When the 
Gibbs energy changes of the reactions, Δ6'4 and AG5, 
are positive, they tend to proceed toward the left and 
TiC is stable. Thus, the conditions for stability of TiC in 
the Ti-unsaturated and Ti-saturated Al-Ti melts are 
given respectively by: 

AG, = AG1; + RT In - 4 > 0 (6) 
0-*7> ) YA, 

AG5 = AG; -13RT ln(l - )yAI > 0 (7) 

where AG4° and AG'l are the standard Gibbs energy 

changes of the two reactions, which are given 
respectively by: 

AG; =343310 + 34.6Τ (8) 

AG° = -239990 + 242.57" (9) 

γ A l and yT j are the activity coefficients of aluminum 

and titanium in the Al-Ti melt, the data of which are still 
very limited in the literature. In this investigation, since 
the Al-rich end alloy is of our interest, the concentration 
of titanium is very low in the melt. Therefore, the ideal 
solution approximation is assumed, that is, 
ΥΑΙ ~ Υπ a 1 · 

Based on equations (6) - (9), the condition for 
stability of TiC in the Al-Ti melt was calculated and is 
shown in Fig. 1. As shown, the stability of TiC is 
dependent on the temperature and composition of the 
Al-Ti melt. TiC is in equilibrium with the Al-Ti melt in 
the region enclosed by the lines 1, 2,, an4 3. At 
temperatures above 1018 Κ while below the line 1, 
titanium is depleted and TiC may react with molten 
aluminum to form titanium and A14C3. However, 
considering that the concentration of titanium below the 
line 1 is extremely low, TiC can be thought to be stable 
in pure aluminum beyond 1018 K. In the region above 
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Fig. 1 : Condition for stability of TiC in the Al-Ti melt. 

the lines 2 and 3, titanium is saturated and TiC is in 

equilibrium with the precipitated TiAl3 and Ti-saturated 

Al-Ti melt. At lower temperatures (below the line 3), 

TiC is not stable. It may react with molten aluminum to 

form the undesirable phases A14C3 and TiAI3. 

As mentioned, the results on the stability of TiC in 

pure aluminum melt at temperatures below 1173 Κ are 

misleading in the literature /11-16/. Fine et al. /11/ and 

Rapp et al. /12/ concluded that TiC is stable in pure 

aluminum melt. However , Frage et al./13/ found a four-

phase equilibrium point among aluminum, TiC, TiAl3 

and A14C3 at 966 K, below which Al3Ti and A14C3 are 

stable. Presence of the four-phase equilibrium point in 

Al-TiC system was proved by Jarfors et al. /14/ and it 

was thought to be at 1070 K. Fine et al. /11/ and Rapp et 

al. /12/ failed in considering the reaction given by 

equation (5) in their models . Their results were not 

consistent with the experimental results /15,16/. 

Kennedy et al. /15/ verified the presence of Al3Ti and 

A14C3 in the TiC/Al composite, which was treated at 

970 K. Kobashi et al. /16/ detected Al3Ti in the TiC/AI 

composite, which was treated at about 1020 K. In this 

investigation, the four-phase equilibrium point in the 

Al-TiC system was found at 1018 K. Below 1018 K, 

TiC is not stable and may react with molten aluminum 

to form Al3Ti and A14C3. This is in good agreement with 

the previous experimental results /15,16/. With the 

increase in the concentration of titanium in the Al-Ti 

melt, the four-phase point becomes a line shown by the 

line 3, on which TiC, A14C3, TiAl3 , and Al-Ti melt are 

in equilibrium. In addition, the lines 2 and 3 cross at the 

point of 985 Κ and 0.1 at .% ti tanium,-above which the_ 

Al-Ti melt is saturated with titanium. 

B. Zirconium Carbide (ZrC) 

Similar to the Al-Ti system, aluminum and 

zirconium also form very complicated phase diagram. 

The intermetallic phases such as ZrAI3 can precipitate 

when zirconium is saturated in the melt (as seen in the 

Al-Zr phase diagram /19/). At temperature between 933 

Κ and 1600 K, ZrC may react with molten aluminum in 

the Al-Zr melt through the reactions given by: 

3ZrC(s) + 4Al(l) = 3 Zr(l) +Al.C^s) (10) 

3 ZrC(s) + \3Al(l) = 3ZrAl', (5) + Al4C} (s) (11) 

where the reaction shown in equation (10) is 

predominant when the concentration of zirconium 

( x Z r ) is below its saturation concentration (x" Z r ) ; or the 

reaction given by equation (11) is predominant. 

According to the Gibbs energy minimization method, 

the conditions for the stability of ZrC in the Zr-

unsaturated and Zr-saturated Al-Zr melts are given 

respectively by: 

AGI0 = Δ σ ι ο " + Λ7Ίη 
XZr Υ?.! 

(1 
> 0 

AG,, = AG," - 13/?7Ίη(1 - χ"χ,.)γΑ, > 0 

(12) 

(13) 

Due to the lack of activity data in the system and since 
the concentration of zirconium is very low in the Al-Zr 
alloys of interest, the Al-Zr melt is assumed to be ideal. 
Hence, yAI » yZr « 1. The standard Gibbs energy change 

of the reaction shown in equation 10 ( A G " 0 ) is given 

by: 

AG,"„ = 3 6 9 7 8 0 + 56.4Γ (14) 

The standard Gibbs energy change of the reaction given 
by equation (11) (AG," ) could not be directly obtained 

from HSC due to the lack of the thermodynamic data of 
ZrAl3 . AG," is described by: 
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AG"\ = 3g°zrAh + s\c, - 3glc -13g'Mm (15) 

where the Gibbs energies of formation of A14C3 and 
ZrC, g°,4Cj and g"7lC , can be obtained from the reported 

thermodynamic data 1201. The data of Gibbs energy of 
formation of ZrAl3 (g"7rAh) is not available in the 

literature but can be estimated by /17/: 

AH", 
sL·, (16) 

lt 

where Tf is the melting/decomposition point of ZrAl3, 
equal to 1853 Κ /19/, at which ZrAl3 is in equilibrium 
with the Al-Zr melt. The enthalpy of formation of ZrAl3 

at the decomposition point ( A H " f ) (in J/mol) can be 

estimated by /17/: 

AH"f = nTf [2x4 .18 + R(x7r In ^ + xAI In xAI)] (17) 

where xZr and xAt are the chemical stoichiometric 
concentrations of zirconium and aluminum in ZrAl3, 
equal to 0.25 and 0.75 respectively; and η is the total 
number of atoms in ZrAl3, equal to 4. AG", can thus be 

calculated based on equations (15)-(17) and is given by: 

[430332 + 22.467· at 933.5 <T <\\36K 
AG Η (18) 

439781 + 14.047- at 1136 < Τ < 1673ΛΓ 

Figure 2 shows the condition for stability of ZrC in 
the Al-Zr melt, which was calculated based on 
equations (12) and (13). The line 1 shows the minimum 
concentration of zirconium for stability of ZrC in the 
Al-Zr melt. The line 2 represents the saturation 
concentration of zirconium in the Al-Zr melt. In the 
region between the lines 1 and 2, the concentration of 
zirconium is below its saturation concentration, but is 
sufficient to keep ZrC stable. In the region above the 
line 2, zirconium is saturated. Since equation (13) is 
always satisfied, ZrC is in equilibrium with the 
saturated Al-Zr melt and the intermetallic compound, 
ZrAI3. In the region below the line 1, very little 
zirconium is present in molten aluminum. Theoretically, 
ZrC can be eroded by molten aluminum. However, 

Temperature, Κ 

Fig. 2: Condition for stability of ZrC in the Al-Zr 
melt. 

considering the concentration of zirconium represented 
by the line 1 is extremely small, even lower than that in 
the known pure aluminum, ZrC can be thought to be 
stable as well. 

C. A l u m i n u m Ni tr ide (A1N) 

A1N is stable in pure aluminum melt. The 
quantitative Al-N phase diagram is not available 
because of the lack of experimental and thermodynamic 
data. The qualitative binary phase diagram of the Al-N 
system was evaluated /21,22/. The solubility of A1N in 
molten aluminum is very low and its temperature 
dependence is given by /21/: 

11 <7 
log(<rt.%jVxl03) = — — + 2.633 (19) 

At 933 K, the solubility of A1N in pure aluminum melt 
is about 0.025 at.%N . The stability of A1N in the Al-
Si, Al-Ti and Al-Zr melts will be discussed along with 
that of Si3N4, TiN and ZrN. 

D. Si l icon Ni tr ide (Si 3 N 4 ) 

Aluminum and silicon form a simple eutectic phase-
diagram with an eutectic point at 11.8 at.% silicon and 
850 Κ 1221. Si3N4 may react with molten aluminum in 
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the Al-Si melt by the reactions: 

Si3N4 0 ) + 4 Al(l) = 4 AlN(s) + 3 Si(l) (20) 

Si,Ν4 (s) + 4AI{1) = 4 AlN(s) + 3 Si(s) (21) 

At the concentrations of silicon (xv/) below its saturation 
limit ( x l ) , the reaction shown in equation (20) is 

predominant. When the Gibbs energy change of the 
reaction (AG2o) is positive, the reaction proceeds toward 
the left and Si3N4 is stable; or the reaction proceeds 
toward the right and AIN is stable. Therefore, the 
condition for stability of Si3N4 is given by: 

AG20 = A G ; + RT In 4 > 0 (22) 
0 - * β ) ΪΑ1 

where the standard Gibbs energy change of the reaction, 
AG2O, is given by: 

AG2"0 = -424140+ 51.87 (23) 

ySl is activity coefficient of silicon, which can be 
described by the quasi-regular solution model at 
temperature below 1423 Κ and ideal solution 
approximation above 1423 Κ IM. Considering the 
Gibbs-Duhem equation /17/, these models also apply to 
the activity coefficient of aluminum (yAi). At 
temperature below 1423 K, is described by: 

> n ^ = ( - 4 . 0 4 8 + ^ ) ( l - ^ (24) 

At temperature higher than 1423 K, yAt is approximated 

to unity. 
When silicon is saturated, the reaction shown in 

equation (21) is predominant. The stability of Si3N4 

requires the Gibbs energy change of the reaction (ΔG21) 

to be positive, that is: 

AG21 = AG" - 4RT In (l - )γΑ , > 0 (25) 

where the standard Gibbs energy change of the reaction, 
AG2,, is: 

AG". = -575860+ 141.8Γ (26) 

Temperature, Κ 

Fig. 3: Condition for stability of Si3N4/AlN in the Al-
Si melt. >9'v; ν 

Based on equations (22) - (26), the condition for 
stability of Si3N4/AlN in the Al-Si melt was calculated 
and is shown in Fig. 3. The line 1 shows the minimum 
concentration of silicon for stability of Si3N4 in the Al-
Si melt, which was calculated based on equation (22). 
The line 2 shows the saturation concentration of silicon 
in the Al-Si melt. Since the concentration of silicon in 
the Al-Si melt should be within its saturation limit, the 
line 1 is supposed to be below the line 2. As shown in 
Fig. 3, however, the line 1 is above the line 2, implying 
that equation (22) is not satisfied. Thus, Si3N4 is not 
stable and can react with molten aluminum to form 
stable AIN. When silicon is saturated in the Al-Si melt, 
the reaction shown in equation (21) is dominant and 
equation (25) is effective. Since equation (25) cannot be 
satisfied, Si3N4 is not stable in the Si-saturated Al-Si 
melt either. Hence, AIN other than Si3N4 is stable in the 
Al-Si melt. The modeled results agree well with the 
available experimental results. Our previous work 124/ 
showed that AIN has the preference to be formed to 
Si3N4 in Al-5 at.% Si melt. Additionally, only AIN was 
formed when the Al-Si melt containing 0-14 at.% 
silicon was oxidized with nitrogen and ammonia using 
direct metal oxidation method 1251. 

E. Titanium Nitride (TiN) 

Depending on the concentration of titanium in the 
Al-Ti melt, the reactions between TiN and molten 
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aluminum are given by: 

TiN(s) + Al(l) = Ti(l) + AlN(s) (27) 

TiN(s) + 4 Al(l) = TiAl, (s) + AlN(s) (28) 

The reaction shown in equation (27) is predominant 
when the concentration of titanium (xTl) is below its 
saturation value (x° ). In this case, TiN is stable when 

the Gibbs energy change of this reaction is positive, that 
is: 

ΔG27 = AG;, + RT In Χ γ , Υ η — > 0 (29) 
( \ ~ χ Γ , ) Υ Λ Ι 

where the standard Gibbs energy change of the reaction 
given by equations (27) ( AGJ7 ) is described by: 

AG'^ =20673 + 17.3 Τ (30) 

When titanium is saturated in the Al-Ti melt, the 
reaction given by equation (28) is predominant and the 
condition for stability of TiN is given by: 

AG28 = Δ G° - 4 RT ln(l - )γΑ, > 0 (31) 

where AG'^ is the standard Gibbs energy change of this 

reaction, given by: 

AG°2S = -173850 + 86.6Γ (32) 

As discussed for the case of stability of TiC, the Al-
Ti melt of interest can be described by the ideal solution 
model and yM ~ yn ~ 1. Therefore, the condition for 
stability of TiN can be calculated based on equations 
(29)-(32). The calculated results are shown in Fig. 4. 
The line 1 shows the minimum concentration of 
titanium for stability of TiN in the unsaturated Al-Ti 
melt, which was calculated based on equation (29). The 
line 2 represents the saturation concentration of titanium 
in the Al-Ti melt. The lines 1 and 2 cross at 1258 Κ and 
1.5 at.% titanium, at which the four phases of titanium, 
A1N, TiAl3, and the Al-Ti melt are in equilibrium. When 
the concentration of titanium lies between the lines 1 
and 2, TiN is in equilibrium with the Al-Ti melt. Below 

High Temperature Materials and Processes 

the line 1, the concentration of titanium is very low. In 
this case, TiN is not stable but A1N is stable since 
equation (29) is not satisfied. Above the line 2, titanium 
is saturated in the Al-Ti melt. Since equation (31) is not 
satisfied, TiN can react with molten aluminum to form 
stable A1N and TiAl3. 

16 

12 
•J m 

i 8 
e 
3 
Η 

4 

0 

Temperature, Κ 

Fig. 4: Condition for stability of TiN/AIN in the Al-Ti 
melt. 

F. Zirconium Nitride (ZrN) 

In the Al-Zr melt, the following reactions may take 
place between ZrN and molten aluminum: 

ZrN(s) + Al{l) = Zr(l) + AlN(s) (33) 

ZWV(s) + 4 Al(l) = ZrAl} (s) + AlN(s) (34) 

The reaction shown in equation (33) is predominant at 
the concentration of zirconium (xZr) below its saturation 
limit {x"7j.). In this case, the condition for stability of 

ZrN in the Al-Zr melt is expressed as: 

AG„ = AG" + RT In X z J z r > 0 (35) 
0 ~ Χ 7 . Γ ) Ϊ Λ Ι 

where γ =1 since the Al-Zr melt can be 'At Zr 
assumed to be ideal as discussed for the case of 
stability of ZrC and the standard Gibbs energy change 
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of the reaction ( Δ G3",) is given by: 

AG" =46363 +21 .5 Γ (36) 

When zirconium is saturated in the melt, the reaction 
given by equation (34) is predominant. In this case, the 
condition for stability of ZrN is given by: 

Δ034 = Δσ;4 - ART ln(l - )Y z r > 0 (37) 

where the standard Gibbs energy change of the reaction 

(ΔG3'4 ) could be estimated using the same method as for 

AG ι, and is expressed as: 

„ _ i62282 + 10 .7 i r at 933.6 < Γ < 1136ΛΓ 
34 ~ [63918 + 9.20Γ at 1136*" < Τ < 1673* 

Figure 5 shows the condition for stability of 
ZrN/AIN in the Al-Zr melt, which was calculated based 
on equations (35)-(38). As shown, the line 1 shows the 
threshold concentration of zirconium for stability of 
ZrN and the line 2 represents the saturation 
concentration of zirconium. The stability of ZrN is 
dependent on the temperature and composition of the 
Al-Zr melt. In the region below the line 1, zirconium is 
poor and ZrN can react with molten aluminum to form 
stable AIN. In the region above the line 2, zirconium is 
saturated in the melt and ZrN is in equilibrium with the 

Temperature, Κ 

Fig. 5: Condition for stability of ZrN/AIN in the Al-Zr 
melt. 

Zr-saturated Al-Zr melt and the precipitated ZrAl3. In 
the region between the lines 1 and 2, the concentration 
of zirconium is below its saturation limit but is 
sufficient for stability of ZrN. 

G. A l u m i n u m O x i d e (A1 2 0 3 ) 

A1203 is stable in pure aluminum melt with very 
limited solubility 1261. The saturation concentration of 
0 2 is 2.9xlO"8 at.% at 933 Κ and 1.3 χ I0"3 at.% at 
1600 Κ 1261. The stability of A1203 in the ΑΙ-Si and Al-
Zr melts will be discussed along with that of Si0 2 and 
Zr02 . 

H. Si l icon O x i d e ( S i 0 2 ) 

In pure aluminum and the Al-Si melt, S i0 2 may 
react with molten aluminum through the reactions given 
by: 

AAl(l) + 3Si02(s) = 2Al20}(s) + 3Si(l) (39) 

4Al(l) + 3Si02(s) = 2AI20}(S) + 3Si(s) (40) 

When the concentration of silicon is unsaturated in the 
melt, the condition for stability of Si0 2 is given by: 

AG„=AG'„ + RT\n ** ^ 4 > 0 (41) 

where AG3', is the standard Gibbs energy change of the 

reaction, given by: 

AGj'9 = - 5 2 5 3 2 0 + 56.4Γ (42) 

When silicon is saturated, the reaction given by 
equation (39) is predominant. In this case, stability of 
Si02 requires the Gibbs energy change of the reaction to 
be positive, that is: 

Δσ40 = Δσ; 0 - ART ln(l - )γλ1 > Ο (43) 

where the standard Gibbs energy change of the reaction 
(AG'',) is given by: 

AG;0 = -676920 + 146.4 Γ (44) 
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Based on equations (41)-(44), the condition for 
stability of S1O2/AI2O3 in the Al-Si melt was calculated 
and is shown in Fig. 6. The line 1 shows the minimum 
concentration of silicon for stability of Si0 2 in the Si-
unsaturated melt, which -was calculated based on 
equation (41). The line 2 depicts the saturation 
concentration of silicon. Since the concentration of 
silicon in the ΑΙ-Si melt should be within its saturation 
limit, the line 1 is supposed to be below the line 2. As 
shown in Fig. 6, however, the line 1 lies above the line 
2, showing that equation (41) cannot be satisfied. 
Therefore, Si0 2 is not stable in the Si-unsaturated Al-Si 
melt and can react with molten aluminum to form stable 
A1203. In the region above the line 2, silicon is 
saturated. Since equation (43) is not satisfied, S i0 2 will 
react with molten aluminum to form stable A1203. 
Hence, A1203, not Si02 , is stable in the Al-Si melt 
independent of the concentration of silicon in the 
modeled temperature range. 

1000 1100 1200 1300 1400 1500 1600 

Temperature, Κ 

Fig. 6: Condition for stability of Si0 2 /Al 2 0 3 in the Al-
Si melt. 

I. Z ircon ium Oxide ( Z r 0 2 ) 

The condition for stability of Z r0 2 in the Al-Zr melt 
can be modeled based on the reactions given by: 

4Al(l) + 3Zr02(s) = 2Al203(s) + 3Zr(l) ' (45) 
Λ 

\3Al(l) + 3Zr02(s) = 2Al20](s) + 3ZrAI}(s) (46) 

When the concentration of zirconium {xZr) is below its 

saturation concentration (x"7r), the condition for 

stability o f Z r 0 2 is given by: 

a g 4 5 = a g ; 5 + R T In Y z ' . > 0 
ο - * » ) V * 

(47) 

where the standard Gibbs energy change of the reaction 
given by equation (45) (AG 4 S ) is: 

AG,", = -71961 + 97.97 (48) 

When zirconium is saturated, the condition for 
stability of Zr0 2 is expressed as: 

AG46 = AG;6 - 1 4 R T ln(l - x°Zr) > 0 (49) 

where the standard Gibbs energy change of the reaction 

given by equation (46) (AG 4 6 ) was estimated using the 

same method for AG° and is given by: 

a g ; 6 = 

—281630 + 63.987' at 933.5 < Τ < 1 \36K 

-10477 + 57.067 at 1136 < Γ < 1478ΑΓ (50) 

-38092 + 75.787 at 1478 < 7 < 1673 Κ 

Figure 7 depicts the condition for stability of 
Zr0 2 /Al 2 0 3 in the Al-Zr melt, which was calculated 
based on equations (47)-(50). The line 1 represents the 
threshold concentration of zirconium for stability of 

1e+2 

1e+1 

1e-2 

1e-3 

—ι—1—•—ι—> ι 

® · 

Zr02(s)+ZrAI3(s)+ALZE(l) 

ALO,(s)+AUZr(l) 

1000 1100 1200 1300 1400 1500 1600 

Temperature, Κ 

Fig. 7: Condition for stability of Zr0 2 /Al 2 0 3 in the Al-

Zr melt. 
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Z r 0 2 in the Zr-unsaturated melt. The line 2 shows the 
saturation concentration of zirconium in the Al-Zr melt. 
The line 1 lies above the line 2, indicating that equation 
(47) is not satisfied and A1203, not Zr0 2 , is stable. In the 
region above the line 2, zirconium is saturated in the Al-
Zr melt and the stability of Zr0 2 is evaluated based on 
equation (49). Since equation (49) is always satisfied, 
Zr0 2 is stable and coexists in equilibrium with ZrAl3 

and the Zr-saturated Al-Zr melt. 

IV. SUMMARY 

Thermodynamic modeling assists in selection of the 
stable reinforcement for discontinuous reinforced Al-
alloy composites and optimization of processing 
variables. Among the investigated reinforcement 
candidates, ZrC, A1N, and A1203 have the highest order 
of stability in the aluminum alloy melts. Considering 
their thermodynamic stabilities, they are desirable 
reinforcements for DRACs. In the modeled temperature 
range, the stabilities of TiC, TiN, ZrN, and Zr0 2 are 
dependent on the temperature and composition of 
aluminum alloys. When they are used as the 
reinforcement of DRACs, the processing temperature 
and composition of the matrix alloys need be well-
controlled to avoid formation of the undesirable phases 
at the interface. In the modeled temperature range, Si3N4 

and Si0 2 are not stable in the Al-Si melt independent of 
the concentration of silicon in the alloy melt. They are 
not suitable for the reinforcement of DRACs without 
further treatment. 

ACKNOWLEDGEMENTS 

The authors are pleased to acknowledge the financial 
support for this research by National Science 
Foundation (DMI 9714321). The authors acknowledge 
with thanks the valuable advice in preparing this paper 
from Dr. D. Mantha at The University of Alabama. 

REFERENCES 

1. W.H. Hunt Jr. and B. Maruyama, "The world still 
won't beat a path to your door: Transitioning DRA 

to the marketplace," JOM, 51, 62-64 (1999). 
2. M. Suery, G.L. Esperance, B.D. Hong, L.N. 

Thanh, and F. Bordeaux, "Development of 
particulate treatments and coatings to reduce SiC 
degradation by liquid aluminum," Journal of 
Materials Engineering and Performance, 2, 365-
372 (1993). 

3. G. Gonzalez, L. Salvo, M. Suery, and G. 
Esperance, "Interfacial reactions in Al-Mg metal 
matrix composites reinforced with (Sn/Sb) oxide 
coated SiC particles," Scripta Metallurgica et 
Materialia, 33, 1969-1975 (1995). 

4. D.M. Kocherginsky and R.G. Reddy, "In-situ 
Processing of Al/SiC Composites," in: Proc. In-
situ Reactions for Synthesis of Composites, 
Ceramics, and Intermetallies, E.V. Barrera, F.D.S. 
Marquis, W.E. Frazier, S.G. Fishman, N.N. 
Thadhani and Z.A. Munir (eds.), TMS, 
Warrendale, Oh, 1995; p. 159-167. 

5. D.J. Llyold, "The solidification microstructure of 
particulate reinforced aluminum/SiC composites," 
Composite Science and Technology, 35, 159-179 
(1989). 

6. Lae-Chul Lee, Ji-Young Byun, Sung-Bae Park, 
and Ho-In Lee, "Prediction of silicon contents to 
suppress the formation of A14C3 in the SiCp/Al 
composite," Acta Materialia, 46, 1771-1780 
(1998). 

7. J.C. Viala, P. Fortier, and J. Bouix, "Stable and 
meta-stable phase equilibrium in the chemical 
interaction between aluminum and silicon 
carbide," Journal of Materials Science, 25, 1842-
1850(1990). 

8. C.A. Handwerker, M.D. Vaudin, U.R. Katter, and 
D.-J. Lee, "Interface reactions and phase stability 
in the Al-SiC System," in: Metal-Ceramic 
Interfaces, M. Rühle, A.G. Evans, M.F. Ashby, 
and J.P. Hirth (eds.), Pergamon Press, 1989; p. 
129-137. 

9. T. Iseki, T. Kameda, and T. Maruyama, "Interface 
reactions between SiC and aluminum during 
joining," Journal of Materials Science, 19, 1692-
1698(1984). 

10. D.J. Llyod and I. Jin, "A method of assessing the 
reactivity between SiC and molten Al," 
Metallurgical and Materials Transactions A, 19A, 

44 



Q. Zheng and R.G. Reddy High Temperature Materials and Processes 

3107-3109 (1988). 
11. M.E. Fine and J.G. Conley, "Discussion of "On the 

free energy of formation of TiC and AI4C3"," 
Metallurgical and Materials Transactions A, 21 A, 
2609-2610(1990) . 

12. Robert A. Rapp and Xuejin Zheng, "Thermo-
dynamic consideration of grain reinforcement of 
aluminum by titanium and carbon," Metallurgical 
and Materials Transaction A, 22A, 3071-3075 
(1991). 

13. N. Frage, Ν. Frumin, L. Levin, M. Polak and M.P. 
Dariel, "High-temperature phase equilibria in the 
Al-rich corner of the Al-Ti-C system," 
Metallurgical and Materials Transactions A, 29A, 
1341-1345 (1998). 

14. A. Jarfors, H. Fredriksson, and L. Froyen, "On the 
thermodynamics and kinetics of carbides in the 
aluminum-rich corner of the Al-Ti-C phase 
diagram," Materials Science & Engineering A, 
135A, 119-123 (1991). 

15. A. R. Kennedy, D. P. Weston and Μ. I. Jones, 
"Reaction in Al-TiC metal matrix composites," 
Materials Science and Engineering A, 316A, 32-38 
(2001). 

16. M. Kobashi, M. Harata, and T. Chjoh, "Dispersion 
behavior of several carbides into molten aluminum 
and mechanical properties of TiC/Al composite," 
Light Metals, 43, 522-527 (1993). 

17. N.A. Gokcen and R.G. Reddy, Thermodynamics, 
2nd ed., Plenum Press, New York, NY, 1996. 

18. F. Zhang, S.L. Chen, Y.A. Chang, and U.R. 
Kattner, "A thermodynamic description of the Ti-
A1 system," Intermetallics, 5 (6), 471-482 (1997). 

19. A. Peruzzi and J.P. Abriata, "Al-Zr (aluminum-
zirconium)," Binary Alloy Phase Diagrams, 2nd 

edition, T.B. Massalski, Hiroaki Okamoto, P.R. 
Subramanian, and Linda Kacprzak (eds.), ASM 
International, 1990; p. 225-227. 

20. L.B. Pankratz (ed.), Thermodynamic Properties of 
Carbides, Nitrides, and other Selected Substances, 
US Department of the Interior, US Bureau of 
Mines, Bulletin 696, 1995. 

21. H.A. Wriedt, "The Al-N (aluminum-nitrogen) 
system," Bulletin of Alloy Phase Diagrams, 4, 329-
332 (1986). 

22. Q. Zheng, R.G. Reddy and B. Wu, "In-situ 
processing of A1N-A1 alloy composites," in: Proc. 
State of Art in Cast Metal Composites in the Next 
Millennium - 2000 TMS Fall Meeting, P. K. 
Rohatgi (eds.), TMS, 2000; p. 1-12. 

23. J.L. Murray and A.J. McAllster, "The Al-Si 
(aluminum-silicon) system," Bulletin of Alloy 
Phase Diagrams, 5, 74-84 (1984). 

24. Q. Zheng and R.G. Reddy, "In-situ processing of 
Al alloy matrix composites," Proc. Affordable 
Metal-matrix Composites for High Performance 
Applications - 2001 TMS Fall Meeting, A.B. 
Pandey, K.L. Kendig, and T.J. Watson (eds.), 
TMS, 2001, p. 199-210. 

25. H. Scholz and P. Greil, "Nitridation reactions of 
molten AI-(Mg, Si) alloys," Journal of Materials 
Science, 26, 669-677 (1991). 

26. H.A. Wriedt, "The Al-O (aluminum-oxygen) 
system," Bulletin of Alloy Phase Diagram, 6, 548-
552 (1995). 

45 




