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Abstract

Alloying additions have an important effect on the chemical stability of @izomposites at high temperature. Using the Wilson equation
and an extended Miedema model, the activity in a multiple-component system was calculated and then the influence of alloying element
additions on the chemical reaction of $I8I composites at high temperature was investigated from a thermodynamic viewpoint. The
calculation results showed that the addition of most alloying elements such as copper or silicon could reduce the interfacial chemical reaction
but the addition of some alloying elements such as magnesium could promote the reaction. The experimental results were in agreement with
the calculation results.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction have shown that the extent of this interfacial reaction was de-
pendent not only on the temperature and holding time but also
Discontinuously reinforced metal matrix composites (DR- on the use of adequate combinations of processing parame-
MMCs) have been the subject of extensive research in theters. The amount of alloying elements can be an important
last two decades, particularly Al and Al alloy matrix com- factor influencing the stability of above chemical reaction
posites reinforced with SiC particles (S8l composites). [1,7,8]
Significant improvement in specific modulus and strength of ~ Most research on the interfacial structure and thermody-
SiCp/Al composites is owed to load transfer from the ma- namic equilibrium of the reaction above are for relatively pure
trix to the reinforcement through the interface. Thus, it is metals and reinforcements. In practice, the metal is generally
necessary to obtain a strong and chemistry-stable interfaceimpure or alloyed, and the alloying additions can dramatically
However, when Sig/Al composites are fabricated by liquid —change the wetting angle or modify the characteristics of the
processingl-3], especially in remelt-recycling,5], the en- oxide layer on the metal surface. For example, additions of Li
countered chemical reaction usually is as follows: into the Al matrix and the addition of Mg and Tiinto Al-Sn al-
. . loys alter wetting of Si@9,10]. Assuming a regular solution
[Alliquig + SIC — Al4Cs + [Al-Sjiquid @ alloy and using statis:iIcaI tr]1ermodynamic calculations, the
Water-soluble A|C3 formed in the reaction can lead to the influence of alloying addition on the wet ability of reinforce-
interfacial corrosion and dramatically decrease the mechan-ments to the matrix has been modeled by Li and coworkers
ical properties of the resultant composifé$. At the same  [11,12] The modeling could predict the influence of alloying
time, the release of silicon results in undesirable physical andaddition on the wetting of the reinforcement particles at low
mechanical properties of the composite. Some investigationsdilution, and well agreed with experimental data.
When the aluminum alloy matrix is in a liquid state, most
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tion. Few researchers have theoretically investigated how themodel of the Al-Si—C ternary system and Al-Si—-C—X quater-

interfacial reaction is influenced by alloying element addi- nary system can be approximated by an Al-Si binary system

tions in a liquid state and how to evaluate the silicon content and an Al-Si—X ternary system, respectively, where X rep-

formed in the reaction with different alloying contents, al- resents alloying element.

though Lee et al. has successfully predicted the silicon con-  In the reaction of Eq(1), including liquid-state reactants

tent required to prevent the formation of4&13, in some lim- and products, the Gibbs free enery{ is not only a func-

ited SiGy/Al compositeqd13,14] tion of temperature, but also dependent on the concentration
The component activity is an important factor in deter- of reactants and products. The activities of solid SiC and

mining thermodynamic stability of the reaction between SiC Al4Cz in molten Al can be considered as unity an can

reinforcement and Al matrix in liquid alloys. Thus, itis vital be expressed as follows:

to understand this mechanism theoretically and thereby con-

trol it favorably, especially in a multiple-component system. AG1 = AG%P + 3RT Inasi — 4RT Inap (2

Some theories based on the accumulated experimental data,

mostly with the least-squares deviation method, have provedwhereAG% p is the standard Gibbs energy of formation and

useful. With appropriate parameters, they can reproduce chara is the activity of component in the composite melt. Here,

acteristic features of the activities of components and their AG% p can be written as followf20]:

variations with compositions and temperature. However, for

ternary anuh—cqm_ponent gllgy systems forwh|_oh> 3, those . AG(Y)",P = AGfA|4c3 - 3AGfSiCu + 3AGgi—>"qu1d 3)

data are very limited and it is expensive and time consuming

to measure the component activities experimentally. As a re- AGEM . andAGfS- are the free energy change associated
sult, the data for the ternary alloy systems are ratherscarceand . "'43 CSiIGTT D_
only a few quaternary and quinary alloy systems have beenith the formation olx-SiC and AkCg, andAG;
measured. For example, experimental data for the ternaryth€ frée energy change associated with the phase transforma-
Al-Si-X, where X represents some alloy component, is very tion of S(_)Ild_S| having a diamond crystallographic structure
limited [15]. Therefore, for the long term, there is a significant INtO the liquid phase. . . .
need for reliable theoretical calculation that can adequately _ When alloying element X is added into an aluminum ma-
represent expensive and lengthy experimental measurementdx; the composite melt model can be approximated by an
Miedema’s group has developed a widely used thermody- Al-Si—X ternary system. Th_e influence of alloying ele_ment
namic theory for calculating the formation energies of binary ©n the reaction can be considered from two aspects: (i) most
liquid alloys using physical parameters of the eleméhs. alloying additions can .promote reactpn between Fhe rein-
By combining an extended Miedema model with the Wilson forcementand the matrix because they improve wetting of the
equation[17], this paper presents an analytic expression for re_mforcement; (ii) the activities of Al and Si can be changed
the thermodynamic activities in ternary alloy and predicts the With alloying element addition. Therefore, for the alloy ma-
chemical stability of the interfacial reaction between SiC re- trix in liquid state, the second factor is the dominant influence

inforcement and Al matrix with alloying element additions ©N the extent of the reaction. Therefore, with alloying addi-
above the liquidus. tion, EQ.(2) can be rearranged as follows:

>liquid is

AGz = AGY p + 3RT In(asi + Aasi) — 4RT In(aal + Aap)
= AGY , + 3RT In(xsi + Axsi)(ysi + Ays) — 4RT In(xal + Axal)(yal + Ayal)  (4)
= AG1+ 3RTIn(1+ Psi)(1+ Qsi) — 4RT In(1 + Pai)(1+ Qai)

wherea; =X yi, X represents the atom fraction of component

i in the melt, andy; is the activity coefficientAx; and Ay;
represent the values of the changes of the component con-
centration and activity coefficient, respectively, after alloying
element additionP; andQ; are denoted as follows:

2. Principle and experiment

2.1. Principle
Ax; Ay

For SiG/Al composites, kinetically, the interaction be- P = X Qi = 7 ()
tween Al and SiC includes the dissociation of SiC in molten
aluminum, the diffusion of silicon and carbon ions away from Therefore, the influence of alloying element addition on in-
the interface into the bulk liquid metal, and4&8l3 precipita- terfacial stability at high temperature is determined mainly
tion with increasing carbon activity in molten alumindaj. by bothP; and Q;. P; is easy to obtain through the alloy-
However, due to the low solubility of C into the pure Al even ing addition content, and on€g is determinedA G, can be
at high temperature (about 0.02—0.04 wt.% at 1300-1800 calculated. However); is difficult to calculate owing to the
and essentially zero below 1100 [18,19)), the liquid melt complex influence of alloying element additionsgn
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Wilson introduced one method to calculaten multiple In Egs.(11) and (12) ¢ is the electron density and is
components as follows: the molar volume. For all alloyg/p equals 9.%2/(du)Z.
The values fomp, used in calculating numerical @f in the

xj(1-A;)) Miedema model arB=14.1, 10.6 and 12.3(is in volts,nys
Iny; =—In|1- ijAj/i +1- Z (1 — > Xk Axyj in density units\V in cm?®, enthalpies irkJmol) for alloys
1 7 ©6) of two transition metals, two non-transition metals, and a
transition metal with a non-transition metal, respectivbly.

wherex; is the molar fraction of componeitandAy; and ~ €quals 1.0 for solid alloys and 0.73 for liquid alloys of a
Ay are adjustable parameters. From the Wilson equation, thetransition metal with a non-transition metal, anequals 0
activity of ternary or higher components can be investigated for the others alloys.

using only parameters obtained from binaries. In ani—j binary liquid aI_on system, the excess molar Gibbs
In binary system, Eq(6) can be rearranged as: free energy of componeftAGY, can be expressed as
X; B x;j(1—Ay)) AGIE = RT Iny; (13)

|ﬂ)/,'=1—|n(l—x.,'Aj/l)—1_x.A. . 1_ 1A
i3l ! 7 and the relation betweeaGE and the whole excess molar
(7) . Eo i o
Gibbs free energy;;;, in a binary system is given by

Furthermore, in a ternary system .

I I Xi AGE=GE+(@1-x %G (14)
Ny, =1-In(1—x;Aj; — xxAxi) — i = Yij AP
Vi ( XjAj/i — Xk k/z) 1— x4 — xAx); ! 1 ox;
XA -Ag) (- A ®) and
1-xiA —xAy; 1= xiAije — xjAjk GE = AH; — TSE (15)
The pair of parametera;; andAy;, could be obtainedthrough  The excess entropy of mixing can be approximately ex-
the values of Iryf"”o and Iny).”_)O based on the binary in-  pressed aR2]
finitely dilute activity coefficient§21] as follows:
1 1
; E _ o
Iny %= —In(1— A;;;) + Ay 9 §;j =0.1x AH; (Tmi * ij) (16)
In y}cﬁo =—In(1—-A;;)+ Ay (10) whereT,,; represents the melting point of componéaind
T is the temperature of the liquid melt. From E¢fk1)—(16)
the activity coefficient of componentan be calculated as
i1 ui(pi — ¢;) uj(pj — ¢i)
AT i l1-xi [T+uwil—x)ei—ej)] [1+uxi(e; — ¢l
Iny; = By 1+(1—x) 2/3 2/3 a7
RT VI 4 ui(l = 2xi) (@i — @)1 + Vi [L 4+ u (1 = 2x) (@) — i)l
5 VP + (L — x)(g — )] + A — )V P+ ujxi(p; — )]
Hereq;jj is denoted as
s ; . 1 1
The values of Iryj" % and In)/;c-’_)O can be obtained from  «;; =1-0.1T (T_ + T_> (18)
experimental data. However, considering the limited experi- i mj

mental data, theoretic calculation is proposed in the presenttherefore, from Eq(17), the activity coefficient of compo-
work using an extended Miedema model as is explained here-nanti in infinite solutionj can be deduced as:

after.
In Miedema model, the heat of formationHj, in binary | xi—0 _ i fij[1 + uilgi — ¢;)] (19)

liquid i— alloy system can be deducted as ! RTV]_Z/3

Xi[1 4+ uix (@i — o )]x;[1 + ujxi(p; — ¢i)]

AHj; = fij 273 23 (1)
w1+ uexjpi — eIV + [0+ ujxip; — )1V
where
2/3.,2/3 1/3 1/3y 42
2oVl plns): = (mis) 1" = (i — 9))° = b/ p)) 12
v 1/3,~1 1/3,~1

(nws i +(”ws j
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Then, connecting Eq$4), (6), (9), (10) and (19)the chem- Table 1 _
ical stability of Eq.(1) can be theoretically calculated when The values of some parameters used in the calculaid}s

AG2<0. The advantage of this method is that, independent g (@l e v)  VBEemd) Tm(K) rip
of experimental data, it is applicable for multiple liquid al- A 1.39 4.2 46 933 007 1.9
loys and can predict the thermodynamic data according to thesi 1.50 47 @ 1685 004 21
physical parameters of these elements. The reliability of this Mg~ 1.17 3.45 3B 922 010 04
method will be discussed in Appendix A. Cu 147 45 ¥ 1857 004 03
Zn  1.32 4.1 “ 693 004 14
, Ge 137 455 & 1211 004 21
2.2. Experimental procedure Sn 124 4.15 @ 505 004 2.1
Ca 091 2.55 B 1115 010 04
The SiG/Al composites used in the verification exper- Sr 0.84 2.4 1@ 1042 0.04 04
iment were fabricated by vacuum-high pressure infiltra- 18~ 1.09 305 ® 1191 004 07
i ina. Th i Al Alel Wt.%M 1.64 4.25 4 2183 0.04 10
ion processing. The matrixes are pure Al, A-1wt.%Mg, ~, 775 51 - 1768 004 10
Al-4wt.%Mg, Al-2wt.%Cu and Al-4.5wt.%Cu, respec- re 1.77 4.93 7 1811 004 1.0
tively. The dominant phase of SiC reinforcement wgshase Mn  1.61 4.45 3 1519 004 10
and its average size was aboyim and the reinforcement Sc 127 3.25 4 1814 0.04 07
volume fraction was 15%. cr 173 4.65 3 2136 004 10
1.75 5.2 35 1728 004 10

Experimental verification was carried out by monitoring
the equilibrium silicon content in SZAI composites by
means of the in situ remelting methods described in the pre-
vious works[4,8]. In these works, the equilibrium Si content  Table 2 _
was evaluated from the liquidus temperatures exactly. Dif- | '¢ values of the parameterys; and Asya calculated at different
ferential scanning calorimetry (DSC) was used to survey the femperature
liquidus temperature of composite melts in the present work. €9
The samples were cut into discs @ mmx 4mm and the 950 750 850 950 1050 1427
composite samples were remelted in a high purity alumina Aarsi
pan in a Netsch DSC404 instrument. Multiple runs were car- —6.2370  —54239  -48074 -43219 39281 29231
ried out at a heating rate of 2€/min from ambient to 850C, Asiial
then cooling to ambient temperature at’2dmin under dy- 0.9946 09891 09817 09726 09621 09140
namic high purity argon atmosphere (80 ml/min), and high
purity corundum was used as a reference. In order to make
the reaction reach equilibrium, multiple remelting runs were
performed with the DSC.

research, the calculation is close to the experimental results
of Ferro and coworkerf24,25] but lower than the calcula-
tion results of Leg¢13] using Barin’s data and of Naisco and
coworkerd26,27] In addition, it can be seen froRig. 2that

the equilibrium silicon content calculated at 8%Dis about

3. Results and discussion 8.83 wt.%, which suggests that the addition of 8.83 wt.% Si

3.1. Calculation results

711711717
i i r 0 Experimental data
3.11L SI(B/DUI’G Al composites . . 09 —— Calculations by the present work 7]
The values of the parameters required are presented in osl

Table 1, andTable 2lists the values of\asij andAsjal at dif- I
ferent temperatures in the Al-Si binary alloy system. Hence, o7t
the activity coefficients of aluminum and silicon in the Al-Si [
liquid alloy can be described as a function of concentration of
components from Ed7). Fig. 1shows the calculated activi-
ties of Aland Si at 1427C. Compared with the experimental 04l
data[23], the calculated activities at 142T in the Al-Si bi-
nary system agreed well with the experimental results using I
the Wilson equation and the extended Miedema model. 02|
In SiCy/Al composites, when the interfacial reaction be- I
tween Al and SiC reaches equilibrium, the Si content in
molten Al matrix remains constant. Based on the thermody- %% =07 05 05 04 o5 06 07 08 09 10
namic model of the meltin SiC/pure Al composites in E), Atom fraction of Aluminum
the equilibrium silicon content can be calculated as a func-
tion of temperature, as seenhig. 2 Compared with other Fig. 1. Activities in liquid A-Si alloys at 1427C.
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Fig. 2. Variation in the equilibrium Si content in §j\l composites plotted
as a function of temperature.

into the Al-matrix can effectively suppress the reaction be-
tween Al and SiC reinforcement below 830.

3.1.2. SiG/Al alloy composites

When the Al matrix includes alloying components, based
on Eq.(8), the investigation on the influence of alloying el-
ement additions on the chemical stability of Kfj) can be
divided into two aspects: (i) the variatid® of component
concentration in the composite melt, and (ii) the impact fac-
tor Qi on activity coefficients of Al and Si. In SKIAI-X

. Fan et al. / Materials Science and Engineering A 394 (2005) 327-338
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Table 3
The values of the parametehg andAy; calculated at 850C
X Aairx Axial Asirx Ax/si
Cu —2.6392 —1.7642 —2.3421 —1.6943
Mg 0.9461 —3.5546 -1.6772 —2.3293
Ni —6.5136 —5.0579 —9.2001 —7.5151
Nb —5.6748 —6.0508 —121081 —13.8903
Cr —2.5992 —2.2009 —6.3289 —5.1560
Sc —12.3081 —15.4863 —187434 —25.4924
Ca —1.3631 —3.1192 —4.3645 —8.3091
Sr —0.6135 —2.5648 —3.3356 —8.0097
\Y —4.4863 —3.7068 —9.7723 —8.9929
Fe —2.9492 —2.2195 —5.2944 —4.2910
Ge Q6135 —1.0563 04199 Q3075
Zn 0.0379 01356 -2.0821 -0.8329
Co —4.5801 —3.3756 —5.6051 —4.3833
Mn —5.5432 —4.1223 —8.9130 —7.5124
Ti —9.4635 —9.6927 —16.7538 —17.8109
La —14.0706 —24.7587 —10.7685 —20.6370
Sn Q6512 02543 08282 05214

the alloys risingFig. 4 shows the corresponding values of
Qal varying with the alloy content. When the value QfA(l
is higher, it means that the effect of the alloying element X
onyaL is greater. It can be indicated froig. 4that among
those alloying elements that can reduce activity coefficient of
aluminum, La has the greatest eﬁect;zﬁﬁ‘_’o, followed by
Sc, Ti, Nb, Ni, Mn, and so on. For example, when 4 at.% La
is added into molten Al at 85CC, Q/le" equals about-0.175
and QL2 > 03¢> oI > OW\P, which means that the order
influencingyf\fi_)O is La, Sc, Ti, Nb, and Ni.
The influence of alloying additions 0)7%,S

i—0

in liquid

alloy composites, such a composite melt at high temperatureA| alloys is shown inFig. 5and the corresponding values of

can be described as an Al-Si—X ternary liquid alloy system
when the chemical reaction in Hd) takes place. Thus, some
parameters, i.eAaysi, Asial, Aaix , Axial, Axisi, andAsix,
must be obtained using the Wilson equation from an inter-
active binary system. Following the calculation method of
Aaiisi andAsija) and referring to thdable 1, the other four
parameters can be solved from binary Al-X and Si—X alloys.
The calculation results at 85C are shown iffable 3

Fig. 3 shows the variation of activity coefficient of alu-
minum with the fraction of different alloying additions at the
beginning stage of the interfacial reaction; silicon content
tends to approach zero in the Al alloy solution. The results
indicate that different alloying additions can resultin different
variations ofy,ffi_’O due to distinct physical characteristics
of alloying elements. With the alloying content increasing,
most of alloying addition such as Cu, Mn, Ti, La, etc., can
decrease the activity coefficient of Al to different extents. On
the contrary, although the effect is very small, the addition
si>0 1y addition, Mg and Zn additions

of Sn can increasg,;

have few effects or’;v,’i,s‘_’o. When Al alloy is at solid state
with the increasing alloying content at 830, the results are
plotted in the dotted curves, as seerFig. 3 and the fol-
lowing figures. The area of the dotted curves will decrease
with the temperature increasing due to the melting point of

Qsj are shown irFig. 6. As was the case Wit@ﬁI , when the
value onéi is higher, the effect of the alloying element X on
ysi is greater. It can be seen that most of alloying additions

can decreas xiS‘_’O, which means thaDs; < 0. Among such

elements, Mg has the greatest effectyéﬁﬁo and Qg"ig is
close t0—0.825 with 10 at.% Mg addition in molten Al at

Activity coefficient of Al

0.65 . 1 . 1 . 1 e
0.00 0.02 0.04 0.06 0.08

Atom fraction of alloy

0.10

Fig. 3. Variation of activity coefficient of Al (Si% = 0) at 85C.
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Fig. 4. Variation ofQa; with adding alloy content at 85 (Si% =0).
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Fig. 5. Variation of activity coefficient of Si at 85C (Si% =0).
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Fig. 6. Variation ofQs; with adding alloy content at 85 (Si% = 0).
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Fig. 7. Variation of activity coefficient of Al at 850C (assuming Si released
from the reaction is about 10 at.%).

850°C, and the next is Sc, Ti, Ni, La, etc. In addition, only
a few alloying elements, including Sn and Si, can increase

xsi—0

Ysi and the effect is very small. For example, b@@i"
andQé} are less than 0.1 with 10 at.% Sn and Si, respectively,
added to molten Al at 85€C.

When the rate of silicon release from the reaction in-
creases, compared with the beginning stage, there may be
some difference in the influence of alloying addition;an
andys;. Assuming that silicon content formed from the chem-
ical reaction in the composites melt reaches 10 at.%, which
is close to the content of the equilibrium silicdfigs. 7-10
show the influence of alloying element additionsyon and
ysi and corresponding values @ andQs;. In contrast to
the beginning stage (Si content is approximately 0), most ab-
solute values o andQs;j decrease with increasing silicon
content. For example, when alloying element content is at

10 at.%,0"N decreases from0.110 to—0.090 andp™? de-
Al Si

0.05 : ’ : . . v g .

0.00

-0.05

-0.10

-0.15

-0.20

-0.25 - 4
[ “la ]
-0.30 g

-0.35 | 4

-0.40 . 1 ) 1 . 1 L L .
0.00 0.02 0.04 0.06 0.08 0.10

Atom fraction of alloy

Fig. 8. Variation ofQa with adding alloy content at 85 (assuming Si
released from the reaction is about 10 at.%).
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Fig. 11. Relationship between free energy and Si content formed in the

Fig. 9. The variation of activity coefficient of Si at 85Q (assuming Si chemical reaction at 85(.

released from the reaction is about 10 at.%).

creases from-0.825 to—0.425. In addition, in general, the reaction in Eq(1). Therefore, it indicates that Mg addition
order of influence of different alloying element additions is promotes the reaction, whereas the addition of Cu or Si de-
similar to that at the beginning stage and the negativity or creases the extent of the reaction.
positivity of Qa andQs;j remains constant when the formed The extent of the chemical reaction is proportional to the
silicon content is lower than 10 at.%. For exampleig. 10 equilibrium Si content, based on E(d.). Therefore, the ef-
Q?,f’ > lec > Qgi > leib atxsj =5 at.%, which is the same  fect of alloying addition on the chemical stability can be pre-
order as the beginning stagexat=0. dicted by calculating the equilibrium Si content, as seen in
Therefore, aftefa andQs; are determinedAG; can be Fig. 12 The ordinate represents the equilibrium Si content
calculated as the function of content of Si released from the change after alloying element addition in comparison with
chemical reaction, as seenfig. 11 It can be seen that the  the SiG/pure Al composite at 850C. It indicates that most
Gibbs free energy of the chemical reaction changes with dif- alloying additions, mainly transition metals and rare-earth el-
ferent alloying additions. The addition of Mg can decrease €ments, can reduce the chemical reaction between SiC and
the free energy and the addition of Cu and Si can increase thdiquid Al. Especially the addition of La can effectively sup-
free energy. Moreover, the free energy changes are greateP"€SS the reaction. Except for Sn, most non-transition metals
with rising alloying element content. The corresponding sil- alloys addition, suchas Sr, Zn, etc., can promote the chemical
icon content of the intersecting point, where the straight line reaction and thus increase the formation of@J.
meets the dotted line\G = 0) in Fig. 11, represents the equi- In the extended Miedema model, the activity coefficient
librium silicon content that reflects the extent of the chemical ¥i in infinite solution is mainly determined by, whose neg-

0.6 - Mg -

0.0

03

-0.6 -

Delta Si content, at%

L 1 s | L 1 s 1 L

0.5 L : ! . L . 1 . 1 . -15
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10

Atom fraction of alloy Atom fraction of alloy addition

Fig. 10. Variation ofQs; with adding alloy content at 85@ (assuming Si Fig. 12. Variation of equilibrium Si content with others alloys addition in
released from the reaction is about 10 at.%). Al matrix at 850°C.
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ative or positive value is dependent on the following relation:
2
{q/ pl(nae); — (mws) 1 ” — (¢ — )% — b(r/ p)}. Therefore,

ws /i ws
when transition metal mixes with the non-transition liquid
metals Al and Si, considering the additional large negative
contribution of the value ob(r/p) to fjj, transition metals
such as Ti, Cu, Mn, Sc, etc. have a larger effect on the activ-
ity coefficient of Al and Si than non-transition metals such
as Sn, Ca, Zn, etc., due lfr/p) = 0 for these non-transition
alloys addition to the non-transition Al or Si melt.

In the prediction of the chemical stability, it is assumed
that the added alloy cannot react with the SiC reinforcement
in the molten Al matrix. But in fact, when the alloy matrix is
in a liquid state, besides the interfacial reaction, the reaction
between alloying element and SiC reinforcement may exist.
The known alloying elements that can react with SiC and thus
form carbide are Ti, V, Nb, Zr, etc. Here the reaction of Ti
and SiC in molten Al matrix will be discussed in detail as a
typical example.

In SiC,/Al-Ti alloy matrix composites at high temper-
ature, in addition to the reaction in E€L) occurring, the
following reaction should also be considered:

[Ti] o1 + SIiC — TiC + [Si]a (20)

Kinetically, when SiC particles came into contact with molten
aluminium, it slowly dissolved, producing silicon ions and
carbon ions. These ions left the surface and migrated to the
matrix by liquid-phase diffusion:

SiC — [Si]al + [Clai (21)

Then the following reactions may occur, assuming4;Tgnd
[C]al are dilute solutes in the liquid aluminium solution:

[Ti]al + [Cla — TIiC (22)

STl + [Cla — SAlCs 23

Hence, the Gibbs free energy of the reaction (22) can be given
by

AG3 = AGYc — RTInati — RTInac (24)

And the Gibbs free energy of the reaction (23) can be given
by

AGy = ! 4RTIn RT In
4= 3 3 anl ac

At the beginning stage of the reaction, it is assumed that Ti is
dissolved in aninfinite Al solution. Therefore, referring to the
data of Rapp and Zherjg8], when the weight percent of Ti
is more than 0.5%AG3 < AG4. It indicates that Ti is easier
to react with SiC than Al and can form a more stable TiC
product. Therefore, combining the calculation results of Eq.
(4) with its preferred reaction with SiC particles, Ti addition
(>0.5wt.%) can reduce the chemical reaction between Al and
SiC, which is in agreement with the experimental req@lts
Other alloying element that may react with SiC reinforce-
ment and form carbide at high temperature can react simi-

f
AGpcs — (25)
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Fig. 13. Cooling curve of SiglAl composites multiply remelted at 85C.

larly as Ti from a thermodynamic viewpoint. Accordingly,
the effects these carbide-forming alloying elements have on
the chemical stability can be attributed to the combined ef-
fects of changing the concentration, the component activity
coefficient, and producing the more stable carbide.

3.2. Experimental verification

Fig. 13shows multiple DSC cooling curves for Sjpure
Al composites remelted at 85C. After the first remelting,
all the remelt-cooling curves are nearly identical when super-
imposed and all the thermal parameters including the liquidus
temperatures in every curve are nearly identical. Hence, it is
considered that the reaction has reached equilibrium and the
silicon content has reached saturation after multiple remelt-
ing [29].

T T LS T ¥ T X T I T
——{1] SiC/Al4.5Cu composite 1st cooling curve
0.5 K- {2] SiC/Al4.5Cu compeosite 2nd cooling curve|
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exo
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o [2]223.6ug 1| fY/| [B) J
= [3]226.2J/g |
- b
=-1.0 | l -
1
8 ,
) 4
[l
b
b
15 | ¢ -
i
! 4
4
240 1 1 1 1 1
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Fig. 14. Cooling curve of SigfAl-4.5Cu composites multiply remelted at
850°C.
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Fig. 15. Cooling curve of SigAI-2Cu composites multiply remelted at

850°C.

Similarly, Figs. 14-17 show respectively the DSC
multiple cooling curves of SigAl-4.5Cu, SiG/Al-2Cu,
SiCy/AlI-1Mg and SiG/Al-4Mg composites remelted at
850°C. As indicated inFigs. 14-17 from the thermal pa-
rameters in every cooling curve, it can be seen that after the
first remelting, the interfacial reaction extent increases with
increasing remelt number, although the extentincrease is ver
small. Therefore, it is concluded that the reaction has almos

reached balance after the third remelting.

The measured liquidus temperatures in the third cooling
curve inFigs. 13—-1Avere then used to obtain Si content by
the Al-Sibinary phase diagram and Al-Cu—Siand Al-Mg-Si
ternary vertical phase diagrarf8)], as seen ifrig. 18 The

T T ¥ T T T y T T T
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0.5 -] - - - 12] SiC/Al1 Mg composite 2nd cooling curved

0.0

Liquidus temperature:
[1]593.7°C
[2]590.3°C

E’ -05 Delta H -

= [1] 287.4J/g [3]588.6°C

E | [2] 285.5J/g |

o [3] 284.4J/g

=

E -1.0 “
15 | -
20+ .

y
t

L | L 1 " 1 L 1 1 1

300 400 500 600 700 800
Temperature, °C

Fig. 16. Cooling curve of SigAl-1Mg composites multiply remelted at

850°C.
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Fig. 17. Cooling curve of SigAl-4Mg composites multiply remelted at
850°C.
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Fig. 18. Partial liquidus section of Al alloys phase diagrams.

results of the evaluated equilibrium silicon content are shown
in Table 4

Therefore, it can be deduced that in Al matrix composites
reinforced by SiC particles, the addition of alloy can influ-
ence the extent of the chemical reaction between Al and SiC.
Magnesium addition to the matrix can promote the reaction
and the addition of copper or silicon can reduce the extent
of this reaction. As seen iRig. 19 compared with the ex-
perimental results, the calculation result shows the influence
of magnesium, copper, or silicon addition on the interfacial

Table 4

The experimental results evaluated from the phase diagrams

Alloy matrix Equilibrium Si (wt.%)
Pure Al 953

Al-2Cu 913

Al-4.5Cu 866

Al-1Mg 10.09

Al-4Mg 1097
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Fig. 19. Variation of equilibrium Si content from the chemical reaction with
Mg or Cu addition in Al matrix. 0.0
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reaction, which is in good accordance with the experimental

Fig. Al. Activities in liquid Al-Mn alloy at 1327C.
results.

binary parameters; and Ay;, which were obtained to fit
the binary data using the least-square method or by infi-
) ) ] ) nite activities coefficienf17,31-32] Therefore, the closer
According to the calculation using an extended Miedema (e theoretically calculated activities are to that of the binary
model and the Wilson equation, the activity coefficient |iquid alloys, the more reliable the prediction of activities
changes of Al and Si were calculated with alloying element ;, ternary liquid alloys will be, which are evaluated from
addition and thus the influence of alloying addition on the he Wilson equation and extended Miedema model. Here,
interfacial stability in SiG/Al at high temperature. The cal-  gome thermodynamic data in binary liquid alloys are pre-
culation results showed that alloying element additions such ganted irFigs. A1-AG most of which involve liquid Al alloy

as Mg, Zn, Sr, etc. could promote the interfacial reaction binary systems due to its application to $i8l alloy com-
and alloying addition such as Cu, Sn, Ge, La, etc. could posites.

hinder the reaction, based on the thermodynamic calcula-  aAg seen inFigs. 1 and A1-ABusing the Wilson equa-

tion considering the changes of the activities of reactants andijop, and the extended Miedema model. most of calculated

products. Selecting pure Al, A=2wt.%Cu, Al=4.5Wt.%CU,  activities agree well with the measured data, i.e., binary lig-
Al-1wt.%Mg and Al-4 wt.%Mg, respectively, as matrices

reinforced with SiC particles, the experimental results agree
with the calculated results using the Wilson equation and the
extended Miedema model.

Work is continuing in the applicability of this method, in-
cluding the interesting possibility of theoretic prediction of
the extent of in situ reactions such as Al/3jBRIN/Mg and
the influence of alloying addition on the formed reinforce-
ment products in liquid multi-component alloy systems.

4. Conclusion
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It has been proved that the Wilson equation is reliable in

predicting behaviour in ternary system on the basis of the Fig. A2. Activities in liquid Al-Sn alloy at 1000C.
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Fig. A3. Activities in liquid Al-Fe alloy at 1600C.

lution is much less than 1, which agrees with the influence
uid Al-Si, Al-Sn and Al-Mn systemf23,33] However, a trend evaluated from the measured data. Thus, it is believed
few calculated activities cannot completely the measured that the prediction of the influence of alloying addition on the
data in some binary alloy systems such as Al-Fe, AI-Mn chemical stability is basically accurate, at least in the aspect
and Fe-Si alloys. Nevertheless, these calculation resultsof the trend of the influence. The deviation between calcu-
still are in good accordance with the trend of the activities lated data and measured data primarily concentrates on the
changes with increasing alloy content. For example, as seerregion of high concentration solute, especially when the com-
in Figs. A4 and A5 although there exists a few mismatches position of solute is in the range of 0.4-0.6. It can be ascribed
between the theoretical calculation of activity and the mea- that the values of parameters only depend on the activity co-
sured datd34-36] it can be seen thatcy in a dilute iron efficient in infinite solutions. With component concentration
solution is much more than 1 ang. in dilute silicon so- increasing, the complexity of interaction between atoms is
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Fig. A6. Activities in liquid Al-Mg alloy at 800 C.
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