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We consider a binary hypoeutectic alloy casting which solidifies in dendritic form in an unreinforced 
engineering casting and seek to predict its microstructure in a metal matrix composite. We focus on 
the case where the reinforcement is fixed in space and fairly homogeneously distributed. We assume 
that the reinforcement does not catalyze heterogeneous nucleation of the solid. We show that the 
reinforcement can cause several microstructural transitions in the matrix alloy, depending on the 
matrix cooling rate, the width, A, of interstices left between reinforcing elements, and the initial 
velocity V of the solidification front. These transitions comprise the following: (1) coalescence of 
dendrite arms before solidification is complete, causing solidification to proceed in the later stages 
of solidification with a nondendritic primary phase mapping the geometry of interstices delineated 
by reinforcement elements; (2) sharp reduction or elimination of microsegregation in the matrix by 
diffusion in the primary solid matrix phase; and (3) a transition from dendrite to cell formation, these 
cells featuring significant undercoolings or a nearly plane front configuration when reinforcing ele- 
ments are sufficiently fine. Quantitative criteria are derived for these transitions, based on previous 
work on composite solidification, observations from directional solidification experiments, and cur- 
rent solidification theory. Theory is compared with experimental data for aluminum-copper alloys 
reinforced with alumina fibers and for the dendrite to cell transition using data from directional 
succinonitrile-acetone solidification experiments. Theory and experiment show good agreement in 
both systems. 

I. INTRODUCTION 

M E T A L  matrix composite solidification processes, in 
which a reinforcing phase and a metal are combined while 
the latter is fully or partly liquid, have gained in engineer- 
ing importance over the past decade, owing to their low 
cost, their capacity for net-shape component fabrication, 
and the high microstructural integrity that can be produced 
in the resulting material. Several different classes of com- 
posite solidification processes exist, such as infiltration or 
spray casting; however, an important step in all of these 
composite production processes is that in which the liquid 
metal matrix solidifies and acquires a microstructure. 

It is now well known that rules developed for solidifi- 
cation of unreinforced metals can not be applied directly to 
metal matrix composites. In the matrix of a composite, the 
solid phase must grow within the confines of narrow inter- 
stices left between neighboring elements of the reinforcing 
phase, such as fibers, whiskers, or particles. The reinforcing 
phase thus places an upper limit on any microstructural el- 
ement within the growing solid matrix while also affecting 
capillary equilibria, heat flow, diffusion, and fluid transport, 
all of which govern the progress of matrix solidification. 
Composite matrix microstructures can therefore be quite 
different from what would be expected in the same unrein- 
forced alloy solidified under similar conditions. 
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There has, for this reason, been considerable recent sci- 
entific interest in the solidification of metal matrix com- 
posites. Experimental and theoretical studies, which have 
been summarized in several reviews, IJ.2,31 have thus ad- 
dressed various aspects of the solidification of reinforced 
metals, such as dendrite tip growth conditions, solidification 
morphology transitions, and alterations in matrix microse- 
gregation. 

An important tool in the study of alloy solidification is 
the Bridgman furnace, which produces well-controlled 
steady-state directional solidification conditions. Steady- 
state directional solidification experiments consist of pulling 
a long sample of material at a constant speed through a 
region of steeply descending temperature. In the investi- 
gation of transparent metal analogue materials, this region 
is placed within an optical microscope for direct examina- 
tion of the growing solid, while with metals, the solidifying 
sample is pulled rapidly into the heat sink of the apparatus 
to quench the solidification microstructure for subsequent 
metallographic characterization. These experiments, which 
have produced a wealth of experimental solidification data 
for unreinforced metals, can be extended to composites if 
the reinforcement surface is everywhere parallel to the tem- 
perature gradient. This approach has been used in several 
studies of composite solidification, reviewed in Reference 
3. 

Directional solidification experiments can, for a given bi- 
nary alloy, be used to investigate solidification modes that 
span the spectrum between plane-front solidification at high 
thermal gradient G and low growth velocity V to cellular 
solidification and then to dendrite growth at the higher val- 
ues of V and lower values of G. In practice, however, alloy 
solidification in engineering castings is generally dendritic, 
and solidification velocities and temperature gradients are 
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neither measured nor constant over the course of solidifi- 
cation. 

We take this observation as our starting point and con- 
sider a simple binary hypoeutectic alloy cooled under con- 
ditions which lead to dendritic solidification in the unrein- 
forced condition. We assume that the alloy is cooled at a 
constant rate, so that its local volumetric enthalpy decreases 
at a constant rate H. In the composite, this alloy must so- 
lidify within interstices left between the reinforcing ele- 
ments of the composite. We seek to derive quantitative 
criteria for the microstructural development of the solidi- 
fying composite matrix alloy, using results from composite 
directional solidification studies (recently reviewed else- 
whereI31), as well as current solidification theory. We then 
combine the equations we derive in graphical form to draw 
microstructural maps which, for a given alloy, predict the 
changes produced by the reinforcement on the microstruc- 
ture of an otherwise dendritic unreinforced matrix. 

II. ASSUMPTIONS AND GOVERNING 
PARAMETERS 

A. Solidification Parameters 

We consider an externally cooled, initially fully liquid 
hypoeutectic binary alloy reinforced with a volume fraction 

of inert second phases roughly of the same size and 
homogeneously distributed. We take, for simplicity, these 
second phases all to be of the same size and shape, e.g., 
spherical particles or cylindrical fibers. We assume that the 
reinforcements are fixed in space, as is, for example, the 
case in the solidification of infiltrated composites. We thus 
ignore the effects of particle pushing, commonly found in 
low-volume fraction particle-reinforced alloys. 

As mentioned in Section I, most engineering alloys are 
sufficiently enriched in solute elements that, in practical 
casting processes, solidification takes place at a large de- 
parture from the onset of constitutional supercooling. Gen- 
erally, therefore, unreinforced hypoeutectic alloys solidify 
initially in the form of dendrites of the primary phase, end- 
ing with solidification of eutectic or other phases between 
dendrite arms. We consider in what follows this regime of 
solidification and therefore make the assumption that 

- m V C o  (1 - k) 
G < <  [1] 

kD 

where G is the local temperature gradient (assumed for sim- 
plicity to be constant across the solidification front), m the 
liquidus slope of the alloy, V the solidification front veloc- 
ity, Co the average composition of the alloy, k the partition 
ratio, and D the solute diffusion coefficient in the liquid 
phase. 

We do not take G or V as known parameters but instead 
describe, when we can, solidification conditions using the 
local rate of change of volumetric enthalpy, H, which is a 
more accessible experimental parameter in practical engi- 
neering situations. We take for simplicity H to be constant, 
this assumption being reasonably well obeyed in many cast- 
ing processes. The value of H is easily related to more usual 
solidification parameters, such as the total solidification 
time of the composite casting t~ the total solidification time 
of a similar but unreinforced casting in a similar mold tsu, 

and the cooling rate C of the composite casting: 

H =  [1 - ~.)Lr + c c A T ] t  s '  = [(1 - Vs) [2] 
L s + Cc AT] CAT  i = [Lr + cm AT] ts,-' 

where AT is the total freezing temperature range (equal to 
m (Co - Ce), where Ce is the eutectic temperature of the 
alloy), V s the volume fraction of reinforcement, L s the vol- 
umetric heat of solidification of the matrix, and c< and Cm 
the volumetric heat capacity of the composite and the ma- 
trix, respectively. 

We consider solidification under conditions of negligible 
kinetic undercooling along the primary solid/liquid inter- 
face. Everywhere along the solid/liquid matrix interface, lo- 
cal equilibrium then dictates C* = kC*, where C* is the 
solid composition at the interface, C* the liquid composi- 
tion at the interface, and k the equilibrium partition ratio. 
For simplicity, we take the phase diagram to feature straight 
liquidus and solidus lines, such that k and the liquidus 
slope, mL, are constant. 

We consider, as mentioned, a casting in which the matrix 
of the composite is initially fully liquid and which is cooled 
at a rate that is typical of usual engineering situations. 
There are, therefore, no internal heat sources or sinks within 
the composite, as when an initially cold preform is infil- 
trated with liquid metal: in such a case, the metal is rapidly 
chilled by the reinforcement as it comes into contact with 
the latter and solidifies partially via rapid removal from the 
matrix by the fibers54,51 This novel solidification mode, spe- 
cial to infiltrated composites, is not considered here. 

The time for temperature equilibration within the rein- 
forcement (usually the phase of lesser thermal conductivity 
in the composite) is on the order of dVa, where d is the 
smaller transverse dimension of the reinforcement (the di- 
ameter of fibers or spheres, the thickness of plates, etc.) and 
a its thermal diffusivity. Since d < 1 00/.~m in most metal 
matrix composites, and since a is seldom much lower than 
10 -6 m z s 1, this time is at most on the order of 10 milli- 
seconds, generally less. It is, therefore, only in rapid solid- 
ification processes, featuring solidification times far below 
1 second (such as those modeled in Reference 6), or with 
very large reinforcements (such as the fibers of diameter on 
the order of a centimeter modeled int7,s1), that thermal ef- 
fects need be considered. 

We consider here castings typical of engineering mate- 
rials and solidification processes, having reinforcements no 
larger than 100 /xm and local solidification times greater 
than about 1 second; hence, matrix and fiber have ample 
time to equilibrate their temperature on a local scale. Be- 
cause of the high rate of local temperature equalization be- 
tween matrix and reinforcement, and because the rate of 
alloy solidification is governed by solute diffusion, it can 
therefore safely be assumed that during solidification, ma- 
trix and fiber temperatures are equal and uniform locally 
within the composite. The only significant temperature gra- 
dients in the composite casting are thus on the scale of the 
casting and are described by macroscopic heat transport 
equations applied across the composite casting treated as a 
continuum. 

B. Capillarity 

Capillary forces are well known to exert a considerable 
influence on the solidification of metals. In composites, 
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Fig. 1--Definition of the contact angle 0 of  the solid metal on the 
reinforcement in the presence of the liquid. 

these take on added importance because of the presence of 
capillary equilibria along the contact line between the liq- 
uid/solid matrix interface and the matrix/reinforcement in- 
terface. Since the reinforcement is generally a nondeform- 
ing solid at matrix solidification temperatures, equilibrium 
along this contact line introduces one new parameter in the 
solidification of composites, namely, the contact angle 0 of 
the primary solid metal on the reinforcement in the pres- 
ence of the liquid metal, defined in Figure 1. This angle is 
the same as that which is considered in elementary treat- 
ment of the thermodynamics of heterogeneous nucleation. 
In composites, 0 is thus important both in the nucleation 
and in the growth of the primary solid phase. If 0 is small, 
the matrix tends to nucleate on the reinforcement and to 
grow along the matrix/reinforcement interface, an effect 
which was illustrated in directional solidification experi- 
ments with transparent metal analogues, lg.Wq 

Generally, capillary forces do not favor contact of the 
solid phase with the reinforcement surface, meaning that 0 
is large in most composite systems. The solid phase then 
nucleates and grows away from the reinforcement in most 
engineering composites. This is apparent in the fact that in 
most composite systems, the reinforcement is not an effi- 
cient site for catalysis of matrix solidification,t21 resulting in 
large matrix grains, which are seldom affected by the re- 
inforcement when the composite is cooled slowly from the 
fully liquid matrix state. This was further confirmed micro- 
scopically in directional solidification experiments for Al- 
Cu alloys reinforced with aluminum oxide fibers t12.133 
Known exceptions to this rule are hypereutectic A1-Si al- 
loys reinforced with graphite, SiC, SiO2, and A1203,I2'141 A1- 
4.5 wt pct Cu reinforced with TiC,t153 Ti-51.5AI-I.4Mn 
reinforced with TiB2 particles,tt61 and magnesium alloy 
AZ91 reinforced with SiC particlesJ ~7J 

We assume in what follows that 0 is large, i.e., that cap- 
illary forces favor contact of the liquid with the reinforce- 
ment over contact of the solid, thus encouraging the solid 
to nucleate and grow at locations other than the reinforce- 
ment/matrix interface. 

III. MICROSTRUCTURAL LENGTH SCALES IN 
COMPOSITE SOLIDIFICATION 

As described in Section II, if the casting we consider 
were made of the unreinforced alloy, solidification would 
be dendritic and the first moments of growth would consist 

of motion of dendrite tips through untransformed liquid. 
The radius R of dendrite tips obeys, in unreinforced alloys, 
the relationshiptlS~ 

R =  o., ( - m  ( 1 - k ) C , V  G) [3] 
- 

where (7, is the liquid composition at the dendrite tip, D the 
solute diffusion constant in the liquid, F the Gibbs-Thom- 
son coefficient, and o'* a constant approximately equal to 
0.025. The term C, is in the range of solidification rates 
found in casting processes, nearly equal to the average alloy 
composition, Co. Taking C, ~ Co and with account of as- 
sumption [1], this expression can be simplified to become 

~/ - D F  
R = [4] 

tr*m (I - k) Co V 

This quantity sets the first microstructural dimensional 
scale of the growing solid phase. As solidification pro- 
gresses, secondary arms form, grow, and coarsen. The in- 
itial microstructural scale R in the matrix is then erased to 
become the spacing of dendrite arms, A, which sets the 
scale of matrix microstructural features and obeys the well- 
known law whereby h is proportional to the cubic root of 
solidification time: LIgl 

A = K t  1/3 [5] 

where K is a constant. 
In the composite casting we consider, the matrix must 

solidify within the narrow interstices left between the var- 
ious elements of the reinforcing phase. This places a re- 
striction on allowable dimensions of microstructtiral ele- 
ments that evolve in the solidifying matrix. The geometry 
of these interstices is complex; however, at the simplest 
level of analysis, we seek to characterize its influence on 
matrix solidification via a single parameter, the mean free 
distance between reinforcement elements, A, defined as the 
average length traveled along a randomly oriented line 
through the matrix between reinforcing elements (fibers, 
particles,_ or other). This, in turn, equals L 3 (1 - Vs) ~ ; ,  
where L3 is the mean intercept length, defined as the av- 
erage value of the distance traveled through each reinforc- 
ing element (fiber, particle, or other) along randomly 
oriented lines t2ol 

K n o w i n g  L 3 then allows estimation of A when the 
growth direction of matrix dendrite arms is random. For 
simple reinforcement shapes, L 3 is given in Tables 4.1 and 
4.2 of Reference 20: for a spherical reinforcement of uni- 
form radius r, Z 3 = 4r/3; for short fibers of uniform radius 
r and length h, L 3 = 2rh (r + h)-l; and for long fibers of 
radius r, L 3 = 2r; etc. Resulting expressions for A are given 
in Table I for randomly oriented dendrites. 

There are cases where matrix dendrites and reinforce- 
ment elements bear a nonrandom orientation relationship 
with one another: the simplest and most thoroughly inves- 
tigated case is that found in directional solidification ex- 
periments, where a composite reinforced with parallel fibers 
is solidified such that fiber axes lie parallel to primary den- 
drite arms or cells. In this configuration, a better estimate 
of A is the mean free distance between fibers within the 

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 27A, MARCH 1996--597 



plane perpendicular to both the fiber axes and the primary 
matrix growth direction. Since area fractions and volume 
fractions are equal, within this plane, we still have A = 
L 2 (I - El) v/=1, where L2 is the mean intercept length of  
randomly oriented lines in a plane perpendicular with the 
fiber axis, simply calculated to be L 2 = 7rr/2. 

IV. COARSENING IN REINFORCED ALLOYS 

Let us assume for now that R (Eq. [3]) is much smaller 
than A. When this is the case, interference of the reinforce- 
ment with progress of the dendrite tips occurs only in the 
occasional event where a dendrite tip grows toward the re- 
inforcement, approaching its surface within roughly one tip 
radius R, since this distance roughly equals the width of 
the solute-enriched region surrounding the dendrite tip. In 
these occasional events, as was shown experimentally in 
directional experiments using transparent metal ana- 
logues,t~.2~ 23] growth of the tip slows or stops because the 
reinforcement inhibits solute diffusion, and the dendrite is 
deflected, for example, via a change in leading dendrite tip 
to the tip of a secondary or higher order arm pointed away 
from the reinforcement surface. Other than these occasional 
encounters, when R < <  A, the dendrite tips grow in the 
composite essentially as they would in an unreinforced al- 
loy, because most of the time the reinforcement does not 
interfere with solute evacuation from dendrite tips. 

Thus, when R < <  A, the first moments of solidification 
lead to the formation of a network of dendrite arms similar 
in shape and number to those found in the unreinforced 
condition, save for some distortion of this structure within 
a distance of about R along the matrix/reinforcement inter- 
face. Therefore, as in conventional castings, the micros- 
tructure of the fully solidified alloy is predominantly 
determined by subsequent coarsening of this starting mi- 
crostructure. 

The rate of dendrite arm coarsening is limited by the rate 
of diffusion of solute through the liquid phase to regions 
of highly positive curvature (measured through the solid) 
from regions of lower or negative curvature (the solid phase 
correspondingly melts back in regions of positive curvature 
and grows in regions of low or negative curvature). It is 
known from microstructural studies of  dendrite arm coars- 
ening that this coarsening process can essentially take two 
forms, depending on whether highly curved solid regions 
melt back to deposit onto regions of positive or negative 
curvature. Using terminology of previous articles, [24,251 the 
former process is termed ripening and causes larger dendrite 
arms to grow at the expense of smaller arms, while the latter 
process is termed coalescence and causes the dendrite arms 
to fuse together at points of contact such as their point of 
common attachment of a lower order arm. Ripening causes 
smaller dendrite arms to disappear and, hence, the average 
dendrite arm spacing to increase according to Eq. [5]. Coa- 
lescence also increases the dendrite arm spacing in time but 
ultimately leads to a loss of the dendritic character of the 
solidifying matrix microstructure when most dendrite arms 
have fully fused together. Ripening is dominant at the be- 
ginning of solidification, when the volume fraction solid is 
low and dendrite arms are long and thin. Coalescence dom- 
inates at higher values of the volume fraction solid or after 
prolonged isothermal hold of a mushy alloy. 

Table I. Mean Reinforcement Intercept Length L Giving A 
as A = L (1-Vy) V/1 for Randomly Oriented Dendrites 

Reinforcement shape L 

Sphere, radius r 

Disk, radius r, thickness t <<  r 

Cylinder, radius r, height h ~ r 

Rod, radius r (height h > >  r) 

Cube, edge a 

Rectangle parallelipiped, edges a, b, and c 

Octahedron, edge a 

Hexagonal prism, edge a, height c 

Tetrahedron, edge a 

4r/3 

2t 

2rh 

r + h  

2r 

2a/3 

2abe 

ab + bc + ca 

0.545a 

2~/3ac 

~/3a + 2c 

0.2725a 

If we consider the semisolid dendritic matrix of a com- 
posite, it is clear that the reinforcement will interfere with 
ripening; when the dendrite arms thicken to approach A, 
solute diffusion from one arm to the next takes place along 
a path which is altered by the presence of the inert rein- 
foreements. Even past this point, however, one can envision 
ripening progressing in the matrix somewhat further by dif- 
fusion of solute from one interstice to another. This last 
mechanism was identified experimentally in experiments on 
equiaxed dendritic solidification of A1-4.5 wt pet Cu rein- 
forced with parallel alumina fibers [261 and shown experi- 
mentally to cause an increase in the time exponent of the 
coarsening law, from the usual value of 1/3 to 1/2. The 
explanation for this change in coarsening law constant lies 
in the fact that when ripening takes place across interstices, 
the diffusion distance for solute which migrates from grow- 
ing to shrinking arms remains relatively constant. There- 
fore, if A is the average dendrite arm spacing, solute con- 
centration gradients which drive ripening across interstices 
vary in time only because curvature differences, roughly 
proportional to A-', decrease in time, whereas in unrein- 
forced alloys, these gradients vary as A -2, because diffusion 
distances increase proportionally with A, while concentra- 
tion differences still vary roughly as A ~. Because the rate 
of solid/liquid interface movement, and hence the rate of 
change of dendrite arm spacing dA/dt, is proportional to 
concentration gradients, A can become roughly proportional 
to t '/2 when A reaches and slightly exceeds A. 

Dendrite arm coalescence is very strongly influenced by 
the reinforcement, because the length of dendrite arms is 
limited in the composites: dendrite arms, which are gener- 
ally much longer than they are thick in unreinforced cast- 
ings, cannot, in the composite, be on average much longer 
than A/2. For this reason, it takes a much shorter time for 
the space between dendrite arms to fill up with solid and 
sinter dendrite arms together in composites than in unrein- 
forced alloys. As a consequence, the dendritic character of 
the matrix is much more rapidly lost in metal matrix com- 
posites. 

This phenomenon was identified and analyzed for direc- 
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Fig. 2--Schematic description of a coalescing dendrite arm, with 
definition of relevant distances. 

tional dendritic solidification of a parallel fiber composite 
in Reference 27 and can be quantified along similar lines 
for the general case of randomly oriented dendrite arms 
coalescing in interstices of  average width A. 

Consider two randomly oriented neighboring dendrite 
arms in an interstice. On average, their length cannot ex- 
ceed A/2. If at time t the volume fraction of the solid phase 
within the metal is gs and the average dendrite arm spacing 
is A, the average width of the pool of liquid left between 
dendrite arms is roughly A (1 - g~) (neglecting liquid be- 
tween the dendrite and the fiber, the primary dendrite stem, 
etc.) (Figure 2). If we neglect interference of the reinforce- 
ment with the kinetics of ripening, A can be estimated as 
being the same as in the unreinforced alloy. 

If we assume that the fraction solid is given by the Scheil 
equation, derived for dendritic solidification with interfacial 
equilibrium and no solid-state diffusion, neglecting density 
variations with solute content and matrix solidification, we 
can write 

1 - g , =  ~oo/ [61 

where CL is the liquid composition and Co the average com- 
position of the matrix alloy. The interdendritic liquid com- 
position Q at an interface of curvature K is given by the 
Thomson-Freundlich equation: 

KF 
C~ = CL + - -  [71 

m 

where C L is the equilibrium composition in the liquid for a 
flat interface and m the liquidus slope. The term F is the 
Gibbs-Thomson constant and equals the liquid-solid sur- 
face energy O2s divided by the volumetric entropy of fusion 
of the alloy primary constituent. We now simplify the sol- 
ute concentration profile by assuming that the rate of coa- 
lescence is limited by diffusion of solute from the trough 
separating two dendrite arms to the arm tips, of (positive) 

LdL = 

curvature much smaller than the (negative) curvature at the 
bottom of the trough. Thus, we estimate the flux of  solute 
diffusing from the trough bottom as roughly equal to 

C , -  C~ ,~,F 
J =  D L - - - -  D L - -  [8] 

L LmL 

where C, is the composition at the bottom of the trough, L 
the distance separating the dendrite arm tips from the den- 
drite arm trough, and K, the curvature at the bottom of the 
trough. Assuming that the bottom of the trough separating 
two dendrite arms is most sharply curved within the plane 
of  the arms, K, can be estimated as 

- 2  
K, - [91 

A (1 - g,) 

Now the rate dL/dt at which the dendrite arms shorten is 
given by the rate at which solid deposits at the bottom of  
the trough separating dendrite arms. This latter rate of so- 
lidification is simply given by the standard flux condition: 

dL 
J =  C, (1 - ~ d t  [101 

where J is the solute flux into the liquid from the 
solid/liquid interface at the bottom of the trough between 
dendrite arms. Noting that the increase in A with time does 
not affect the validity of this flux balance at the bottom of 
the trough between surviving dendrite arms, and noting also 
that C, ~ CL, inserting Eqs. [5], [6], [8], and [9] into Eq. 
[ l 0] yields 

LdL 2FD L 1 

dt  (1 - k) m K  t '/3 C o ( 1  - g y  
[11] 

If the rate of heat extraction H from the composite during 
solidification is constant, 

(1 - ~-) L/g, - ccm (Cr - Co) = Ht [121 

then by inserting Eq. [6], it becomes 

Vr) Csg~-  c~mCo[(1 -g~)k- '  _ 1] = Ht [13] ( 1 -  

so that 

as 

d t / d g ,  = (1 - V,) g ~  I - c c m C d 4 - '  [14] 
(1  - k )  (1 - g , ) k  2 

Finally, DL varies with temperature and, hence, with g, 

Q 
D L = Doe - [15] 

k [Tin + mCo (1 - gs) k-'] 

After insertion of Eqs. [13] through [15] into Eq. [11] 
one obtains 

- k )  (1 - g ~ ) k - 2 ]  e 
Q 

2FDo [(1 - ~ )  L ~ -  mc~ Co (1 k [T m + mCo (1 - g,)~-~] dg~ 
[16] 

(1 k) mKCoH 2/3 
r~_/(1 - ~.) Lrg  ~. - mccC o -((1 - g , ) , l  _ 1 ) ]  1/3 (1 - g,)' 

The fraction solid at which dendrite arms of initial length A/2 are erased can then be calculated from 
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A 2 =  4FDo f2 , [ (1  - 
(1 - k--) -~Co H2/3 

Vj) L / -  mc,.Co (1 - k) (1 - g),-2] O 
e 

k [T~ + mCo (1 - g)k-l I dg 

[(1 /11.)Lrg mccCo ( (1  g)*-' 1 ) ]  '/3 - . - - - ( 1  - g ) *  

[171 

If the fraction solid corresponding to satisfaction of 
Eq. [17] is higher than the fraction solid at the eutectic 
temperature of the alloy, gse, the solidified matrix micros- 
tructure will be dendritic throughout solidification. If, on 
the other hand, the corresponding gs is significantly lower 
than g,E, all dendrite arms in the matrix of the composite 
will have coalesced long before completion of solidifica- 
tion. Then, the matrix solidifies in later stages essentially 

as a nondendritic cellular matrix, made of islands of pri- 
mary phase more or less centered between reinforcing el- 
ements. Remaining liquid matrix, and hence solute-rich 
primary phase and the eutectic in the fully solidified com- 
posite, are then concentrated along the reinforce- 
ment/matrix interface. The criterion for loss of dendritic 
character by coalescence of dendrite arms before the end 
of solidification is, thus, 

Q 
4rDo f j ,  e[(1 - Vs) Lr - mccCo (1 - k) (1 - g)k-2] e - 

H2'3 A2 < (1 - k) m K C  0 [(1 - Vr) Ljg - mccCo ((1 - g)k-, _ 1)1,,3 (1 - g)* 
k [Tm + m C  o ((1 - g)*-'] dg 

Equation [18] can be integrated numerically for a 
given system; however, considerable algebraic simplifica- 
tion can be achieved by making two relatively simple as- 
sumptions: 

(1) we assume that D L is approximately constant during 
solidification; and 

(2) we take A to be roughly constant as well. 

Equation [18] then becomes 

4FDt 
A: = 

(1 - k) mACo H 

f; ,[(1 - 1/1) L / -  mccCo (1 - k) (1 - g)k-21 dg 
[19] 

(1 - g)~ 

which is easily integrated to yield 

AHA2 _ 4FDL [20] 
( l  - k) mCo 

( 1  [ 1  - ( 1  - g , ) '  ~1 
Lr 

1 - k  

- mccCo (1 - k) [(1 - g,)-' - 111 

The left-hand side of Eq. [20] contains parameters which 
depend on the solidification conditions and on the rein- 
forcement morphology. The right-hand side of this equation 
contains terms which are system parameters characteristic 
of the matrix alloy and the fraction solid gs at which den- 
drite arms are predicted to have coalesced or, in other 
words, at which the microstructure has lost its initial den- 
dritic character. A reasonable (because of the rapidly de- 
creasing rate of dendrite arm ripening with time) and 
conservative estimate of A is to take A equal to its upper 
bound, namely, the dendrite arm spacing reached in the 
unreinforced alloy for the same solidification time. This is 
obtained by combining Eqs. [5], [6], and [12]: 

[ [@] /~ = K S  1/3 (1  -- Vf) e f  I - ~ [ 2 1 ]  

- m c  c (1 - k) [CE - C011 ',3- 
._1 

[181 

The matrix thus loses its dendritic character during so- 
lidification provided 

- 4 F D  L 
/_/2/3 A 2 _< [221 

(1 - k) mCo K 

I 

(1 - V,) L /C771 ---k) me, C o (1 - k) - 1 

1 

- ~ - m q  (1 k) [c~ Co] a 

This expression differs somewhat from that derived in 
Reference 27 for the case of solidification within a tube at 
steady velocity in a constant temperature gradient. Differ- 
ences arise from the fact that we have allowed ripening to 
proceed uninhibited during coalescence (whereas in the pre- 
vious case A could not exceed the tube diameter) and, from 
the constant rate of heat removal assumed here, a more 
realistic assumption for practical solidification processes. 

In summary, Eq. [22] provides a relatively simple and 
conservative criterion for the elimination of dendrite arms 
by coalescence during initially dendritic solidification of the 
matrix in a composite. The critical quantity is seen to be 
HA 3, which is intuitively satisfying since the governing 
process is diffusion-limited coarsening. If the inequality in 
Eq. [22] is obeyed, the liquid composition at which coa- 
lescence erases the dendrite arms in the matrix can be es- 
timated by solving Eq. [221 written as an equality for CL 
= Ce. This composition, multiplied by k, then gives the 
composition of the last isoconcentrate in the solid to have 
a dendritic character after metallographic etching to reveal 
matrix coring patterns. 

V. GEOMETRICAL CONSTRAINT OF 
DENDRITE TIP SOLIDIFICATION 

We now consider the case where the radius R of a den- 
drite tip in the unreinforced alloy is commensurate with the 
interstice width, A. It is found in experiments on succinon- 
itrile_acetonei9.1 u and from finite-difference modeling of di- 
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rectional solidification t28,291, that when A decreases below 

*We use these calculations here as a guide and without questioning the 
origin of  the dendritic tip solutions having the proper value of o-* that are 
found despite the lack of surface tension anisotropy among the 
assumptions made in these calculations. 

the primary dendrite arm spacing, all else being constant, 
there can be a transition from dendritic to cellular solidifi- 
cation. This provides a second mechanism by which den- 
drites may not be observed in a metal matrix composite 
under solidification conditions which lead to dendritic so- 
lidification in an identically processed unreinforced casting 
of the matrix alloy. 

It is apparent from the calculations of Lu and Hunt (Fig- 
ure 1 of Reference 28 and Figures 2 and 7 of Reference 
29) that the transition from dendritic to cellular solidifica- 
tion at falling A is relatively abrupt and well defined and 
that, following this transition, the undercooling of the cor- 
responding cell tips reaches its minimum very close to the 
transition conditions. Furthermore, it is also suggested from 
Lu and Hunt's calculations (Figure 7 of Reference 29) and 
by Fabietti and Sekhar's experimental data (Figure 3) that 
as the tip changes from dendritic to cellular with decreasing 
A, (1) the decrease in tip radius R is small for dendrites, 
such that o-* does not fall far below 0.0025, and (2) the 
radius is continuous across the transition from dendrite to 
cell. At this transition, therefore, the dendrite tip radius is 
not far from that given by Eq. [3] or [4] with o-* ~ 0.025. 

These observations suggest a very simple approximate 
criterion for the transition from dendritic to cellular solid- 
ification at falling A. At minimal undercooling, cell tips 
grow with a width of about one-half the cell spacing, or 
interstice width A, in a composite (this is rigorously true at 
small Peclet numbers AV/DL in two-dimensional planar in- 
terstices, these being defined as the space between two 
planes A apart)J 3~ Furthermore, at low Peclet numbers, 
dendrite tips are surrounded with a solute-enriched zone 
extending roughly one dendrite tip radius away from the 
tip surface. Provided growth does not take place at high 
Peclet numbers, as assumed, we may therefore infer that at 
the dendrite to cell transition, the tip radius roughly equals 
A/4, in fairly good agreement with the experimental data 
of Fabietti and Sekhar (Figure 3). Hence, the transition 
from dendrite tip to cell tip formation takes place under 
conditions where the dendrite tip R predicted by Eq. [3] 
reaches a maximum value of about A/4, i.e., when 

16F 
A 2 = [23] 

o'* ( - m  (1 - k) C'V G )  
- 

from Eq. [3]; or since we have focused the present discus- 
sion on the case in which the unreinforced alloy G can be 
neglected and Ct ~ Co, Eq. [4] applies and Eq. [23] can be 
simplified to become 

-640DF 
VA 2 - [24] 

m(1 - k) C o 

Except at high growth velocities (at which the dendrite 
tip undercooling is sufficiently large to cause C, to exceed 
Co significantly), this latter criterion compares very well 
with predictions of Lu and Hunt: the locus of growth con- 
ditions over which the computed finite-difference solid tip 

solution passes from dendritic to cellular is predicted by 
Eq. [24] within a factor 2 in V (Figure 1 of Reference 28 
and Figure 2 of Reference 29). Comparison with experi- 
mental data for succinonitrile-acetone is very good for 
growth in cylindrical interstices: for 1 wt pct acetone, the 
transition is predicted to occur near V = 2 ~m/s, in good 
agreement with the data in Figure 3; and for 0.3 wt pct 
acetone, the predicted line lies within the transition regime 
separating dendritic and cellular growth regimes (Figure 
4(a)). For succinonitrile-0.5 wt pct acetone grown in rec- 
tangular interstices, the agreement is somewhat inferior 
(Figure 4(b)) but still within a factor 2 in V. 

In conclusion, Eq. [24] provides a simple criterion for 
transition from dendritic to cellular growth caused by ge- 
ometrical constraint by the reinforcement in conditions 
where dendrites form in the unreinforced alloy, which 
agrees with current theoretical predictions and experimental 
data within a factor 2 in V. 

Prediction of this transition necessitates knowledge of V, 
which is not uniquely known for given H. For directional 
solidification, full thermal analysis or extensive measure- 
ment is required to predict the rate of motion V of the 
isotherm corresponding to the liquidus temperature of the 
solidifying alloy. In equiaxed growth into an undercooled 
melt, V can roughly be estimated by neglecting tortuosity 
in the interstices, since dendrite tips will then travel a dis- 
tance roughly equal to one-half the average matrix grain 
size d. Noting that initially most solidification takes place 
near the liquidus temperature (this is apparent from inspec- 
tion of the Scheil equation, Eq. [6]), and knowing that at 
the dendrite to cell transition about half the matrix solidifies 
upon passage of the tip, at this transition, V is roughly equal 
to 

d 2 H  dH  
V ~ - [25] 

2 L  r(1 - ~) Lr(1 - vi) 

VI. MICROSEGREGATION IN METAL MATRIX 
COMPOSITES 

Except for interstitial solute elements, diffusion in solid- 
ifying alloys is generally too slow to erase concentration 
gradients in the primary phase, regardless of how slow so- 
lidification may be. The underlying explanation for this fact 
is that although increasing the total solidifcation time may 
decrease microsegregation somewhat (by partial solid-state 
diffusion and by dendrite arm ripening), at long solidifi- 
cation times, the average dendrite arm spacing (and hence 
diffusion distances) increases at too high a rate for diffusion 
to "keep up" and produce compositional homogeneniza- 
tion of the solid phase. 

In a metal matrix composite, this rule is no longer 
obeyed: the reinforcing phase now places an upper limit on 
diffusion distances, since the matrix can only coarsen to the 
point where a nondendritic primary phase mapping the ma- 
trix/reinforcement interface is formed. Beyond this point, 
provided there are no great irregularities in the interstice 
geometry within the composite, coarsening stops. For this 
reason, in a composite, under conditions of slow cooling, 
microsegregation is significantly reduced or eliminated. 

This effect was proven experimentally in directionally 
solidified fiber-reinforced aluminum-copper alloys, grown 
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Fig. 3--Experimental measurements of  dendrite and cell tip radii for 
succinonitrile - 1 wt pct acetone solidified directionally at steady state 
with G = 3000 K m 1.[91 Data comprise tip radii for unrestricted growth 
between microscope slides and for growth within a cylindrical capillary 
of inside diameter 100/xm. 

both in the cellular and the dendritic regimes. [~2,27] At suf- 
ficiently low cooling rates, significant reductions in micro- 
segregation were observed, and at the slowest cooling 
conditions explored, a featureless matrix free of microse- 
gregation was formed. Theoretical analysis r27,3q showed that 
these observations are explained as resulting from solid- 
state diffusion erasing concentration gradients over distance 
A. The method used, namely, finite difference analysis of  
solidification in an interstice with cylindrical symmetry, 
produced quantitative data in very good agreement with 
measured concentration profiles; however, its results are 
system specific. We therefore provide here a different and 
somewhat cruder analysis, to propose simple but general 
criteria for estimating the influence exerted by the rein- 
forcement on microsegregation in the matrix. 

It is well known that in the solid-state homogenization 
of a cored alloy, at longer times, the degree of homogeni- 
zation is well described by the first term of a series solution, 
of wavelength equal to the dendrite arm spacing A.v9.32] For 
homogenization at a constant temperature, the time required 
for reduction of concentration differences to a fraction f of 
their initial values is thus roughly given by 

th ~ -A z (~r2Ds) -1 In (f) [26] 

where A is the wavelength of the concentration distribution 
and D, the solid-state diffusion coefficient at the homoge- 
nization temperature. 

We now consider the composite matrix solidified slowly: 
we know that A is at most on the order of A, the interstice 
width, and D, is at least equal to the solid-state diffusion 
coefficient at the eutectic temperature, Deu t. Therefore, if the 
total solidification time of the composite is tr we know 
that because the rate of  diffusion is most sluggish at the 
eutectic temperature, concentration differences in the alloy 
will be reduced to a fraction f of their maximum values 
(given by the Scheil equation) if 

ts > _ A z (~-2 Deut)-t In (f) [27] 

Tak ing f  = 0.0l as a criterion for essentially no coring 
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Fig. 4--Microstructural transitions for steady-state directional 
solidification with G = 4 K mm ': (a) for succinonitrile-0.3 wt pct acetone 
in cylindrical channels and (b) for succinonitrile-0.5 wt pct acetone in 
rectangular channels. The straight line corresponds to the predicted 
dendrite to cell transition (Eq. [24]) plotted in its domain of validity (i.e.,  
for V above the cell to dendrite transition in the unreinforced alloy). 

in the matrix, we then expect an essentially featureless ma- 
trix in the composite if 

tr> 0.5 A 2 (D j - '  [281 

For AI-Cu alloys, Deu, = 1.4 • 10 -13 m 2 s -~, so that a 
featureless matrix is predicted for tj>_ 3 10 ~2 A 2 (in SI units). 
This is relatively close to (and, as expected, a bit more 
conservative than) the finite-difference computer analysis of 
Reference 27, which predicted a featureless matrix in this 
system when tr>__ 1.3 10 ~2 A 2. 

In summary, inserting Eq. [2] into Eq. [28], the com- 
posite matrix will be free of microsegregation if 

HA 2 < 2Deu ' [(1 - V/) Li + c, AT] [291 

Conversely, if solidification is sufficiently rapid, solid- 
state diffusion will not erase concentration gradients in the 
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matrix faster in the composite compared to the unreinforced 
alloy. An upper bound for the extent of solid-state diffusion 
in dendritic solidification was derived in References 19,33 
showing that in solidification of a binary alloy, if c~ = 
4DdI~A-2, where A is the final dendrite arm spacing, is less 
than about 0.1, solid-state diffusion exerts little influence 
on microsegregation. Since the reinforcement will only ex- 
ert an influence on microsegregation in the matrix if A is 
smaller than the dendrite arm spacing in the unreinforced 
alloy, we expect essentially no effect of the reinforcement 
on matrix alloy microsegregation if 

tf < A2/40D~j2 [30] 

where D~/: is an average value of D~ over the solidification 
range of the composite. Taking D,~/2 to be the diffusion 
coefficient midway through the solidification range of A1- 
4.5 wt pct Cu (at 600 ~ this criterion predicts essentially 
no reduction in microsegregation by solid-state diffusion in 
this alloy if t s < 6 10 ~~ A 2. This also compares well with 
finite-difference computer simulations for A1-4.5 wt pct Cu, 
which yielded t s 5 10 ~1 A 2 for no effect of solid-state dif- 
fusion on matrix microsegregation. In conclusion, we ex- 
pect no anomalously reduced alloy microsegregation in the 
composite by enhanced solid-state diffusion if 

HA 2 < 40D~,/2 [(1 - ~) L~ + c, AT] [31] 

A second mechanism exists for the reduction of micro- 
segregation in metal matrix composites, namely, increased 
undercooling of the tip, under solidification conditions 
where cells form instead of dendrites; as shown in Section 
V, these form roughly when Eq. [24] is satisfied. 

Neglecting now solid-state diffusion, we can use corre- 
lations from the analyses of Karma and Pelc6 (for a cell 
growing in a planar interstice of width A at low Peclet 
number) or of Lu and Hunt (for a cylindrical cell growing 
at steady state), summarized in a previous review of steady- 
state directional solidification of binary composite matri- 
ces, TM to predict the dimensionless cell tip undercooling 
defined by 

mCo (1 - k) 
T,= To + A [32] 

k 

where T, is the tip temperature and To the liquidus temper- 
ature at liquid composition C o. Using the correlation of Lu 
and Hunt for the growth conditions of present interest, A 
is given by 

~/  _2k (2_ -_ k) FV + (1 - ~) 

(1 - k) l m l CoD k 
A = - +  

2 k] 2/3 
( t  - ~/  (~.N)4J3 

[33] 

where N is defined as 

/ 

A ~ / - m V C o  (1 - k) 
kD - G  

N = - ~  V F 
[34] 

and simplifies to 

A , ~ / - m V C o ( 1 -  k) 
N = 2"n" v kDF [35] 

for the solidification conditions considered here. The first 
term in the numerator of Eq. [33] can often be neglected. 
This is in particular the case for binary aluminum alloys 
with V < 1 cm s -1. Equation [33] is then simplified signif- 
icantly to become 

A = ~ +  1 - (TrN)-~ [36] 

Counting A > 0.1 (for k < 0.2) to correspond to a sig- 
nificant increase in undercooling due to geometrical con- 
straint, we expect a reduction in microsegregation due to 
this effect when 

( -4kDF ~1 - 

VA 2 < [37] 

mC o(1 - k) ( 0 . 1 -  ~)~ 

As for the transition to cellular growth treated in Section 
V, V must be estimated. This increase in undercooling will 
essentially eliminate microsegregation (thus forcing the ma- 
trix to solidify close to the plane-front configuration due to 
capillary effects) when A approaches 1; however, it is ap- 
parent from Figure 3 of Reference 3 that the solidification 
morphology may become quasiplanar before then. There- 
fore, taking A = 1 in Eq. [36], it can only be concluded 
that 

-4kDF ( 1 - ~ ) ;  

VA 2 < [38] 

m C 0 ( 1 - k ) ( 1 - ~ ) ~  

is a conservative estimation of the onset of essentially full 
suppression of microsegregation by capillary effects in the 
matrix (we note that curvature in quasiplane front solidifi- 
cation with 0 4:~r/2 will cause some microsegregation in 
the matrix). 

VII. DISCUSSION 

A. Microstructure Transition Maps for Al-4.5 Wt Pct Cu 

To recapitulate, theoretical analysis predicts that a rein- 
forced hypoeutectic binary alloy, solidified under condi- 
tions where the unreinforced matrix forms dendrites, can 
(1) become nondendritic in a composite, due to dendrite 
arm coalescence or by transition to cellular growth, and (2) 
show significant reductions, or even elimination, of micro- 
segregation in the as-cast condition. 

We derive criteria for these microstructural transitions, 
expressed in terms of H, A, and system parameters, save 
for criteria predicting the onset and consequences of cel- 
lular growth in the composite, which necessitate knowledge 
of the growth rate V or at least the grain size d of an 
equiaxed matrix alloy. Since we have assumed no enhanced 
nucleation of the matrix onto the reinforcing phase, d can 
be estimated to be the same as in an unreinforced casting 
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Fig. 5 - - ( a )  through (c) Microstructure maps  for A1-4.5 wt pct Cu 
solidified at constant rate of  enthalpy loss, plotted as a function o f  the 
corresponding solidification time tr(E q. [2]), and the width o f  the interstice 
between reinforcing elements,  A. Continuous lines denote microstructural 
transitions, corresponding from top to bottom to Eqs. [22], [24], and [38], 
this last criterion being very conservative and probably path dependent. 
Dotted lines denote transitions in microsegregation in the alloy, 
corresponding from top to bottom to Eqs. [31], [29], and [37]. 

of the same alloy cooled analogously. However, this is a 
rough first approximation, because (1) differences between 
the thermophysical properties of the composite and those 
of the unreinforced alloy may cause changes in nucleation 

rate at constant H; (2) impingement of the growing solid 
on the reinforcement may provide time for formation of 
more nuclei in the composite, causing a reduction in grain 
size (an effect analogous to that explored by Pezzee and 
Dunand for recrystallization in compositest34~); and (3) if 
there is convection in an analogous unreinforced casting, 
grain size increases may result in the composite because 
such convection will be suppressed by the stationary rein- 
forcement assumed here. t21 

Predicted microstructural transitions are plotted in Figure 
5 for A1-4.5 wt pct Cu as a function of solidification time 
t S and A for three plausible values of the growth velocity V 
(thermophysical data are given in the Appendix). In these 
microstructural maps, thick full lines denote changes in 
growth form, while the dotted lines indicate changes in the 
level of solute segregation within the alloy. 

At the highest cooling rates and with large reinforcement 
diameters, the matrix of the composite remains dendritic. 
This is as expected, as the finest dendrites have ample room 
to grow with minimal perturbation from large reinforcing 
elements. In this growth regime, which furthermore is seen 
not to cause greatly reduced microsegregation in the matrix, 
the alloy microstructure features visible secondary dendrite 
arms together with pools of eutectic phase, both along the 
fiber/matrix interface and between dendrite arms. 

As the reinforcing element size decreases and as the so- 
lidification time increases, dendrites form initially in the 
solidification process but coarsen and coalesce to erase all 
dendrite arms. In the later stages of the solidification pro- 
cess, solidification is thus nondendritic. The matrix second 
phase is then concentrated along the matrix/reinforcement 
interface, and depending on how early in the solidification 
process coalescence erased dendrite arms, coring patterns 
run parallel to the fiber/matrix interface. It is also seen that 
within this growth regime, at yet longer solidification times, 
solid-state diffusion reduces microsegregation significantly, 
to the point where an as-cast fully homogenized composite 
matrix is formed below the dotted line corresponding to Eq. 
[29]. 

Below the top horizontal V-dependent line corresponding 
to Eq. [24], cells are predicted to form instead of dendrites. 
Here, the alloy solid/liquid interface is expected to run par- 
allel to the matrix/reinforcement interface, as in a coalesced 
dendritic microstructure but from the very onset of solidifi- 
cation. It is interesting to note that for this alloy at least, only 
very fine reinforcements, near or below a micrometer in di- 
ameter, are expected to cause significant enhancements in 
cell tip undercooling and afortiori a transition to pseudo- 
plane front solidification. Such composites have been pro- 
duced by solidification processing;t3sl however, very little 
characterization of their cast microstructure has been pub- 
lished to date. Since most of the field corresponding to un- 
dercooled cell tip formation lies significantly below the line 
for full matrix homogenization by solid-state diffusion, these 
transitions will not be reflected in the fully solidified mi- 
crostructure unless V is below 100 /~m/s and t r below 10 
seconds. 

On the other hand, at low V and low t1~ the dendrite to 
cell transition should be visible in some as-cast composites: 
in these regions of the map, below the dendrite to cell tran- 
sition line, significant microsegregation is predicted and 
dendrite arms do not have time to coalesce. In this region 
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of the map, therefore, the dendrite to cell transition is pre- 
dicted to produce visible departures of the fully solidified 
composite matrix structure, concentrating all the eutectic 
and higher-concentration primary phase near the ma- 
trix/reinforcement interface. Although composites have 
been solidified with t s near a second, V must have been high 
enough for this transition not to have taken place since no 
observation of this transition has, to the best of the authors' 
knowledge, been published to date for reinforced metals. 

B. Comparison of  Theory with Experiment 

We compare theory with experiment using two studies 
of composite solification, one on A1-4.5 wt pct reinforced 
with about 50 vol pct long alumina fibers 20 ~m in di- 
ameted 26J and the other on A1-6 wt pct Cu reinforced with 
30 vol pct long alumina fibers 3 p~m in diameter.I36] In both 
studies, no evidence of cell formation was found; in the 
latter study, it was furthermore shown using interrupted so- 
lidification experiments that under the slowest cooling con- 
ditions, solidification was initially dendritic. Therefore, we 
assume that solidification velocities were too high for cell 
formation and compare theory with experiment in terms 
only of the microstructural transitions predicted for initially 
dendritic solidification. For simplicity, horizontal lines cor- 
responding to Eqs. [24], [37], and [38] are therefore not 
plotted on the maps. 

Microstructures from the former study are shown in Fig- 
ure 6. It is seen that the reinforcement is quite homogene- 
ously distributed; using the equations of Section III, we find 
A = 20/xm in these composites. Knowing the solidification 
times for these four samples, we plot corresponding exper- 
imental data points on the microstructural transitions map 
for this alloy (Figure 7). It is seen that observed micros- 
tructural transitions are in complete agreement with theory. 
For tr = 1.3 seconds, a dendritic microstructure, with visible 
secondary dendrite arms, is indeed observed. For t s = 18 
seconds, dendrite arms have disappeared from transverse 
cross sections but are still visible along the fiber direction, 
indicating that, indeed, this sample is near the threshold for 
dendrite arm coalescence. For tr = 192 seconds only a few 
occasional pools of eutectic are found joining fibers, and 
microsegregation is still present, since significant quantities 
of nonequilibrium eutectic are still found near the fibers, 
and electron microprobe measurements of the minimum 
copper concentration in the matrix (Figure 8) yield about 
1.5 wt pct Cu,  I26] a value only a little above kC o = 0.8 wt 
pct Cu. For t s = 750 seconds, no dendrite arms are visible 
and hardly any eutectic is found near the fibers, indicating 
that there is very little microsegregation in the matrix. 
Measurement of the minimum copper concentration in the 
matrix (Figure 8) confirms this, since the minimum copper 
concentration is near 3 wt pct Cu: this sample is, indeed, 
predicted to have only little residual microsegregation (Fig- 
ure 7). For t / =  1000 seconds, the minimum copper con- 
centration measured by electron microproble analysis in the 
matrix is 4 pct (Figure 8): this is also in agreement with 
theory, which predicts that for this solidification time, the 
matrix should be essentially free of microsegregation. 

Experimental data points from the study of Li et aL [36] 
are compared with theory in Figure 9. In these composites, 
because of the lower fiber volume fraction, the fiber distri- 
bution is less homogeneous; however, we nonetheless use 

a value for A computed using the formulas of Section III, 
A = 7/xm. It is seen that for t / =  1 seconds, a dendritic 
microstructure is predicted for this composite, in agreement 
with theory. For all other samples, coalesced dendrites are 
predicted, and the transition from dendrites to coalesced 
dendrites is said, by the authors, to take place near t s -- 10 
seconds, as predicted Figure 9. For tf = 520 seconds the 
microstructure shows a significant reduction in the volume 
fraction eutectic compared to the sample with t / =  1 sec- 
onds, and microprobe measurements of the minimum cop- 
per concentration in the largest interstices of the composites 
yield a minimum copper concentration of 4.6 wt pct Cu, 
quite near the solidus composition at the eutectic temper- 
ature, of 5.65 wt pct Cu. Micmsegregation is, in this sam- 
ple, nearly eliminated, again in agreement with theory. 
Agreement between theory and experiment is, thus, again 
very satisfactory. 

C. Limitations of Theory 

The main word of caution that must be applied before 
equations and graphs derived here are applied in practice 
relates to two of the assumptions made in Section B con- 
cerning the reinforcement: that the reinforcement be ho- 
mogeneously distributed and that it be immobile. If the 
reinforcement is mobile, as is typically the case in partic- 
ulate-reinforced alloys of Vr below about 30 vol pct, at high 
0, particle pushing renders the reinforcement distribution 
inhomogeneous and variable in time. The dendrite arm 
spacing of such alloys can increase far above the reinforc- 
ing particle diameter as H decreases, at a rate that is rela- 
tively little affected by the presence of the reinforcement 
(e.g., References 37 through 42). In these composites, ma- 
trix solidification is less affected by the reinforcement, and 
the matrix microstructure is expected to be closer to that of 
the unreinforced matrix. 

The second word of caution is related to the assumption 
of reinforcement homogeneity. Although many high-vol- 
ume fraction metal matrix composites feature relatively ho- 
mogeneous microstructures, there is always some 
inhomogeneity in the packing of the reinforcement, with 
the implication that there is always a range of distribution 
of A around the average value derived previously. The 
range of variation of A must therefore be considered in 
applying the microstructural rules derived here. This is es- 
pecially important in some composites which feature an es- 
sentially bimodal interstice width distribution. These are 
found with parallel continuous fiber composites of low Vj, 
in which fibers can be strongly clustered into the original 
fiber tows, either in the fiber preform before it is combined 
with the matrix (e.g., when fiber tows are woven into three- 
dimensional braided preforms |43]) or due to capillary effects 
during infiltration when the tows are loosely packed (e.g., 
References [44 and 45]). An extreme case is, of course, 
also that of selectively reinforced composite components. 
In such composites, simultaneous optimization of micros- 
tructure in both the high-V r regions and in wide reinforce- 
ment-free regions places strong restrictions on the 
exploitability of the novel microstructures that can be gen- 
erated in the matrix of the composite: for example, micro- 
segregation reduction by prolonged hold in the mushy zone 
of the alloy would have disastrous consequences in the un- 
reinforced portions of these components. 
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(a) 

(b) 

Fig. 6 - -Transverse  and longitudinal microstructures of  A1-4.5 wt pct Cu reinforced with 50 vol pct continuous alumina fibers, with (a) t i = 1.3 s, (b) t~ 
= 18 s, (c) tr = 192 s, and (d) t r = 520 s. 1261 
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(c) 

(d) 

Fig. 6~Transverse  and longitudinal microstmctures of  A1-4.5 wt pct Cu reinforced with 50 vol pct continuous alumina fibers, with (a) tJ = 1.3 s, (b) tj 
= 18 s, (c) t r = 192 s, and (d) tl.= 520 s. t261 
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in succinonitrile-acetone. More experimental work remains 
for the present analysis to be fully confirmed, and there is 
certainly ample room for refinements and modifications of 
the theory; however, we believe that the equations and 
maps derived here provide a useful methodology for the 
interpretation and prediction of microstructure in cast en- 
gineering metal matrix composites. 

Fig. 7--Comparison of dendrite microstructural transitions in samples of  
Fig. 6 with theory. 

Fig. 8--Minimum copper concentration in AI-4.5 wt pct Cu, unreinforced 
and reinforced with 50 vol pct alumina fibers 20 p.m in diameter as a 
function of solidification time t/~ measured using electron microprobe 
analysisJ 261 

VII. CONCLUSIONS 

When a binary hypoeutectic alloy is solidified in the 
presence of a significant volume fraction of immobile re- 
inforcement, which does not catalyze nucleation of the ma- 
trix alloy, and under conditions which produce dendrites in 
the unreinforced alloy, several microstructural transitions 
can be caused by the reinforcement. 

1. The dendrite arms may coalesce, to evolve during so- 
lidification into a nondendritic primary phase mapping the 
geometry of interstices delineated by reinforcement ele- 
ments. 

2. Microsegregation in the matrix may be significantly 
reduced, or eliminated, by diffusion in the primary solid 
matrix phase. 

3. Cells may form instead of dendrites, these cells fea- 
turing significant undercoolings or a nearly plane front con- 
figuration when reinforcing elements are very fine. 

Quantitative criteria for all these transitions are derived, 
based on previous work on composite solidification, obser- 
vations from directional solidification experiments, and cur- 
rent solidification theory. These show good agreement with 
experimental data. 

We contribute in particular an approximate but simple 
criterion for the transition from dendrite to cell formation 
in a fixed interstice, which agrees with current theory and 
directional solidification experiments within a factor 2 in 
the growth velocity V. This criterion indicates that at low 
growth velocities and short solidification times, cells may 
form instead of dendrites in engineering composite castings. 
Although this transition has been documented for succi- 
nonitrile-acetone, it has not been observed in engineering 
composite castings; this would form the subject of inter- 
esting future experimental investigations. 

Fig. 9 Comparison of theory with experimental data from Ref. 36 for 
AI-6 wt pct Cu reinforced with 30 vol pct alumina fibers. 

These caveats having been mentioned, within the ap- 
proximations made in derivations and experimental error, 
most predicted microstructural transitions show good agree- 
ment with experiment, both for transitions from dendrites 
to coalesced dendrites and for microsegregation reduction 
in A1-Cu alloys and for the transition from dendrites to cells 
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APPENDIX 
Thermophysical data 

For A1-Cu alloys, the following data are used: 
D = 3.5 X 10 -9 m2/s; [461 

F = 2.41 x 10 -7 Kin ;  [47] 

D s = 0.29 exp (-15,700/T) X 10 -4 m 2 s-1;I 4s] 
Z s = 9.5 X 108 J m-3 ;  [32] 
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cm = 2.58 • 106 J m -3 K-I ;  [321 and 
K = 10 -5 m s -'/3 (approximation of  A = 7.5 X 10 6 

~,39 in SI units.) [191 
t 

The phase diagram is simplified by assuming that the 
l iquidus and the sol idus are straight lines. This  y ie lds  k = 
0.171 and m = - 3 . 4  K / w t  pct Cu, Tm = 660  ~ T E = 548 
~ and Ce = 33 wt  pct Cu. 

For alumina, Cr = 4 X 106 J m -3 K-I. I491 The heat ca- 
pacity o f  the composite is given by cc = Vjc r + (1 - ~)  
C m �9 
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