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ABSTRACT

The solidification of metal alloys in the presence of a high
volume fraction of parallel reinforcing fibers is studied
using a model system of silicon carbide fibers in an Al-4.5
wt$ Cu matrix.

Pressure cast samples were melted and solidified at steady
state using a Bridgman furnace. Temperature gradients (100
to 30°C/cm) and growth rates (25 to 200 pm/s) cover
dendritic growth at and beyond the dendritic/cellular
transition.

Growth of the solidifying metal matrix takes place
dendritically, with dendrite tips growing at approximately
the same undercooling in the composite as in a usual
casting. Dendrites grow so as to avoid the fibers, with the
result that the fiber/metal interface tends to comprise the
second phase .Al Cu. .

The kinetics of “secondary dendrite arm coarsening are
affected by the presence of the fibers. An important and
original finding of this work is that the usual t"s
coarsening relation between dendrite arm spacing and
solidification time is violated when the dendrite arm
spacing approaches the interfiber spacing. The fibers
inhibit secondary dendrite arm coarsening by ripening beyond
a certain dendrite arm spacing, and accelerate secondary
dendrite arm coalescence. At sufficiently long
solidification times, the dendritic structure is eliminated.
Secondary dendrite arm coalescence is modelled with a
simplified dendrite geometry to calculate the time for full
coalescence of secondary dendrite arms and conditions that
vyield non dendritic microstructures in metal matrix
composites. Results of the model are in agreement with
microstructural observations.

The amount of microsegqgregation is significantly reduced at
low cooling rates because the scale of the matrix
microstructure is restricted by the fibers. The influence of
ripening on the supression of microsegregation is calculated
with a simple and general modification of the Scheil
equation derived herein. A finite-difference computer model
is then used to predict the effect of solid state diffusion
on concentration profiles in the solid during solidification



assuming full coalescence of the dendritic structure due to
the fibers. Comparison between data collected by electron
probe microanalysis on the samples and calculations from the
model is good.

Engineering applicatiors of this work include the
possibility of modifying the matrix microstructure with new
solidification processing approaches for metal matrix
composites. In particular, the matrix can be cast directly
into the solutionized state.
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INTRODUCTION

These past fifteen years have witnessed the emergence on an
_ industrial scale of a new class of materials : Meta: Matrix
Composites ( MMC ). Most of these consist of the combination by
artificial means of two materials. One of these is the
reinforcing material, a fine scale material that displays a set
of partiéularly desirable properties ( high strength, stiffness,
etc ). The other, the matrix, bonds the reinforcing particles or
fibers together and is metallic.

The decreasing cost and exceptional mechanical properties of
presently available reinforcing fibers or wﬁiskers make such -
materials both attractive and affordable. In particular, if a
light metal matrix is used, outstanding strength to weight
properties can be achieved. This makes composite materials
particularly attractive to industries such a3 the aerospace or
automotive industries where a smaller weight for an equal
strength is synonymous with considerable energy savinga. As metal
matrices are both stronger and more resistant to elevated
temperatures or corrosion than resin matrices, metal matrix
composites stand out as exceptionally promising. This has
warranted a considerable effort in their fabrication technology.

A number of methods have been devised to combine metal and
reinforcement. Some are solid-state (powder metallurgy, diffusion

bonding, deformation processing ), some involve molten metal



(pressure casting, compocasting, liquid-phase diffusion bonding,
infiltration of precoated fibers). Most are intricate, time
consuming, or delicate. Cost is therefore a concern, and these
materials are generally expensive.

Compared with most fabrication processes for metal matrix
composites, casting stands out as one of the simplest and most
economical for large scale production. Here, ligquid metal is
driven between the fibers by capillary or external forces, and
solidified. It is apparent in the most recent literature on cast
metal matrix composites that the presence of the fibers can
affect the microstructure the metal displays [5,7,14,19,20,24,31,
33,34,38,39,53,64,66-68,192]. Since this in turn exerts a
- considerable influence on the properties of the finished
material, a sounder knoﬁledge of the fundamentals of
solidification in metal matrix composites would be of

considerable engineering importance.

The purpose of this thesis is to help further our basic
understanding of the changes imparted on the solidification of a
metal alloy by a high volume fraction of reinforcing fibers. The
first half of the literature survey reviews the solldification
processing of metal matrix composites with particular emphasis on
the fibers and matrix used herein. A broad review of dendritic
solidification theory forms the second part of the literature
survey. Experimental methods and results are given in the two

following chapters. Theoretical derivations are given in the

subsequent chapter and the appendices. The discussion then
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compares results from both experiments and calculations and
highlights the consequences from an engineering standpoint of the

findings in this thesis.
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REVIEW OF LITERATURE

I - Solidification Processing of Metal Matrix Composites.
a - The process.

With the advent of reinforcements that react less violently
with molten aluminum than the early boron fibers [1] it is now
often a viable process to cast metal matrix composites. The
liquid metal flows easily and can be made to surround all fibers
completely and in a short time. Compared to previous methods, the
process is rapid and simple. Most often, however, the
infiltration process is not spontaneous and some energy is.

required to force the metal between the fibers.

Practical methods of casting metal matrix composites vary.
The following are the most representative processes:

1- Squeeze-casting.

This is a variant of a pre-existing process employing
pressure to enhance casting quality (16,17]. The basic principle
is to "forge" a liquid metal which thus solidifies rapidly under
considerable amounts of pressure. For metal matrix composites, a
preheated fiber preform is inserted in the die, liquid metal is
poured and a punch is lowered to apply pressure
(2,3,5,6,8,10,14,18-20,.92,197]. Advantages include simplicity,

speed of operation and high pressures that can feed shrinkage

-17-



while the part is solidifying. One limitation is the narrow range

of shapes that can be cast.
2- Other pressure casting processes. i

These processes allow more intricate shapes to be cast.
Liquid metal is forced into a preheated fiber preform often by

\
means of a pressurised gas [21-23]. Fukunaga et ai. successfully

1
t
i
|

produced fiber reinforced parts using a die castinF machine [15].
Various parameters, as well as means to reduce michporosity,

)
were investigated. High pressures, short infiltratﬁfn paths and

columnar solidification toward the gate produced void-free
\

castings. Both squeeze-casting and these processes are termed

\

pressure casting in what follows. i
3= Gravity orx vacuum casting along conventional [outes has
been used for systems where the metal wets the fiber] [24-26].

4- Incorporation into an agitated melt [7] or se=i-solid
slurry ("compocasting”) [27-29] of loose particles or fibers.
These processes are generally used for low volume densities of
reinforcement.

5- Infiltration of fiber tows passed through a bath of molten
metal [30-34]. Often the fibers are coated to promote wetting.
Further consolidation of the composite wires is necessary.

6-"Liquid phase diffusion bonding" or "liquid phase
hot-pressing", where fibers and metal are intimately mixed or

layered in the solid state, and the whole assembly is heated,

often under pressure, to melt at least part of the metal [35-42].

Several publications dealing with the fundamentals of the

-18-



infiltration process have been published. The main parameters
of interest are the pressures and temperatures necessary to

achieve complete infiltration.

The pressure difference at the liquid metal front due to
capillary effects has been evaluated using various assumptions.
The equations given in the literature [2,3,4,5,6] all are

different versions of Kelvin's equation :

p - _2 0, cos B

r

where ® = wetting angle of the liquid metal on the fiber
in the infiltration atmosphere,

r = radius of curvatufe at the molten.metal front.
Different assumptions lead to various forms of r as a function of
fiber volume fraction and diameter. Often, 6 = 180° is assumed
for simplicity.

It should be noted that such an equation makes sense only if 8
exists, i.e. if (g, - Og,) € [-o0,+ + o0y, ]J. It also is dependent
on the assumed fiber distribution. A simple and general equation
is derived in Appendix C using a somewhat different approach.
Also, a more complete analysis was given by Rohatgi and coworkers

[7] for the incorporation of particles into a melt.

Friction forces due to the viscosity of the liquid metal
1m§ede the progress of the metal through the narrow interfiber

channels. An additional amount of pressure must thus be applied,

-19-



this term being dependent on the rate of infiltration.

Frictional forces have been modelled (i) with the Washburn
equation for wetting systems where the metal is driven by
capillary forces into the fiber bundle [4], and (ii) with the
Blake-Kozeny equation [5,6,8] or another modification of D'Arcy's
law [9] using the Hagen-Poiseuille equation [10,8] for a plane
infiltration front in systems where the metal is forced into a
non wetting fiber bundle. For a circular front, another more
complex equation was used [2,3]. Using D'Arcy's law is
permissible because the channels between the fibers are fine
enough for the metal flow to remain in the laminar regime at
normal velocities of infiltration [2,5,6,10].

Comparison with experimentally measured permeabilities was
good, provided a correction was made for temperature effects to
be discussed below, and the factor in the Blake-Kozeny equation

was about 32 [8,10].

Th2 temperature of the fibers and that of the metal also are
important parameters for casting metal matrix composites. Some
authors have addressed the problem for pure metal matrices
[2,8,10,11,12,13]. Both their experimental and modelling work
have shown that the most crucial of the two is the fiber
temperature. Temperatures below the melting point of the metal
are permissible though only insofar as they allow only a limited
amount of the metal to solidify. Beyond that point, enough metal
solidifies to "choke" the advancing liquid and infiltration

cannot proceed. Thus, Nagata and Matsuda [11,12,13] measured a

-20-



"critical prebeating temperature" below which particles could not
be infiltrated by a given pure metal. This temperature was
independent in particular of metal superheat. The volume fraction
of solid formed was obtained by a simple heat balance equation,
and a critical volume fraction of solid formed was deduced.
Fukunaga and Goda [2,8,10] postulated that a solid layer
initially forms around the fibers. Their calculations assumed
instant heat transfer between the fibers and the metal ( a
reasonable assumption given the dimensions at hand ) and the
solidification onto the fibers of a metal layer thick enough to
bring the fibers.to the melting point of the metal through
evolution of latent heat. This modifies the effective fiber
diameter and- volume fraction, and thus the permeability
coefficient given By the Blake-Kozeny equation. Correlation with
their experiments was, as reported above, good.

Fukunaga and Goda also assumed that infiltration ceases when
the infiltration velocity reaches a value low enough for the
fibers ahead of the infiltration front to extract enough heat to
solidify the metal. This assumption correlated well with their
measured infiltration lengths [10]. This also explains the
observation [12] that metal superheat has no influence on the

infiltration length since the metal at the infiltration front is

rapidly brought to its freezing point by the cold fibers.

These models are also in agreement with the.following
observations: (i) magnesium alloys with a low latent heat of
fusion are more difficult to cast into a cold fiber bundle than

aluminum alloys [14],and (ii) casting under conditions that

-21-



preclude the formation of the solidified layer in Al/SiC
composites led to degraded mechanical properties of both the
composite and leached fibers [8]. This is thought to be due to a
reduced reactivity of the fibers with the solid aluminum layer
formed around the fibers under adequate casting conditions. The
solid layer thus protects the fibers, which indeed had an
improved appearance when examined in the SEM after leaching the
matrix from infiltrated specimens.

One last aspect of the process complicates its modelling :
the fiber preform can be compressed under high infiltration
pressures [5,5,15]. The volume fraction of the fibers can thus

vary during the process.

b - Fibers and interfacial reactions.

The amount of interfacial reaction between the fibers and the
matrix will depend both on the chemical nature of the species at
hand and the processing cycle to which they have been subjected,
i.e. temperatures and contact times. Only aluminum/carbon and
aluminum/silicon carbide composites are discussed inasmuch as
they have some relevance to this thesis.

The fiber utilized in this thesis was manufacturered by AVCO,
Specialty Materials Division, Lowell, Massachusetts. It has a
complex microstructure, shown schematically in figure 1. It is
composed of several layers, described from the fiber center to

its surface:

-22-



1 - a carbon wire that serves as a substrate for depositing
subsequent layers,

2 - a thin-layer of pyrolitic graphite,

3 - two layers of silicon carbide that form the bulk of the
fiber. These are composed of fine crystals of predominantly beta
SiC with close packed {111} planes parallel to the fiber surface.
The two layers differ by their érain size [43] and their carbon
content [44]. Free carbon has been observed at the grain
boundaries of both the inner and outer SiC layers [44].

4 - the SCS éoating, itself comprised of several layers is
described in detail elsewhere [43,45]. Thé silicon content
gradually drops to zero. A zone of pure carbon is found in the
central portion of the coating. This carbon rich layer enhances
the mechanical properties of the figer [46], presumably through
healing of surface defects of the fibers [43,46]. As the pure
carbon is neither wet nor stable with molten aluminum [47], the
silicon content is raised again at the surface to protect the

fiber and promote wetting during infiltration.

The reactivity of carbon fibers to molten aluminum has been
the subject of several recent studies. It has been shown that
above about 500 °C, carbon and aluminum react to form aluminum
carbide A14C3 . This product first forms on the surface of the
fiber, then grows into the matrix and somewhat into the fiber as
large hexagonal plates [1,34,48-55,77]. When the reaction reaches
this phase, the fiber strength is degraded [49-51,56,77], with

concommitant loss of strength in the longitudinal direction of

-23-



the composite. A slight amount of reaction at the interface was,
however, reported to increase the transverse strength of the
composite [55]. As Al;C3 is hygroscopic, its presence also
affects the wet corrosion resistance of the composite [55]. In
spite of their inter-reactivity, wetting of carbon by aluminum is
poor below 100C °c [34,56-58].

The effect of alloying additions to the aluminum matrix has
been investigated, both as regards to wettability [56,57] and
fiber reactivity [48,49,52,53,192]. A common - but not general
[51] - observation is that the presence of some silicon reduces
the amount of reaction at the interface and hence fiber
degradation [48,53,56].

Aluminum oxide, in addition to TiBz, was also found on

various graphite fiber reinforced aluminum matrix composites

fabricated by the Ti-B coating-infiltration technique. Matrices
were alloys 201 and 6061. This oxide was also found on fibers
coated by ion vapor deposition of Al-4%Mg. The origin of the
oxide layer was not determined [75-76]. A similar observation was
made on uncoated graphite fiber sgueeze cast composites with
various aluminum base matrices. Both oxides and excess carbon
were found on the matrix side of the interface [192]. This oxide
was believed to be present due to oxygen adsorbed on the fiber

surface prior to infiltration.

For SiC fibers, similar studies have been conducted and
results indicate that SiC is not wet by aluminum or its alloys

below 900-1000 °c [59,60]. Most interfacial studies on SiC fibers
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in aluminum have been done with "Nicalon" fibers which are
amorphous or fine grained silicon carbide fibers manufactured by
Nippon Carbon [45]. The reaction that is expected to take place

at the interface from a thermodynamic point of view is [59,61]:

3 sic + 4 Al - A14C3+3(Si)
provided the activity of silicon is somewhat less than one [61].
This reaction occurs in practice [61-65] and ensuing fiber
degradation was reported [62,64] for exposures to molten aluminum
above about 700 °C. The presence of silicon in the matrix was
found to decrease the amount of reaction taking place on
individually coated fibers [62]. It was also found [63] using
differential tﬁermal analysis that on reheating reacted fibers,
the reaction proceeded at a much slower rate. This was attributed
to both the limited supply of free carbon in the fiber [45] and
the presence of 5102 at the suvface due to oxidation. Also, in
contradiction with Kohara [62], these researchers measured a
decrease in fiber and composite strength with increasing Si and
Mg contents [63]. Some diffusion of Al into the SiC fiber was

also claimed to occur on whiskers by Arsenault and Pande [193].

The behavior of the SCS-2 fiber is intermediate between that
of SiC and carbon fibers. In the absence of the final silicon
enhancement at the outer iayer of the fiber, rapid formation of
Al,C3 was noted [43], similar to that observed with carbon

fibers. The silicon rich outer layer inhibits the reaction, and
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the fibers can withstand about one hour in contact with molten
aluminum at 700 °C without significant interfacial reaction
taking place [45,66]. Longer exposure times or higher
temperatures allow the underlying carbon to react and form Al C

4 3
through crack formation in the silicon rich outer layer [45].

c - Matrix Microstructure

Porosity is the first and most critical microstructural
feature present in the matrix. Voids have been repeatedly noted
and proven to be deleterious to the properties of cast metal
matrix compssites [23,31-34,36,38]. Assuming the infiltration
process is properly performed, the main source of porosity is the
shrinkage most metals experience during solidification. A high
volume fraction of reinforcement may impede the flow of
interdendritic liquid, and will preclude bulk movement of the
metal in the semi solid state. Feeding porosity is therefore
expected to be a somewhat more difficult problem to solve for
metal matrix composites. Few authors have addressed the problem
[15].

On the subject of the matrix microstructure proper, published
research is relatively scarce. In what follows, observations made

in various studies are given by alloy system.

Aluminum-silicon alloys are frequently used because of their

good fluidity and compatibility with various fibers. That the
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second phase is readily visible on unetched polished micrographs
increases as well the number of photographs available in the
literature. In all cases, the large eutectic regions in
hypoeutectic alloys were found surrounding the fibers
[5,20,34,38,53,64]. Silicon plates tend to nucleate on several
reinforcements ( carbon, 5102 and Al4o3 particles ) for low
volume fraction composites [5,7,67,68] and the eutectic is thus
somewhat modified. It was also observed in hypereutectic alloys
that the primary phase grew from the fibers into the interfiber
spaces [7,34].

Aluminum-magnesium alloys, which are more difficult to etch,
were reported to display a fine grain size with Saffil alumina
fibers [5]. However, it is not clear from the micrographs that
the different growth elements are not within the same grain. The
second phase was predominantly on the fibers. In other studies,
the second phase is again located on the fiber surfaces and along
boundaries that run between the fibers [19,20,53].

Aluminum-lithium alloys used with Du Pont's "Fiber FP"
alumina fibers displayed " surprisingly small amounts of LiAl
intermetallic phases present in the matrix " [24]. This was
attributed to the interfacial reaction. The interpretation is
reasonable with 60 vol.% fibers since the interfacial reaction
layer was shown to be about 0.5 to 1 micron thick, and consists of
LiAlso8 [69].

Cobalt base superalloys cited in reference [25] show small

dendrites barely perturbed by the comparatively large fibers.
Commercial aluminum alloys 6061, 220 and Al1-13%Si displayed
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very large grain sizes and coarse continuous grain boundary

networks of brittle second phase [33]. In reference [31] the
eutectic regions are seen to coincide with the fiber location.
However, these fibers were coated and the alloy composition is
therefore complex. Similar observations were made by Harrigan
[70] who showed that the solute content in 6061/carbon fiber
composites increased close to the fibers.

Copper-8 wt% tin polluted by a TiBzcoating on carbon fibers
displayed unperturbed dendrites in larger interfiber regions of
infiltrated tows [31].

Titanium-copper alloys were infiltrated into carbon fiber
bundles [39]. A heavy reaction layer resulted, but the matrix
‘clearly displays the eutectoid régions'in the cznter of
interfiber spaces. This corresponded during.solidification to the
primary titanium-rich phase which is clearly seen to have avoided
the copper-rejecting interface during growth.

Alumindm-copper alloy composites have been shown to have a
similar structure, with the primary phase in the interfiber
regions and the eutectic precipitated onto the fibers or between
individual dendrite arms [5,14,20,38,53,66,192). Appropriate
etching and microprobe scans displayed equiconcentrates parallel
to the fiber surfaces with the concentration minimum in the
center of the interfiber regions. Fukunaga et al. [14] also

observed that increasing the pressure during squeeze casting

reduced the amount of eutectic present. They explained the
atructures they observed with a solidification mechanism whereby

the alpha phase first nucleates and grows on the cold fibers, the
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copper rich liquid thus being rejected in the center of
interfiber regions. To explain the above mentioned
microstructural features, they postulate that a film of liquid
seeps between the fibers and the primary phase due to shrinkage
of the latter toward the end of solidification. They interpret
the role of pressure with rapid solidification effects due to
enhanced contact of the metal on the cold fibers. As copper-rich
liquid may have been exuded out of the reinforced regions during
solidification under high pressures, their interpretation is
speculative at best.

Magnesium-aluminum alloys with SiC fibers display similar
features: the eutectic is at the fiber-matrix interface and along
"bridges" between the fibers [14].

Commercial magnesium ZE41l has been used to infiltrate "Fiber
FP" alumina fibers. Microstructures are given in reference [71].
The matrix displays large grains but, as the alloy was not
replenished in zirconium before infiltrating the fibers, the
cause for that observation is not clear.

Al-9Si-4Cu was used to infiltrate carbon fiber bundles. The
fibers are surrounded by A12Cu as in Al-Cu alloys [34]. This was
the last to solidify [72], contrary to the text of reference
[34].

Aluminum-nickel alloys formed by assimilation into the matrix
of a nickel coating was seen to displazy primary A13N1 dendrites
[7] or platelets [34] growing from the graphite reinforcements.

In conclusion, three types of microstructures are

encountered:
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l- a fine network of dendrites when the latter are much

smaller than the fibers,

2- dendrites nucleating on the fibers and growing into the
interfiber spaces (hypereutectic Al-Si alloys, A13Ni), or

3- a primary phase that avoided the fibers during growth.
Any second phase is found on the fibers or between primary arms.

This represents the majority of cases.

After it is cast, the composite must cool down to room
temperature. As the thermal expansion coefficient of the metal
is usually ‘higher than that of the fiber, tensile stresses can
build up in the matrix. This may influence the microstructure of
‘the matrix. In particular, the dislocation dénsity was found to
be increased [73]. This {ncrease in defect density was shown to
be responsible for an increase in the ageing response of 6061

alloys with B,C or SiC fibers [74].

The mechanical properties of the matrix have a considerable
influence on those of the composite, especially in the off-axis
direction(s) . The need for good control of the matrix structure
is therefore obvious. The nature and properties of the interface
are also of paramount importance in determining the quality of
the composite. Both depend to a large extent on the matrix alloy
and its processing. Studies concerning the fabrication, the
evaluvation, the interfaces and the mechanical properties of metal
matrix composites abound. Few, however, address the

solidification of the alloy and even fewer do so in depth. Of the
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many problems in this field that need to be so

lved, this thesis

tries to address in a more systematic and quantitative way the

problem of the solidification of a metal in a

tight fiber bundle.

The next section of this literature survey therefore reviews

broadly the solidification of Al-4.5 wt% Cu.
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II - Solidification of Al-4.5wts%Cu .

a - General.

The aluminum rich end of the Al-Cu phase diagram displays a
eutectic between the aluminum-rich alpha phase and the

intermetallic theta phase, Al_Cu. Shown in figure 2 is the phase

2
diagram as it appears in moat current references [78,79].

Copper is one of the most important alloying elements of
aluminum and forms the Sasis of the 200 series casting alloys and
2000 series wrought alloys, using the current Aluminum
Association terminology [78,80]. These alloys usually display
good mechanical properties and are heat-tr?atable. They often
serve in fact as a textbook example illustrating the principles
and mechanisms of precipitation hardening ( reference [80] has a
copiously illustrated section on the matter).

After an ingot or a part is cast, the microstructure
is usually dendritic and displays both concentration gradients
(coring) and some eutectic. The dendritic structure of
Al-4.5wt%Cu castings has been the subject of a considerable
effort in the past, notably with the work of T.Bower [81,82] at
MIT. His work has shown that the dendrite arms grow along the
{100) direction as is usual with cubic crystals and coalesce at
highgr volume fractions solid to form plates. A terminology was
defined, calling primary arms those growing first from which
secondary arms form. The same lcgic is used to define tertiary

arms, etc, as well as primary, secondary, etc, plates in the
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later stages of solidification. This terminology, now usual, is
adopted here.

In the final stages of solidification, the eutectic is
formed and is found between the dendrite plates and grains of the
alloy. As the alloy shrinks during solidification and in
particular during formation of the eutectic, voids are often
found in the same areas. The scale of the dendritic structure is
defined by the dendrite arm spacing which, in itself, is
determined by the cooling rate as shall be seen later. Because
diffusion is sluggish in the solid phase, the central core of
each dendrite arm remains solute-poor and solidification does not
follow thermodynamic equilibrium conditions. As the eutectlc
phase and the outer portions of the dendrite arms are approached,
the copper content indreases. These concentration gradienfs and
the amount of off-equilibrium eutectic phase determine the
quantitative amount of microsegregation, which will be described

later in more detail (Figure 8 illustrates these observations).

. Two types of dendritic structures are encountered in alloys
of this type:

1l - Equiaxed dendrites. These grow concurrently in all three
directions. They can initiate from an isolated nucleation event
or from a small piece of alpha phase from another region of the
casting. These structures form where the metal solidifies in the
absence of any significant temperature gradients. In order to
remove the latent heat liberated at the interface, the liquid

must be at a temperature slightly below the equilibrium interface
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temperature. Thus, equiaxed dendrites grow into an undercooled
liquid and both solute and enthalpy diffusion into the liquid
must be taken into account when modelling the process [16,83-85].

2 - Columnar dendrites. These dendrites grow in one
directiop, determined by the existence of a temperature gradient.
Primary arms progress into the liquid region from the c¢old region
where they first formed. Since they grow fastest in the <100>
direction, crowding out of the slowest dendrites ensures that all
primary arms are oriented more or less parallel to the
temperature gradient, G. Heat is transported backwards through
the solid phase. Therefore, only solute is rejected into the
liquid.

- An ingot can display up to three zohes from surface to center

[16, 83-85] : |

1 -~ the chill zone, formed of equiaxed dendrites disposed in
a thin layer along the surface of the casting,

2 - the columnar zone,

3 - the equiaxed zone.

If an ingot is solidified slowly under conditions aproaching
Newtonian cooling, it will be totally equiaxed. A heavily chilled
ingot, on the other hand, may be entirely columnar, with the
exception of the thin chill zone. Alloys poured with very little
superheat display a large fine grained equiaxed region close to
the chill, independent of any fluid flow [86]. The addition of an
active heterogeneous nucleation catalyst will yield a fine
grained equiaxed structure [83,85]. The formation and extent of

the equiaxed zone, however, is not determined solely by the
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ability of the metal to nucleate ahead of any growing dendrites.
It has been proven that fluid flow in the solidifying casting
plays an important role in determining the existence and extent
of equiaxed zones. This was convincingly shown for the chill zone
[(87,88]. Fluctuations in temperature induced by turbulent fluid
flow have been shown to melt off dendrite arms [89,90]. These,
and nuclei formed at the chill wall, can be transported by
convection currents in the liquid to grow elsewhere and form an
equiaxed zone [83,85,86,91-93,189,190]. Convection induced heat
transfer can also aid in achieving the low thermal gradients
necessary for equiaxed dendrite formation. 2 last process, the
showering with dendrites formed at the free top surface of an
ingot requires movement of crystallites through the liquid phase
[86,94]. The introduction of mechanical barriers or of é magnetic
field hindering these transport phenomena within the liquid phase
results in a significant enhancement of columnar zone formation
[86,91,92,94,190].

It is thus apparent that, in the presence of a high volume
fraction of reinforcement, one of several cases may be
encountered :

1l - The fiber surface acts as a heterogeneous nucleation site
for the solidifying metal. In this case, fine grained equiaxed
structures are to be expected.

2 - The fibers do not act as heterogeneous nucleaticn sites
for the solid. No nucleation enhancement occurs. As the fibers
preclude most any fluid flow, growth of the s0lid should be

columnar whenever a thermal gradient is present. Otherwise, an
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equiaxed structure with a larger grain size is to be expected
since convection induced grain multiplication should be non
existant for all practical purposes. However, if the fibers are
initially at a low temperature, intense nucleation may occur in

the metal and result in unique structures.

Columnar dendrites are investigated in this work mainly
because of the great degree of precision attainable in
controlling the solidification parameters with the steady state
solidification technique. Usually, as an ingot solidifies, the
chilling eifect decays as the solidification front progresses
away from the chill. The thermal gradient becomes shallower and,
" as the molq heats up, the growth rate decreases. In steady state
solidification, both the growth rate R and the témperature
gradient G are kept constant as the solidification front
progresses into the sample. This is achieved in practice by
pulling a rod of metal contained in a long crucible at a constant
rate (R) through a fixed temperature gradient (G). The latter is
obtained by bringing a heat source and a quenching tank
appropriately close together. The resulting apparatus is termed a
Bridgman furnace and has been used by now in a large number of
investigations. In-situ composites, plane front and cellular
solidification as well as dendrite growth have been studied in
this fashion. Modelling is facilitated because the process is
steady-state, evacuation of heat is through the solid, and the
temperature profile is known. Also, by suddenly varying the

growth rate, phenomena such as the break-down of a planar front
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or readjustments in the primary dendrite arm spacing can be

investigated. By rapidly pulling the whole sample through the

quen
at all stages of the solidification process. Technical aspects of
the method are reviewed in more detail in the "EXPERIMENTAL"
section.

In what follows, G and R are treated as two independent
parameters, which define the solidification conditions. Their
product GxR is the cooling rate, of more practical use in

engineering work.
b - Solidification at the dendrite tip .

For any thermal gradient G, there is-a range of velocities
where a plane front is unstable and cells or dendrites form.
Outside this range, plane front solidification obtains.

That at low velocities a plane front is stable, and breaks
down at a certain value of G/R was first explained by the
constitutional supercooling criterion [83,84,95,96]. The reason
invoked is that above a certain front velocity, rejection of
solute is impossible without the creation of a zone of
undercooled liquid metal solution. The criterion is simple and
its agreement with experimental observations is excellent
[83,84]. A more complete treatment of plane front stability was
initiated by Mullins and Sekerka's morphological stability
analysis [83,84,97-102]. Here, the stabilizing influence of

surface tension and a more complete analysis of heat transfer are
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included. The result of both analyses are given in figure 3 (from

references [103-104]) for Al-4.5 wt%Cu. Both very high and very

low growth velocities lead to a stable plane front. Several more
complete and complex analyses have evolved since then. The most
recent study the stablility of non planar interfaces with the
intent of modelling cellular fronts [101,105].

Inside the region of plane front instability, either of two
growth morphologies may be encountered. At low growth rates,
regular cells are obtained. As the velocity increases, these
degenerate progressively into dendrites as (i) side branches
appear and (ii) the growth direction starts to deviate from a
direction parallel to the thermal gradient and follow the <100>

directions of the growing crystal. Modelling the growth of cells

or dendrites is a highly complex task as this is a free boundary
problem where both the shape and the diffusion fields must be
derived. Nearly all solutions to the problem have concentrated on
the tip region of cells or "needle" dendrites so as to render the
problem free of the time dependent aspect of secondary dendrite
arm formation.

From the diffusion point of view, the problem of a growing
dendrite tip giving off solute in a fixed temperature gradient is
similar to that of the tip of a pure substance growing into a
supercooled melt. The equations are similar, with the difference
that the diffusion coefficient is assumed to be zero in the solid

phase for solute transport. Principal models are:

1l - the hemispherical cap [84,95,106-108], assumed to be an

isoconcentrate growing at steady state.
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2 - the paraboloidal isoconcentrate with a circular (Ivantsov
solution) [84,109,131,195] or an elliptical cross-section [110].
This is a shape preserving solution but it contains a
contradiction in that at small tip radii, the undercooling due to
surface tension renders the isoconcentrate assumption invalid
fi11,112].

3 - the "corrected Ivantsov" solution, where the
temperature/concentration of the Ivantsov paraboloid is adjusted
to that of its tip [101,102,113,114].

4 - the Temkin approach, solving the heat flux condition at
the tip of a non isothermal paraboloid of revolution
(112,115-119].

5 - the Nash-Glicksman approach, truly a free boundary
approaéh deriving the shape of the needle (but with the maximum
groﬁth rate assumption built-in) [120,205].

6 - numerical techniques, free-boundary approaches as well
[121-123].

A solution to the diffusion problem does not unequivocally
describe the growth conditions of a dendrite tip. Another
criterion is needed to select the operating point of a dendrite
needle. To that effect, such assumptions as a maximum growth rate
for a given undercooling [107,112,115,117,120] and minimum
entropy production [119] have been used. It has recently been
shown that astability considerations at the tip must be taken into
account and provide a criterion for selection of the operating
point [84,101,108,122,124-132,134,195]. This criterion

appropriétely describes data in pure [127,129,130] and binary
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organic model systems [133-135]. Further, the tip radius was
shown to be scaled by a constant factor to other dimensional
characteristics of the dendrite. In particular, the initial
dendrite arm spacing is about twice the tip radius
(125,129,130,132-137].

For the case at hand, namely the constrained growth of
Al-4.5vt%Cu dendrites, recent publications make use of the
marginal stability criterion [84,108,128,131,132,195]. A plot of
the radius of curvature from the more complete Trivedi analysis
{128,134] is given in figure 4 using system parameters as given
in Appendix B. The picture emerging at present from theoretical
and experimental work is as follows :

1 - within experimental error, the composition and

undercooling at the dendfite tips are quite accurately predicted
by theory [82,83,107,132,138],

2 - the cellular-dendritic transition is well predicted by
theory [132],

3 - if the measurements of Miyata et al. are correct, theory
is less accurate in predicting the dendrite tip radius [132].
This discrepancy may, however, be due to an improper choice of
the system parameters (see Appendix B).

It should be stressed thét these models treat the problem of
an isolated dendrite tip. In directional solidification, primary
dendrite arms, each capped by a dendrite tip, grow close to one
another. The boundary conditions would thus be more accurately
described by a non flux condition at r = A,/2 , ), being the

primary dendrite arm spacing. To date, only computer models have
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tackled the problem [122,123].

For the primary dendrite arm spacing, no clear description
has evolved so far. In reference [139], an empirical expression
is given, together with qualitative arguments, that agrees with
data published at the time. Other authors [84,108,140,141] have
assumed the primary gendrite arm spacing was dictated by
conditions at the tip, using various assumptibns as to the
overall shape of the cell or dendrite. From studies of the
breakdown of a planar interface in an organic alloy and a
modification of Hunt's analysis, Trivedi and coworkers
[133,134,136] gave a relationship [140] that fits their data in

that alloy.

In the present thesis, dendrites are grown unidirectionally
inside narrow interfiber "tubes". This is equivalent to
artificially reducing the primary dendrite arm spacing. The
question addressed here is to what extent does the presence of
these fibers affect the tip radius, undercooling and composition.

As seen on the plot in figure 4, at a growth rate R = 0.0001
m/s, an isolated dendrite would adopt a tip radius around ten
microns. This is the distance from the center of the interstice
to the fiber-matrix interface in the narrow triangular fiber
interstices investigated in this work. Some interaction should
thus be expected between the fibers and the dendrite tips in a
metal matrix composite. One article is of special relevance to
this problem.

In reference [123] cited above, McCartney and Hunt calculated
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the tip curvature, undercooling and composition for cells in an
Al-Si-Mg alloy. A computer model was used, and the gradient, the
velocity and the primary dendrite arm spacing were treated as
parameters. Essentially, the problem they treated is that of
cellular growth inside a tube of fixed diameter. The authors
found that :

1l - There is a maximum in the arm diameter beyond which no
stable solution exists. As the velocity is increased, no stable
cells can exist since this maximum diameter decreases to zero.

2 - As the diameter is decreased, the tip composition and
undercooling decrease to a minimum and then increase again, both
varying within a very narrow range.

3 - As the diameter is decreased, the tip radius decreases
significantly.

Both ccenstants and parameters were close to the values
relevant for the alloy and experiments in this thesis. It is
therefore appropriate to expect that :

1l - The tip undercooling and composition should hardly be
affected by the fibers.

2 - The tip radius should be reduced.

3 - The fibers should tend to stabilize cellular structures
within the dendritic/cellular transition region.

4 - At high growth rates, no matter how narrow the interfiber
spaces, cellular structures should be unstable and dendrites
should be observed.

The only experimental confirmation of these calculations was

found in the work of Somboonsuk et al. who noted that the
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composition and undercooling at the tip of succinonitrile-acetone
dendrites were very slightly raised by narrowing the gap between
the two glass slides within which they were conatrained to grow

[133]. Both radii of curvature at the tip were not measured,

however. The reported variations in tip undercooling and
composition are consistent with McCartney and Hunt's results in

that they are quite small.
¢ - Dendrite coarsening

The intricate geometry of dendrites generated by
instabilities in the initial phases of their growth is
thermodynamically unstable due to the high amount of excess
liquid-solid surface energy present. There is therefore a driving
force for the liquid/solid surface arealto decrease and hence for
the scale of the microstructure to increase during
solidification. The kinetics of the phenomenon are dictated by
the rate of solute diffusion in the liquid phase. The process is
therefore relatively rapid. The resulting increase on the scale

of the microstructure is termed microstructural coarsening in

what follows.

In dendritic microstructures, coarsening results in a
secondary dendrite arm spacing that increases with time. Flemings
and coworkers [83,142] thus showed in a synthesis of their own
and earlier experiments, that over about seven orders of

magnitude in the total solidification time t_ the final secondary

f

dendrite arm spacing)\2 in both equiaxed and columnar dendrites is
f

-43-



described by
A = 7.5,107® tf°-” (S.I. units)

In a subsequent publication, Kattamis, Flemings and coworkers
[83,143,144] performed experiments and calculations to show that
in metallic alloys dendrite arm coarsening processes are driven
by surface tension and that the kinetics of coarsening are fairly
independent of the detailed geometry at hand. Several detailed
mechanisms can account for the phenomenon in a quantitative
manner. These mechanisms involve the melting back of smaller
dendrite arms with concomitant growth of larger and thus more
stable dendrite arms. These mechanisms are similar to the Ostwald

ripening of precipitates. The word ripening is thus used herein

to name this particular class of coarsening mechanisms.

Following the initial work of Rattamis et al., authors
[145,146] have discussed the mechanisms first given by Kattamis
et al. An interesting observation was made in several articles
[147-150] on both organic systems and Al-Cu alloys. It was noted
that at higher volume fractions solid, a coarsening mechanism
different from ripening also operates. Here, the liquid space
between dendrite arms fills in or dendrite arms "coalesce" into
what can be counted as one arm. Young and Kirkwood derived an
expression for the critical time of this mechanism [149]. This
class of microstructural coarsening mechanisms is termed

coalescence in what follows. Both ripening and coalescence

processes are driven by a reduction in surface energy through

solute diffusion in the liquid. The essential difference is that
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in coalescence, at higher volume fractions solid, negative radii
of curvature are involved in the process.

For coarsening by ripening, the parallel with Ostwald
ripening comes to mind and this prompted the work of Voorhees and
Glicksman [151-153] who extended the approach of the classical
Lifschitz-Schlyozov-Wagner (LSW) analysis [154~157] to solid
spherical particle volume fractions up to 50 % . Their results
indicated a strong influence of the volume fraction solid on the
ripening kinetics. However, the basic results of the LSW analysis
persist i.e. (i) the curvature distribution curve reaches a
constant shape, and (ii) the average particle size increases

linearly with t Vs
=K t (1)

average radius at t=0

)
=g
(1
2}
(1]
e
"

|
]

average radius at t.
Their calculations correlate well with thermal measurements on
adiabatic succinonitrile dendrites [153] and the ripening of
liquid phase sintered structures [151].

Coarsening by coalescence has been studied both
experimentally [206-208] and theoretically [209-212] for liquid
phase sintered structures. It is shown that the kinetics of
coarsening by coalescence are similar to those of coarsening by
ripening and the basic characteristics of the LSW analysis
persist. This is reasonable in view of the many similarities

between the two processes.
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Most theoretical work on dendrite coarsening treats the case
of a liquid-solid mixture held at a constant temperature i.e
isothermal coarsening. In a solidifying dendrite network, the
liquid composition and the volume fraction solid increase with
time. The only serious attempt at solving this complicac.d
problem that was foqnd in the literature is by Whistler and
Kattamis for simplified dendrite arms [158] and for spherical
grains [194]. They successfully correlated their calculations
with experimental measurements on Al-4.5wt%Cu [158] and
Mg-6%2n-2r [194]. Two closely related attempts [84,217] have been
made recently at deriving the t 1/3 1aw and its constant using
ripening models of the type originally proposed by Kattamis and

Flemings [143]. The change in the liquid concentration was

.incdrporated to model coarsening during solidification. Both
models are based on unjustified geometrical assumptions.
Agreement with experiment is strongly dependent on the value
attributed to the (surface energy related) Gibbs Thomson
coefficient. It should also be noted that, contrary to ripening,
coalescence can be aided by the solidification process since
matter can preferentially deposit so as to fill in the trough
separating dendrite arms.

A different dendrite arm remelting phenomenon of interest in
unidirectional solidification under steep gradients is that of
temperature gradient zone melting (TGZM), the migration of
secondary arms up the thermal gradient due to differences in

temperature acrosa the iiquid pools between arms [159,160].
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Experimental work on Aluminum-copper alloys relating to the
case of steady state directional solidification is quite abundant
[148-150,161-163,196]. A brief synthesis of conclusions from
these studies is :

1l - In the dendritic regime, the secondary dendrite arm
spacing is given by approximately the same law as a function of
coarsening time for all gradients and growth rates until coarse-
ning by coalescence becomes predominant. The exponent n in

A, =B t" (2)

is somewhat smaller than 0.39. According to Young and Kirkwood

[149] who performed the most extensive investigation,

A, = 16.1x10-°% 03! in meters
. with t in seconds.

2 - Toward the end of solidification, coalescence
predominates.

3 - In the cellular-dendritic region, the secondary dendrite
arm spacing no longer follows the simple relationship found in
the dendritic regime. Possible reasons include (i) an increased
importance of coalescence [148], (ii) a large initial AZS as can

be seen from figure 4 since Azi 2r . This means that in

tip
equation (1) , io is no longer negligible and equation (2) must

be modified accordingly :

Measuring secondary dendrite arm spacings is not trivial, and

results vary with methods. In particular, when coalescence
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becomes important, the degree of arbitrariness becomes
considerable (so much so that Young and Kirkwood [149] simply
decided not to make any mcasurements in that area of their
samples). This probably explains most of the scatter in the
measurements reported in the literature.

The articles cited above also report measurements of the
primary arm spacing in cells and dendrites. Here, G and R seem to
play independent roles and can not be lumped into a single
parameter GxR. That the dependence on solidification parameters
should be different makes good sense in view of the fact that
primary arms do not coarsen (exception made for some coalescence

in cellular structures [148]).

d - Microsegregation.

The diffusion coefficient in the solid phase is low enough to
allow for significant deviations from thermodynamic equilibrium
(lever rule) during dendritic solidification. So much so that the
opposite extreme assumption of no s0lid state diffusion describes
quite well the majority of solidification microstructures.
Solidification then proceeds according to the "Scheil equation”

[(83]:

k-1
C = co{;
This equation is independent of all solidification variables,

phase diagram excepted.

-48-



The amount of microsegregation is most often measured with
either of two variables : (i) the volume or weight fraction of
eutectic formed or (ii) the minimum solute concentration present
in the primary phase. For Al-4.5 wt%Cu, equilibrium
solidification yields no eutectic and a minimum of 4.5 wt%Cu. The
Scheil equation gives 0.0903 weight fraction eutectic and 0.77
wt8Cu respectively.

Two processes allow for a reduction in the amount of
microsegregation. First and most obviously, the solid state
diffusion coefficient is not zero and some back-diffusion does
occur. Second, solute poor regions remelt during ripening and

redeposit elsewhere as a solid richer in copper.

Diffusion in the solid phasé allows the incorporation of
additional solute at the solidification front and reduces
concentration gradients within the solid phase during and after
solidification. The solute distribution profiles are thus
necessarily geometry and cooling rate dependent. The first
article to seriously address this problem was the work of Brody
and Flemings [83,164,168]. An approximate but simple analytical
model was given as well as a more exact finite difference
computer model.

The analytical model is strictly valid only for systems that
experience a limited amount of diffusion since it otherwise
overestimates the amount of solute incorporated at the interface.
Based solely on mathematical manipulation, Clyne and Fisher later

proposed a modified version of this equation to obtain the
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equilibrium lever rule at high values of the diffusion
coefficient [165]. Solari and Biloni also modified the
Brody-Flemings analytical model to account for undercooling at
the tip using Burden and Hunt's model [166]. At low growth rates,
their expression is a combination of both Brody-Flemings models
for tip undercooling and solid state diffusion. ( At high growth
rates their expression is invalid since the assumed solute
gradient is in error [107,167]).

To obtain the solute distribution within the so0lid, and in
particular the minimuﬁ solute concentration, numerical methods
are necessary. The Brody-Flemings model solved the problem for
cases where only the cooling rate is known by assuming a linear

or parabolic thickening law for the dendrite arms. Other authors

later‘published slightly perfected versions of this model [169].
The dendrite arm thickening law need not be assumed if the
relationship between time and temperature ( and hence
concentration in the liquid) is known. The problem is then fully
specified and can be solved rigorously. Being a solidification
problem, however, it is not simple and one resorts again to
computer models in which both the solid front and the solute
profile are calculated. Kirkwood and Evans solved this problem
for the case of an alloy cooling at a constant rate of heat
removal [170]. It was further assumed that the solid diffusion
coefficient was constant. They showed that for this cooling
situation (i) Brod& and Flemings' model came close to theirs if a
parabolic growth rate was assumed and (ii) that the main reason

for the discrepancy between Brody et al.'s calculated and
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measured results [82] was too low a diffusion coefficient. This
model has been perfected since to take the temperature dependence

of the diffusion coefficient into account [171].

The influence of coarsening on microsegregation is less well
understood. A first attempt was made by Basaran in which solute
was unfortunately not conserved [172]. The work of Ogilvy and
Kirkwood [171] adeqdately addresses the problem in a modification
of their numerical diffusion model allowing for an expanding
planar dendrite arm. Their mcdel indicates a strong effect of

coarsening on microsegregation.

Another remelting mechanism TGZM, was also shown to have an
effect on microsegregation since it was able to generate
assymetric concentration profiles in secondary dendrite arms of
directionally solidified Fe-Cr-C alloys [173]. Since the
secondary arms may remelt completely during the solidification
process due to this mechanism, the effect may be drastic under
some circumstances (steep gradients and low growth rates)

[159,160].
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COPPER CONCENTRATION w/o

Figure 3.
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The critical concentration of copper above which interface
instability occurs as a function of interface velocity. The
curve is based on morphological stability theory while the
lines correspond to constitutional supercooling and absolute
stabilicy.
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EXPERIMENTAL PROCEDURES

I - Sample preparation.

The fibers, provided by AVCO specialty Materials, Lowell,
Massachusetts, were described earlier in the literature surveyv.
Individual fibers were cut from a monofilament wound on a spool.

The Al-4.5 wt% Cu alloy was purchased from Reynolds Aluminum,
Metallurgy Laboratory, Richmond, Virginia. The metallurgical
practice for alloying was reported as follows :

- 400 1lbs of super pure aluminum melted in 100 KW inductioc
unit,

- base metal chemical button taken,

- alloy addition added in the form of hardner,

- melt fluxed with pure chlorine,

- chemical analysis button taken,

- metal continucusly cast into a 3"x8" mold,

~ ingot stress relieved overnight at 550 F.

The analysis of the alloy was reported as follows:

si Fe Cu Mn Mg Cr Ni Zn Ti

.010 .014 4.61 .002 .002 .002 .003 . 006 .002

To avoid any fluctuations in composition due to macrosegregation,

transverse slices remote from the ends of the ingot were used.
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The fibers and the metal were combined by the squeeze-casting
technique with a few modifications for the purposes of this
investigation.

A mold of graphite was machined with a drill press so as to
obtain the samples in their final form. Gates and vents were
provided, as drawn in figure 5. Fibers were cut and weighed, so
as to obtain a volume percent of fibers at 40 % in the samples.
They were then wrapped at their ends into a tightly packed bundle
with enough fiberglass tape to center them in the mold. In this
manner, samples with a composite core containing around 80 vol.%
fibers surrounded with the unreinforced metal were obtained.
These fiber bundles were inserted in the graphite mold which was
'3 3/6 inches in diameter and 1/2 inches thick. One mold could
produce about seven samples. '

The squeeze casting process is depicted in figure 6. The
apparatus consists in a piston~cylinder activated by a hydraulic
press. The interior of the cylinder was lined with a fibrous
alumina insulation material, and the graphite mold was positioned
at its bottom. The piston was centered above the cylinder with a
steel ring. A port was machined into that ring to pour the molten
metal and insert heaters etc. prior to infiltration.

The insulation material lining the cylinder allowed to
preheat in-situ the fibers and the mold. To this end, a heating

element made from Kanthal wire, and argon inlet of graphite and a

chromel-alumel thermocouple were inserted through the port.
Adding a layer of insulation material on the top of the c¢ylinder

allowed to preheat the fibers up to about 600 °C under an Argon
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flux.

Once the graphite mold temperature had stabilized around
550-600 C, the metal was melted following standard foundry
practice in a gas furnace. A graphite crucible was used and the
metal was stirred with at least thirty strokes. It was degassed
with nitrogen for at least two minutes, and then skimmed and
poured at about 750 - 800°C (high superheat) right after removing
the heater etc. from the cylinder.

The piston was lowered about ten seconds after pouring. The
infiltration pressure, about 1000 psi, was maintained for thirty
seconds. Everything within the cylinder was infiltrated after the
operation - including voids in the graphite mold proper.
Consequently, the graphite mold had to he extricated from the
resulting slug, and gently crushed to remove the seven
infiltrated composite specimens. After filing their outer surface
clean, removing gates and vents and cutting off the fiberglass
containing ends, the samples were ready for remelting and

controlled solidification.

II - Steady State Solidification.

The resulting composite samples were inserted into tubular
crucibles designed for the Bridgman furnace depicted in figure 7.
A composite consisting of a 3 mm thermocouple alumina tube in
Al-4.5 wt% Cu was placed immediately below the samplé. This
provided both a means to monitor the temperature and a

prolongation of about five centimeters to the sample having the
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same overall longitudinal thermal conductivity. End-effects in
the thermal gradient at the lower end of the sample were thus
minimized. A small slug of the alloy was placed over the sample,
followed by a graphite plunger and a steel weight. This forced
molten metal down to fill any gaps around or beneath the sample.

The quench tank of the furnace. was a molten gallium bath
cooled with water circulating in an immersed coil. The water was
driven by a mechanical pump from a large tank, itself kept at
temperature with an immersed coil of water circulating from the
warm tap of a nearby sink. In this manner, the water tank could
be kept at a steady temperature slightly above 29°C, the melting
.point of gallium. The inertia in the system prevented any
fluctuations in the cooling conditions over the time period -of d
solidification experiment. Small local band heaters were also
used to prevent any freezing of the gallium at the bottom of the
tank.

The hot region of the apparatus was provided by a resistance
furnace around a quartz tube containing an argon atmosphere. The
gap between the crucible and the quartz tube was filled with an
appropriate steel cylinder to prevent any convection induced
temperature fluctuations. The steel cylinder was separated from
the quench tank by alumina rings and in some experiments a small
booster heater (depicted in figure 7). A DC motor with a
controller, a gearbox and a threaded rod allowed to move the
sample at a steady and controlled rate down to about 20 microns
per second.

Once the measurement of a control thermocouple inside the
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quartz tube had stabilized, the sample was raised at a rate
higher than the chosen growth rate. When the thermocouple below
the sample had reached a temperature above the liquidus of the
alloy ( 650°C), the motor was stopped, and the temperature
allowed to stabilize for five minutes. The sample was then
retracted at a chosen rate, and after 2 sufficient length had
solidified, it was suddenly pulled by hand into the gallium bath
by loosening the chuck holding the crucible. This technique is
widely used. Problems typically encountered are :

l- Convection. Differences in the specific gravity of
different constituents of the alloy tend to induce convection in
the liquid in the presence of temperature and concentration
gradients. These have been shown to affect the interface geometry
and the primary dendrite arm spacing [197, 198]. Since copper is
heavier than aluminum, a vertical system with the temperature
increasing with height was used. The small size of fiber-free

areas within the sample and this precaution ensured that no

significant convection was present. Isotherms therefore were
flat and perpendicular to the fibers. This was confirmed by
observing the location of the dendrite tips and the eutectic
solidification front on quenched samples.

2- Transients. Due to the absence of fibers, the thermal
conductivity changes in the region above the specimen. Since
F. Mollard [203] observed that transient effects were affecting
the last centimeter of his samples on a similar apparatus, the
specimens were quenched before the solidifying metal reached the
last two centimeters of the sample. Thia was, if anything, an
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overly precautious measure. At the bottom, the first half
centimeter was discarded as well, to avoid the region where
different grains outgrow one another. Another type of transient
is due to the moving crucible, since the heat transfer pattern is
modified by this additional heat transport mechanism [196]. To
minimize this effect, the dowﬁward movement was started from a
point high enough for the heat flow pattern to stablilize by the
time the liquidus temperature reaches the sample bottom.

The growth velocity was measured with a ruler attached next
to the moving crucible. The temperature gradient was measured by
recording the distance separating the dendrite tips from the
eutectic front on a longitudinal cross-section of the quenched

'sample. This value differed by at most 20% from the value odtput
by the thermocouple below the sample. |

Despite the relatively large crucible diameter, quench rates
in the gallium tank were high, and the solidification morphology
was appropriately quenched-in. Transient effects at the interface
are reviewed by Sharp and Hellawell [199].

With the composite samples, the main experimental difficulty
was obtaining high temperature gradients. High gradients, for a
given quench tank, require a high furnace temperature. Sharp and
Hellawell, for example, heated their top region between 1000 and
1250 °C [199]. The problem lies in the fact that above 800-900
©, the fiber-matrix reaction proceeds at a rate high enough to
build up a substantial interfacial reaction zone. It is shown
below that this reaction zone consists of A14c3 and does not

significantly affect the overall alloy composition. Some reaction
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zone formation was therefore allowed. The phenomenon places,
however, an upper limit on permissible temperature gradients. The
sample is six to seven centimeters long. Hence, temperature
gradients cannot fall much below 30 °C/cm. Experiments were thus
performed with two values for the thermal gradient, i.e. "high"
gradients (100-70°C/cm) and "low" gradients (50-30°C/cm). The
temperature gradient could not be adjusted with any higher
degree of precision. "High" gradients were obtained with use of
the small booster furnace described above.

On one sample, the motor was stopped for ten minutes before
quenching to obtain an isothermal hold. All other aspects of the

procedure were identical.
III - Metallography.

After a sample was removed from its crucible, a bevel was
ground into the unreinforced peripheral region. After polishing
and etching in Keller's etch, this revealed the positions of the
tips and the eutectic front. The quenched-in structure was then
sectioned lengthwise to obtain two longitudinal sections from the
tips to the eutectic front. Below the eutectic front, fully
solidified microstructures were also revealed with transverse
sections. After examination under the optical microscope, one of
the longitudinal halves was sliced at measured distances from the
tips into transverse sections for examination and analysis in the
electron microprobe. All sectioning was with a low speed diamond

saw. Polishing the composite structure with its soft matrix and
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extremely hard fibers was difficult and time consuming.
Therefore, automatic polishers were used. The grinding and
polishing sequence was as follows:

l1- Grinding was by hand on metal or resin bonded diamond
wheels. This was essentially to obtain a flat sample surface, and
eliminate the shattered portions of the sectioned fibers. Silicon
carbide is extremely brittle, and creates at this stage numerous
particles which get embedded into the aluminum matrix.

2- Rough polishing was with 9 and 6 micron diamond pastes on
a-rough perforated synthetic cloth ("Buehler Perf. Chem.
Texmet"). Water was used as a thinner because it has a low
viscosity and did not degrade the cloth nor its adhesive. At the
end of this;operatién, the fibers were .flat, and-the embedded
particles of SiC were removed‘from the matrix.

3- Intermediate polishing with 1 micron diamond paste as
above. At the end of this operation, major scratches were removed
from the matrix.

4- Final polishing was with magnesium oxide in water on a
fine felt cloth. As MgO does not pclish the fibers, there is a
trade-off between a flat and a scratch-free matrix surface. This
limits final polish times to short values (a minute or two). MgO
is more difficult to use than alumina, but results are far better
(consult reference [200] for details).

After each polishing step, the samples were ultrasonically
cleaned in water with an appropriate soap. Due to the low
polishing rates permissible in the presence of silicon carbide

fibers, water had to be avoided altogether in some instances
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because the corrcsion rate of the matrix was higher than the
polishing rate. In these cases, kerosene was used as the thinning
agent for polishing and cleaning was in ethanol.

After the final polish, the samples were thoroughly cleaned
to remove the MgO powder which tended to stick to the sample
surface. Immediately thereafter, the sample was etched. Etchants
were:

1- Reller's etch [78,79]. This etch reveals very clearly the
secondary dendrite arms, the eutectic and to some extent coring
patterns. Keller's etch is easy to use and was most appropriate
for longitudinal cross-sections.

' 2- a modification of a reported etchant [201,202,79]: 4 g
KMnOh.and 2'g NaOH in a liter of wéter. This etch reveals cof;ng
patterns and the second phase in brilliant colors by depositing a
film that allows for extinction of a wavelength of the incident
light beam. Both the fibers and the matrix are etched, and
isoconcentration contours within the matrix are clearly visible,
figure 8. The correspondance between a color fringe and
isoconcentrates has been proven elsewhere [66, 202]. This etchant
was used on all transverse and some longitudinal sections. The
fact that the etchant reveals concentration contours also allows
for a good rendition of the quenched-in solid/liquid interface
near the dendrite tips due to the solute rich band present in
that area [199]. This etchant is more delicate in its use. It
must be mixed fresh, with the proport;on of NaOH and KMnO,
tightly controlled. It is also best to keep the etchant cold with

some ice around its container when it is used. This etchant
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deteriorates rapidly in air.

Dendrite arm spacings were counted with an eyepiece fitted
with a micrometer. To allow for comparison, counting procedures
were as in reference [149]. In the unreinforced regions, the
secondary dendrite arm spacing was averaged over a few adjacent
arms. Because of the much decreased amount of material available
in the composite regions, all dendrite arms were used and plotted
individually. Hence a much increased scatter in this data is

found.

IV - Electron beam X-ray microanalysis.

Analyses were performed on a Cameca Camebax. Sample
preparation was as above without etching. Samples were not coated
as the fibers are conductive enough to prevent any charging to
occur.

Standardization was with the pure elements, Al and Cu. This
gives results within the alha phase on fully homogenised
microstructures that are consistent with the alloy composition
[81,204]. Conditions for analysis were as follows: beam
acceleration voltage: 20 kV; beam intensity : 20 nA; counting
time: 10 seconds per element; Al,Ko and Cu,Ko peaks were used.
ZAF corrections were automatically performed by the computer
attached to the instrument.

Electron microprobe analysis was performed on specimens to

measure the amount of microsegregation present. In this thesis,
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the adopted measure of microsegregation is the minimum copper
concentration present. It is a usual and significant figure which
for the case at hand is easy to measure since the copper-poor
regions are located in the center of the interfiber regions where
the matrix surface is horizontal. To obtain this minimum,
analysis points were chosen down the concentration gradients
along a square grid of adequate size until a point surrouanded by
four points having a higher concentration were found. To minimize
the effect of noise in the measured concentrations, the value for
the minimum concentration in each interfiber region was averaged
with the second lowest value measured in that region. As the
square grid was finer than the coring patterns, the uncertainty
in the.lqcatioh of the minimum concentration point was low and of
no consequence. |

As many as five areas were investigated for each sample. The
average of the obtained values is plotted. Since standard
variations were up to 15% of the values obtained, this was taken

as the margin of error.
V - Auger electron spectroscopy.

Auger electron spectroscopy can be used to analyse an area on
the sample that is only a few atomic layers deep. It was
therefore suited for investigating the interfacial reaction zone.
Analyses were performed on a Perkin Elmer Physical Electronics
digital scanning Auger electron spectroscope Model 590. To

eliminate oxygen and carbon contamination on the surface of the
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sample, argon sputtering was used. Prior to data acquisition the
sample surface was thus cleaned until the oxygen peak was reduced
to negligible values. During the analysis proper, sputtering was
continued at a much lower rate. Conditions pertinent to the
analysis were: electron beam energy: 5 keV:; beam current: about 1
pA;: data acquisition time: 15 minutes. Partial spectra were
collected in a multiplex mode for the four elements present : Al,
Cu, Si, C. The spectra were smoothed and expanded after
acquisition.

The composite sample utilized was from a longitudinal cut of
the top-most part of the sample grown at the slowest rate under
the steepest temperature gradient (H-3). This region, liquid at
the time of the quench, contained the thickest interfacial
reaction zone of all samples due to the long exposure to elevated
temperatures. The sample was polished and cleaned in the absence
of water to prevent dissolution of the hygroscopic reaction zone.
The A14C3 standard was made from a powder of chemical purity
purchased from Alpha Ventron. The powder was pressed into a small

pellet together with a fine mesh tin powder. This allowed for

easy handling of the sample and suppression of charging effects.
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EXPERIMENTAL RESULTS
I - Samples.

A total of eight samples were solidified in the Bridgman
furnace. They were taken from three identical pressure cast
batches, labelled "G", "H" and "I". All were solidified at steady
state, and quenched. One additional sample was solidified in a
similar manner and then held still for ten minutes in the furnace
prior to quenching. All nine samples are listed in Table 1 with
their solidification parameters.

Each sample consists of a reinforced composite core
surroundéd with a fiber-free region. Within tﬁe composite core,
fibers often.touch and define isolated interstices. The simplest
of these are the interstices delineated by three and four fibers.
Interstices delineated by three fibers will be defined in this
thesis as "Triangular" interstices. Interstices delineated by
four fibers, the centers of which are approximately located on
the four corners of a square, are defined as "Square"
interstices. Only these two types of interfiber regions are
considered in any quantitative manner in what follows. These
interstices are drawn in figure 9 together with their dimensions

and area.
II - Microstructures.

While each sample was drawn at steady state through the
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COOLING

SAMPLE| GROWTH TEMPERATURE SOLIDIFICATION
RATE GRADIENT RATE TIME
x10~6m/s x102 K/m K/s S
I-1 203 91 1.85 54
1-4 206 58 1.19 84
H-2 100 75 0.75 133
I-3 105 51 0.536 187
G-2 52 71 0.373 268
H-4 54 45 0.242 413
H-3 23 96 0.240 417
1-2 25 41 0.106 940
1-5 53 35 0.186

Sample held .for 3600 seconds in the tempegrature

gradient'before guenching.

Table 1 - Samples with their solidification parameters.
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thermal gradient (G) of the furnace, a zone of coexisting liquid
and solid metal progressed up through both the unreinforced and
the composite regions of the sample. When the sample was suddenly
pulled through the gallium bath, this liquid/solid region was
quenched. In this manner, all stages of solidification from the
dendrite tips to thebfully salid structure below the eutectic
front could be examined. In a longitudinal cross section through
this quenched liquid/solid region, increasing distance from the
tips measured parallel to the fibers corresponds to an increasing
local solidification time, and hence an increasing fraction
solid. Since the temperature gradient and the growth rate wvere
kept constant, the temperature at the time of the quench at any
~point in sucﬁ a longitudinal cross ‘section is a linear function
of distance measured'par§11e1 to the fibers. A transverse cross
section through the sample in a plane perpendicular to the fibers
corresponds to an isotherm in the sample at the time of the
quench. The corresponding isotherm temperature can be obtained by
| measuring the distance from the dendrite tips and using the known

temperature gradient.

In the unreinforced region of the samples, large rounded
dendrites typical of the dendritic/cellular transition are
obtained at low growth rates. At higher growth rates, their size
decreases and they adopt a well branched morphology typical of
the fully dendritic growth regime. The primary dendrite arm
spacings were mesured as in Young and Kirkwood's work [149].

Results are given and compared with Young and Kirkwood's
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experimental correlation in table 2. It can be readily seen that
primary dendrite arms growing in the fiber free regions are
significantly wider than the narrow square and triangular
interstices found between the fibers in the composite region and

-~

described in figure 9.

In the composite region of the samples, the growing solid is
initially dendritic. Primary dendrite stems with secondary
dendrite arms attached to them were observed to form in all
composite samples in the initial stages of solidification. Only
one primary dendrite arm was seen to grow in each triangular
interfiber space of all samples. Square interstices also
contained ohly one primary dendrite arm each, except in some
‘square interstices of sample I-1 which solidified the most
rapidly.

The relative position of the dendrite tips in the composite
and unreinforced regions can be approximately compared on a
longitudinal section through the samples. Examples are given on
figures 10 and 11. These micrographs are taken from the
liquid/s0lid region near the dendrite tips. Between the fibers,
dendrite tips were not found to lag significantly behind those in
the unreinforced regions. Hence, within experimental error (about
one Kelvin), no enhancement in the dendrite tip undercooling was
found between the fibers at the growth rates and gradients
investigated.

Transverse cross-sections near the tips confirmed this

observation in that the dendrites appeared at about the same time
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SAMPLE MEASURED FROM
PRIMARY REFERENCE
D.A.S. [149]
x 1076 m x 106 m

H 3 227

I 2 ] 317

G 2 234 275

H 4 283 343

H 2 202 212

I3 244 253

I1 * 126 146

I 4 186 137

TABLE 2 - Primary dendrite arm spacings.
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in both regions of several samples after successive grinding and
polishing through the quenched liquid. The dendrite tips were
thus located on the same isotherm in both the fiber free and the
composite regions. Cross-sections obtained in this manner are
given in figures 12 and 13. As seen in these figures, the solid
phase initially grows from within the interfiber regions without
touching the fibers. It is also apparent that secondary dendrite
arms also form between the fibers in the composite at this
iritial stage of solidification. Secondary dendrite arms formed
in the initial stages of solidification inside a triangular
interstice can be seen on figure 14.

As solidification progresses, the secondary dendrite arms
gradually disappear, fi;at in the triangular interstices and
later in the square and larger interstices, by deposition of
80lid in the liquid trough separating them. This is a process
identical to secondary dendrite arm coalescence mechanisms
described previously by several authors [147-150]. The secondary
dendrite arms thus gradually shorten with increasing local
solidification time. Provided there is sufficient time for this
process to reach its completion before the end of solidification,
all secondary dendrite arms will be eliminated. At this point,
the solid maps precisely the fiber surfaces delineating the
interstices and all the liquid is found against the fibers. The
entire process can be viewed on figure 15. This micrograph is a
low angle cut through a square interstice ranging from the
dendrite tip region (A) through the primary stem (B) of the
dendrite growing in that interstice and then through an array of
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secondary dendrite arms branching off that primary stem (below
B). Below a certain temperature corresponding to an isotherm
around point C, the liquid trough separating secondary dendrite
arms can be seen to gradually disappear. At D, corresponding to
a still lower temperature than at C, in the later stages of
solidification, the only traces left of the secondary dendrite
arms are solute-rich bands delineating the previous location of
the liquid pool that separated them (these are revealed by the
etch). Figure 16 superimposes two stages of the process. This
micrograph was obtained from a transverse cut through a séuare
interstice which was in the later stages of solidification prior
to quenching..In this scanning electron micrograph obtained with
'back4écattered electron imaging, lighter (copper rich) areas in
the primarf alpha phase correspond to the portions that
solidified last. Two channels that separated secondary dendrite
arms are thus seen to have been filled in. The copper
concentration in the lighter areas of this micrograph was
determined by electron probe microcanalysis to be 3.5 - 3.9 wt%Cu.
This is the composition of the depositing solid at the time when
the trough separating secondary dendrite arms was filled in.

In narrow interfiber spaces, secondary dendrite arm
coalescence is accelerated to the point where the initially
dendritic microstructure can be eliminated when the time spent in
the liquid/solid state is sufficiently long. As the total
solidification time increases, therefore, the final solid metal
matrix becomes increasingly non-dendritic. Any second phase is

then found at the fiber-matrix interface. This phenomenon
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determines the morphology of the final matrix microstructure, as
can be seen on figures 17 to 20. In figures 17 and 18, the
solidification time is short and secondary dendrite arms are
still visible . : the larger interstices. In square interstices of
this sample, the coring patterns are dendritic although the
second phase is mostly found at the fiber-matrix interface. In
triangular interstices, the isoconcentrates are non dendritic and
parallel to the fiber surfaces. In larger interstices, secondary
dendrite arms and eutectic islands are found within the matrix.
Figures 19 and 20 are from a sample solidified at a lower cooling
rate. In this sample, coring patterns are non dendritic in square
interstices as well as in triangular interstices.

In the square and triangular interstices of all samples, the
secondary dendrite arms coalescence process reached its
completion before the eutectic temperature was attained. In
larger interstices, however, secondary dendrite arms persisted,
as witnessed by the presence of islands of eutectic within the
interfiber spaces (figures 17, 18 and 20). In square interstic.s,
the transition from dendritic to non dendritic coring patterns
took place from sample I-4 to sample H-2, ie., at a solidific. tion
time between 84 and 133 seconds. The presence of non dendritic

coring patterns indicates that the secondary dendrite arm

coalescence process was completed before the so0lid deposited with

a high copper content. The location of the eutectic is thus
predominantly on the fiber surface in the final fully solidified
microstructure.

Figure 21 is a schematic rendition of these observations. The
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microstructural evolution during solidification of a dendrite in
a triangular interstice is compared to that of a dendrite free of
the constraining action of the fibers. The dendrite tips both
grow at the same (small) undercooling. Behind the tips, secondary
dendrite arms form and start to grow. Later in the solidification
process, still at relatively low fraction éolid, secondary
dendrite arm coarsening is predominantly by ripening in the
fiber-free matrix. As will be shown later, ripening can proceed
in the interstices of the composite, but not beyond a certain
secondary dendrite arm spacing due to the constraining action of
the fibers. The secondary dendrite arm spacing may, therefore, be
smaller on the average than in the fiber free alloy.
Simultanequsl&, in the narrow.interfiber spaces of the composite,
secondary dendrite arm coalescence is already clearly |
discernible. Secondary dendrite arms are thus gradually
eliminated. At higher fractions solid (third stage depicted),
coarsening is by coalescence in the fiber free matrix whereas in
the narrow interfiber spaces, the structure is no longer
dendritic. In the fully solidified metal (last stage depicted),
the eutectic is found in pools located between the dendrite arms
in the fiber free alloy. In the composite, the eutectic is
located at the interface between the fibers and the primary

phase.

In the sample that was held isothermally for ten minutes, the
microstructure coarsened substantially in the fiber-free regions.

In the composite region, nearly all secondary dendrite arms
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disappeared at higher volume fractions solid (i.e. at some

distance from the tips), figure 22.

III - Secondary dendrite arm spacings.

A longitudinal cross section through the quenched
liquid-solid region of the samples is approximately perpendicular
to the <100> planes in which the secondary dendrite arms were
growing during solidification. Furthermore, the time during
solidification increases linearly with distance measured from the
dendrite tips because the growth rate was constant. It was thus
possible to foliow the evolution with time during solﬁdification
of the secondary deﬁdrite arm spacing on longitudinal cross
sectinns of the samples.

Secondary dendrite arm spacings from the unreinforced region
were measured in all samples. Given the relative abundance of
dendrite arms, measurements were made over several dendrite arms
at a time and averaged. Data collected in this manner are plotted
in figure 23 for samples solidified within the dendritic growth
regime. As seen, the secondary dendrite arm spacing measurements
from these samples compare well with Young and Kirkwood's
experimental correlation [149]. The fit with this correlation was
however less good for samples I-2 and H-3, both in the
cellular/dendritic transition growth regime which lies outside of
the range of validity of Young and Kirkwood's correlation, figure

24.
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In the composite regions of the samples, averaging of
secondary dendrite arm spacings was not found to be a
satisfactory method because the number of dendrite arms available
in each type of interstice was much smaller. All secondary
dendrite arm spacings available were therefore measured and
plottgd individually, figures 25 to 38. This increases
significantly the scatter in the data. For comparison with the
unreinforced matrix, secondary dendrite arm measurements were
made in this manner for three of the eight samples. The resulting
plots are given_in figures 39, 40 and 41.

Compared to similar plots from the unreinforced alloy, data

from the composites present several novel features:

1l = Secondary dendrite arm spacings are significanély larger . .

than in the unreinforced alloy. This phenoménon is particularly
evident in triangular interstices, figures 25 to 32. The
secondary dendrite arms therefore violate the usual t %)
coarsening law in the narrow interstices since the data gathered
in the interstices do not fit any line of slope 1/3 in a log-log
plot versus time during solidification.

2 - Secondary dendrite arms disappear after a certain time
during solidification.

Both features are explained by the accelerated coalescence of
secondary dendrite arms described above. When the liquid channel
separating individual dendrite arms has been filled in with
solid, the secondary dendrite arm spacing increases abruptly
since several previous arms count as one. After a certain time

during solidification, all secondary dendrite arms have coalesced
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and the solid phase is non dendritic.

In the sample solidified at the lowest rate (I-2,
solidification time = 940 seconds) secondary dendrite arnms
could be measured in triangular interstices after a time during
solidification as high as 100 seconds, figure 32. It is
interesting to note that the secondary dendrite arm spacing
measurements gathered from that sample deviate significantly both
upwards and downwards from the scatter bands normally encountered
in the unreinforced alloy, figure 41.

After a certain time during solidification, no secondary
dendrite arms are found in the narrow interstices. If this time
is taken as an abproximate measure of the time for full
coalescence of seco&dary Qendrite arms tc; it caﬁ be plotted as a
function of the solidification time tf, for square and

triangular interstices, figure 42.

IV - Microsegregation.

The minimum copper concentration was measured in all samples
along several isotherms using transverse cuts of the quenched
dendritic structures. The values obtained are given in Table 3.
As seen, compared to the unreinforced regions, the -arrower the
interstice and the lower the cooling rate, the higher the minimum
copper concentration present. Microsegregation is thus reduced in
the composite. It is even entirely suppressed in the triangular

interstices of the sample cooled at the lowest rate, sample I-2.
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SAMPLE T () MINIMUM COPPER CONCENTRATION (wt&Cu)
te (s) at Triangular | Square Primary
quench Interstices| Interstices L&aﬂ_ri_ﬁg\%
m
I-1 619 1.1 1.3 1.0
54 571 1.3 1.2
545 1.5 1.4 1.2
I-4 627 1.0 1.2 1.0
84 601 1.3 1.1
574 1.7 1.3 1.1
541 1.3 1.2
H-2 623 1.0
130 592 1.8 1.3 1.0
542 2.3 1.3 1.3
1-3 627 1.2 1.0 1.0
190 606 .7 1.1 1.0
579 .4 1.4 1.4
549 3.0 1.2
G-2 646 0.8 0.8 0.8
270 627 1.2 0.9 0.9
" 602" 1.8 1.1 1.0
5717 2.4 1.3 1.2
H=-3 623 1.8 1.0
420 593 2.1 1.4
559 3.2 1.8 1.1
H-4 648 0.9 0.9 0.9
420 636 1.1 9 0.8
618 1.6 2 1.0
600 2.2 3 1.0
585 2.8 4 1.2
568 3.1 .6 1.2
548 3.6 .6 1.3
I-2 648 0.9 .9 0.9
940 632 1.2 .0 0.8
617 1.9 1.4 1.2
602 2.3 1.3
572 3.8 2,5 1.8
548 4.3 2.9 1.8

TABLE 3 - Minimum copper concentration in triangular

interstices, square interstices and the unrein-
forced regions of the samples as a function of

the temperature during solidification.
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Figure 43, a backscattered electron image of the same sample,
reveals the absence of the second phase in the triangular
interstices.

These measurements are corroborated by the microstructures
given above, figures 17 to 20 : the coring patterns disappear in
the triangular interstices at low cooling rates.

In the last sample, aft:r an isothermal hold, the minimum
copper content measured in an identical fashion is given in table
4. Concentration gradients were shallow in triangular
interstices. As seen, the solute content is close to the solidus
composition at that temperature in tricngular interstices. Only
small amounts of eutectic were found in the close packed

composite regions at~temperatures below the solidus.
V - The interface.

The interfacial zone is given in figure 44. It is seen to
consist in a uniform layer covered by plates identical to the
plates of A14C5 observed in many instances with graphite-aluminum
composites. Copper and silicon were not present in the
interfacial zone since they gave no signal. The spectra collected
for aluminum and carbon are given in figures 45 and 46. In the
matrix, only Al and Cu gave a signal. In the fiber, only Si and C
were present. As seen in these figures, the secondary peaks of
both elements present at the interface indicate a bonding state
that is different from that of aluminum in the alloy and carbon

at the surface of the fiber. The reaction zone was therefore
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believed to be composed of A14c3.

To verify this conclusion, data were collected from pure
aluminum carbide A14q3 for comparison. Secondary peaks were
identical with those observed in the interfacial zone, figures 47
and 48.

In coaclusion some A14C3 formed at the interface. Since the
alloy compo: ion is not significantly affected by the reaction,
the limited formation of an interfacial zone around the fibers

was deemed acceptable for the purposes of this thesis.




A - TRIANGULAR [MTERSTICE.

Cross-sectional
area is

2.52 x 10-10 n2 1/’ \ 10.6 microns

40.4 microns

70 microns

Cross-sec-
tional area
is

13.4 x

io-To N

,

N ,\q<:;29 microns

B - SQUARE INTERSTICE.

Figure 9. The two interstices studied in this thesis.

A - Triangular interstice.
B - Square interstice.

The fiber diameter is 140 microns. From this,
dimensions of the interstices are derived
and given above.
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Figure 11 - Longitudinal section through the dendrite tip
recion. The smaller interstice (lcft) is a
square interstice. Sample H-3.
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Figure 13 - Transverse cross-cection a short distance
behind the dendrite tips. Sample I-1.
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Figure 14

- Secondary dendrite arms formed in a

triangular interstice of sample I-1.
This longitudinal cross section 1s
from the guenched liquid-solid region

of the sample close to the dendrite tips.

ms—— 10 .m

INTENTIONAL DUPLICATE EXPOSURE






gh a square
the

al section throu
pelow the primary stem,
e arm coalescC

% - A jongitudin

interstice.
ondary dendrit

secC
ed. sample 1-1.

can be observVv

INTENTIONAL DUPLICATE EXPOSURE

-96-






Figurc 16 - Two steps of the dendrite arm coalescence
process can be traced with this backscat-

tered electron image. Darker mctal arcas

arao

solute pecor and hence solidified first,
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Figure 17 - Transverse microstructure of a fully solidifiecd

composite {(quenched from a temperaturce below

. , -9R-
TF) . Sample T-1, S0
4 &
Solidificat:ion time t- = 54 seconds. —00.

3






Figurc 18 - Transverse microstructure of a fully solidificd
composite (quenched from a tempcraturc below Tp) .

Samplc I-1. ———ce—— 5 () .M
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Figure 20

Transverse microstructurc of a fully solidificed
composite (quenched from a temperature below T .

Samplc H-4 ——— 50
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Figure 21 - Schematic rendition of the secondary dendrite

arm coarsening process in:
A - fiber-free primary dendrite arms,
B - between fibers.

-104-



Figurc 22 - A longitudinal cut in the liquid/solid region
of sample I-5 (after an isothermal hold).

200 m




. 'ﬁ'.b
3

Figure 22 - A longitudinal cut in the liquid/solid region

of sample I-5 (after an isothermal hold).

200 um
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Figure 43 - Back scattered electron image of a cross section
through sample I-2 quenched from the eutectic
temperature. The second phase AljCu is white and

thus clearly visible. 200 .m
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Figure 44 - A low angle cut through the interface from the
top portion of sample H-3. A continuous laycr of
Al4C3 is visible followed by discrete carbide
platelets. Auger data was collected from the

continuous interfacial rcegion on this micrograph.
Tuo o




Figure 44 - A low angle cut through the interface from the
top portion of sample H-3. A continuous layer of
. Al4C3 is visible followed by discrete carbide
platelets. Auger data was collected from the
continuous interfacial region on this micrograph.
100 .m
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Figure 45 - Auger electron spectra for aluminum from the interface

and the matrix alloy.
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Figure 46 - Auger electron spectra for carbon from the interface
and the carbon-rich SCS-z coating.
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Figure 47 - Auger electron spectra for aluminum from the interface
and Aly4Cs3 .
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THEORY

In this chapter, the observations described above are
modelled on a quantitative basis. Coarsening effects are dealt
with first since they determine the morphology of the final
matrix microstructure. Then a simple and general model is
proposed to describe the role of coarsening in reducing
microsegregation. It is thus proved that for the case at hand,
solid-state diffusion is solely responsible for the considerably
lowered levels of microsegregation observed in some of the
samples. A finite difference model is then constructed to predict

these microsegregation levels.
I - Dendrite coarsening in metal matrix composites.
a - Background.

Contributions to the subject of dendrite coarsening were
reviewed in the literature survey. Two approaches have been
adopted to treat the problem:

1l - The "Lifschitz-Slyozov-Wagner" (LSW) approach, initiated
by the related problem of precipitation from a supersaturated
solution. The initial treatment assumed a near-zero volume
fraction of dispersed spherical particles undergoing Ostwald
ripening [154-157]. These assumptions were later relaxed to
incorporate effects due to (i) a finite volume fraction of

coarsening phase and (ii) coalescence of the spheres by diffusion
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in the liquid. The results of all these treatments present the
following features:

(i) - an asymptotic normalized particle distribution is
attained after an initial transient, independent of initial
conditions.

(ii) - the scaling factor of this distribution (average

particle size R) increases linearly with the cube root of time:

ow
n
=
r

(iii) - the normalized particle distribution and the
coarsening constant K are functions of the particle volume
fraction and of the importance of particle coalescence. With
increasing volume fraction and importance of coalesceﬁce, the

distribution curve flattens and K increases.

2 - The "Kattamis-Flemings" approach [143]. Coarsening is
again driven by surface tension and its rate is limited by
diffusion in the liquid phase. Here, however, the kinetics of the
process are modglled with a few detailed diffusion paths based on
experimental observation of coarsening dendrites. This approach
has the disadvantage of not offering a complete description of
the coarsening microstructure as the LSW treatment does. But it
also has advantages:

(i) - All LSW treatments of the problem assume only spherical
particles are present. Dendrites are not spherical.

(ii) - since solidification takes place concomitantly with
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coarsening, a steady-state distribution is not attained.
The treatment offered herein is thus inspired from the

Kattamis- Flemings approach of dendrite coarsening.

Coarsening takes place by the diffusion of matter from points
of high curvature to points of low curvature. The process is
modelled by simplifying the diffusion field into the interaction
between two regions of differing curvature observed on relevant
microstructures. At a given temperature T, the liquid composition
in equilibrium with an interface of curvature Kk is given by the

Thomson-Freundlich equation [83]:

cK = ¢ K T
L—L+mL

where CL= equilibrium composition in the 11quid
for a flat interface (wt%),

m, = slope of the liquidus (n&‘ is negative
for Al-Cu) (K/wt$),

I' = Gibbs-Thompson constant (m K) [84],
Also, r =%%i— where o0, is the surface tension at
the liquid-solid interface and Sfis the entropy of fusion.

This implies that the solute concentration in the liquid will
vary from point to point since the curvature varies along the
solid-liquid interface of dendrites. At points of high positive
curvature, the copper concentration in the 1iquid'is decreased.
Solute will diffuse through the liquid toward these regions of

low concentration. Since the solid phase has a lower solute

content than the liquid, these regions will melt back to maintain

-134-



the concentration in the adjoining liquid at an adequately low
level. Conversely, regions of low or negative curvature will tend
to grow. Overall, the result is a reduction of the total
interfacial surface area present.

It is assumed that the kinetics of the process are limited by
the diffusion of solute through the liquid. Solid state difusion
is neglected and interface kinetics are assumed to be rapid.
Solute is assumed to diffuse down a gradient determined by a
simple diffusion distance, 4, and a composition difference
determined by two different curvatures, ﬁ‘and Ky ©On the
liquid-solid interface. Thus, the flux of solute from A to B is

approximated as:

J = D.T [K + K ] (m wts /s)

Assuming B is the region of higher curvature ( Ky > KA):

region B will melt away according to the relation:

1 dVvs

Sa dt

= _ %e (1
J‘— C, (1-k)

Qhere{%? is the rate of change of volume of region B (in m3/s),

S, is the surface area of region B ( in m?), and J, is the flux

of solute to region B. Similarly, region A will grow at a rate

defined by the relation:

_ K, 1 av,
J, = CLA (l-k)-EA— —a?‘
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where-éﬁ?— is the rate of change of volume of region A (in m3/s),
S, is the surface area of region A (in m?), and J, is the flux of

solute leaving région A. Mass conservation dictates:

av, _ _av,
gt © at

Therefore, if S, << Sy v then J > J, and the rate limiting factor is
the diffusion limited growth of the solid at A. When this is the

case, J = J, and assuming C':A: CL (which is reasonable as 1long

as k¢ 10°m'), the final equation is:

1 av, _ D,.I‘(lcngA) (1)
s dt (-m ) (1-k) d C

A

Conversely, if SA)) Ss , the. rate limiting step is the
dissolution of matter at B. Therefore, J = Jg and assuming as

above that Cfl =C. the final equation describing the process

is:

1 dVa_ DlI‘ (KB-H(A)

s, dt (-m) (1-k) 4 C

Depending on the assumptions made as to the nature of A and
B, different coarsening mechanisms can be modelled. If both
regions A and B have positive curvatures, this equation will
approximately describe the kinetics of coarsening by ripening.
-Specific ripening models, given in figure 49, are:

Model I: The disappearance of smaller arms in favor of larger

arms by lateral remelting of the smaller arms (ripening
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mechanism).

Model II: The disappearance of smaller arms in favor of
larger arms by the remelting of the smaller arms from their tips
back toward their roots (ripening mechanism).

Model III: The removal of smaller arms by remelting at their

roots and transport of the remelted arm away from the dendrite by
convection (ripening mechanism).

If region A has a negative curvature, coalescence is
described. Coalescence mechanisms are described in figure 50:

Model 1V: The disappearance of an apparent dendritic
structure by in-filling of the inter dendritic space (coalescence
mechanism).

Model'V: The coalescence o; neighboring dendrite arms at
their tips (coalescence mechanismf.

All coarsening mechanisms described in figures 49 and 50 are
based on documented microstructural observations and have been

used previously as the basis of calculations [83,84,89,143-150].
b - Ripening in metal matrix composites.

In the presence of a high volume fraction of fibers, the
metal matrix in a composite is constrained to grow inside narrow
interfiber spaces. Provided the fibers are parallel, these
interfiber spaces are cylindrical. The experimental results in
this work are collected from two types of well defined spaces
between cylindrical fibers, termed "triangular" and "square"

interstices. A transverse cross section of these interstices is




given in figure 9 with relevant dimensions.

It was experimentally observed that secondary dendrite arms
form between the fibers in the initial stages of solidification.
It was further shown that the solid phase avoids the fibers which
are thus about always in contact with the liquid phase only. For
theée reasons, the most stable configuration that can possibly be
achieved by the semi-solid metal matrix in order to minimize its
surface energy ( at some relatively high volume fraction solid)
is as drawn in figure 51. The fibers place a lower limit on the
curvature that can be achieved at the liquid-solid interface of
the growing solid.

For simplicity of the discussion, coarsening by ripening in a
circular cylindrical interstice is first considered, figure 52.
As noted above, the minimum average curvature permissible in the
interfiber space is approximétely given by Kmn=—%;, L,being the
interfiber space radius (figure 52). For this reason, the
evolution of the dendritic structure must deviate at some point
from that which it would experience in the absence of the fibers.
A primary dendrite arm with secondary dendrite arms growing and
coarsening in the circular interfiber space is depicted in figure
52. In figure 52-a, the secondary dendrite arm spacing A, is
still small compared to the interfiber space radius %,. As time
increases, this structure can coarsen by ripening as described
above to yield a coarser microstructure, figure 52-b. It is
apparent, however, that the'average dendrite arm cannot ripen

beyond the size of the interfiber space itself. At this stage,

the kinetics of coarsening by ripening must be slowed down by the
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fibers. Should the dendrite arm spacing reach a size slightly
above the interfiber space diameter, figure 52-c, coarsening by
ripening will come to a halt since the curvature along all
dendrite arms is about the same. The average secondary dendrite
arm spacing cannot, therefore, increase much beyond the
interfiber space radius diameter, 2 %,.

Returning to the triangular and square interstices of
interest herein, the same argument applies. The configuration
given in figure 53 corresponds to that which was experimentally
observed in the initial stages of solidification ( figures 12 to
15). Transverse to the fiber axis, the curvature is high due to
the constraining action of the fibers. If the dendrite arms are
wide in a diréction parallel to the fibers, the curvature at
their surface is everywhere about the same. For this reason,
ripening must be very sluggish when the secondary dendrite arm
spacing becomes larger than about twice the radius of curvature
at the solid-liquid interface transverse to the fibers. The
moment at which ripening mechanisms will cease to operate is
difficult to evaluate since the transverse curvature along the
dendrite arms is a complex function of the volume fraction solid
and the interfiber space geometry. However, a lower limit on the
minimum achievable curvature along secondary dendrite arms is
given by the radius of the largest circle that can be inscribed
in a transverse cross section of the cylindrical interfiber space
of interest, r, . From figure 9, this is: r = 10 microns for
triangular interstices; and r = 30 microns for square

interstices.
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In conclusion, coarsening by ripening must come to a halt
when the average dendrite arm spacing reaches at most 2r . From
then on, it is only by coalescence mechanisms that the
microstructure can evolve.

The kinetics of secondary dendrite arm coalescence are
modelled in the remainder of the section. The secondary dendrite
arms are assumed to coalesce according to mechanism IV of figure

50 and the time for complete coalescence of secondary dendrite

arms tc is calculated.

¢ - Kinetics of coalescence in metal matrix composites.

The dendrite geometry is simplified as dépicted in figﬁfe 54.
The diffusion process limiting the rate of secondary dendrite arm
coalescence is assumed to take place between the tips of
secondary dendrite arms and the bottom of the trough separating
those arms. This process is described as model IV in figure 50.
The bottom of the trough is approximately circular, of radius ¢, .
The diffusion distance is taken as the secondary dendrite arm
length 2, and the curvature at the dendrite tips is assumed to be

negligible compared to that in the trough:

FA='"%%
A

Kg{( = K,



Furthermore, the radius at the bottom of the trough is

approximately:

G- af
2 L

whereﬂ is the fraction liquid. The coalescence process will only
take place at an appreciable rate once the dendrite arms are
sufficiently large compared to the -troughs separating them. The
physical re;son for this was given above: if the total trough'
area is larger than the dendrite tip area, the rate limiting step
in the coarsening processes is remelting at the dendrite tips. It
is only at higher volume fractions solid that there will e
enough matter remelting from the dendrite arm tips for
coalescence to proceed at an appreciable rate. The fact that
coalescence only proceeds at an appreciable rate at higher volume
fractions solid has been experimentally proven in dendritic
[147-150] and liquid-phase sintered [206-212] structures.

A volume fraction solid &i is thus defined as that at which

coalescence starts proceeding at an appreciable rate. Hence:

as
ac =0 for ﬁz 4 ]gﬂ



It is assumed for simplicity that the secondary dendrite arm
spacing remains constant at Azduring the coalescence process. The
secondary dendrite arm spacing will in particular remain
approximately constant if secondary dendrite arm ripening is
halt.u by the fibers before{s = %t . A treatment of coalescence
occuring concomitant with secondary dendrite arm coarsening by
ripening is given in Appendix D.

Equation (1) thus becomes

dt ___ T D, 2 1 ,
IqE 5wy (- X, Cf # (2)

with gs>£i . The fraction liquid%. is approximately given by the

Scheil equation:

I e 1%T
j{ '[ Co ] (3)

L o (-m. ) t (4)

Equation ( 2 ) then becomes:

|
- _2DT Ce Yk dc
R T W T ( )

and after integration:

]
o
o
L |
f_\
|o
¢
S
TI-
=

2 2
A, (22-22)
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where &, is the initial 3econdary dendrite arm length and C, is
the liquid composition at which fs = {,i. From the Scheil

equation (3), this equation can also be written:

4 D T C 1
A (22_22) = 2 Yt - (—"] - (5)
2 V4 G R C, T - 7.

The time for complete coalescence of secondary dendrite arms
tc corresponds to £ = O and is thus given by:
1-k
e o tem) ca[(cnzh,,, 1 )_ L e
| :

c G R 4 DT

from equations (4) and (5). There are three parameters entering
this equation for a given metal alloy:
| GxR, the cooling rate;
A, + the secondary dendrite arm spacing, assumed not to vary
during the coalescence process. If coarsening by ripening is

halted by the fibers, A, 2r . .:

2; + the initial secondary dendrite arm length.

There is one unknown constant: the fraction solhﬂﬁﬁi below

which coalescence is sluggish.

d - Criterion for complete coalescence of secondary dendrite

arms in metal matrix composites.

In the final fully solidified metal matrix, secondary

dendrite arms will not be found if
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This equation is most easily solved by putting C,_ = C, , the
eutectic composition, in equation (5) and solving for t_

with £= 0. The resulting criterion is:

AT 2 A,
(7)

£2 4Dr[(%)ﬁ_ﬁ:}

t

since tf = AT/(GxR) where AT is the solidification temperature
range of the alloy ( AT = 100 K for Al-4.5wtsCu).

Satisfaction of this criterion will ensure that no liquid is
left between s?condary dendrite arms in the very last phases of
solidification. All £he second phase will thus form at the
fiber-metal interface. It may be desirable, however, to place
more stringent conditions on the final microstructure by ensuring
that all secondary dendrite arms have coalesced before the
solidifying metal reaches a high copper concentration. In this
manner, the coring patterns will map the fiber surfaces instead
of delineating the former morphology of secondary dendrite arms.
The simple form of equation (5) allows for a rapid evaluation of
the maximum cooling raté GxR (or the minimum solidification time
tf) for coalescence to be complete before the iiquid composition
reaches an arbitrary value C ) C,; . All isoconcentrates in the
solid phase corresponding to a concentration above kC, will then
map the interfiber space contour and not the formerly preasent

secondary dendrite arms. The criterion:
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te ( GxR,X, + %; ) < the time at which the liquid

composition is C, (from equation (4))

is simply obtained from equation (5) as:

2 .
AT £ {% (8)
4 DT {gw_ 1,

: l-zsl )
With Cc, = C. , this relation becomes relation (7).

fr

e - Numerical results.

For a given metal alloy and a given interstice, there are two
unknown parameters: .
l“ which is characteristic of the alloy, ‘and

A, &2 which is characteristic of the interstice.

%L should be somewhat above 0.5 because coalescence is
expected to take place rapidly starting roughly from the moment
when the total area at the bottom of the troughs is commensurate
with that at the dendrite tips.

The value to be ascribed to A, Lf depends on the initial
length of the secondary dendrite arms £, and the approximately
constant secondary dendrite arm spacing. In narrow interfiber
interstices, both are defined by the interstice geometry.

Thé time during solidification t. at which secondary dendrite
arm coalescence is complete is plotted in figure 55 as a function

of the solidification time tffor various values of Az lf and fr
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= 0.65. The results from equation (6) are also plotted in a
similar manner in figure 56 for various values of gn and )\zzf at
2x10'°m?. In both plots, the identity line “tc = tf" limits the
possible values for t, since if tc> tf, the coalescence process
is incomplete at the end of solidification. For a given
interstice and metal alloy, the intersection of the line giving
as a function cof tf and this identity line gives the minimum
solidification time for complete coalescence (criterion (7)).
This criterion for secondary dendrite arm coalescence to be
complete before the end of solidification is only weakly
dependent on f; . On the other hand, when tc<< tf, tc is
determined mainly by %i since the coalescence process proper is
short compared to the time needed to reach A&‘ (equation (6)).

It will be shown in the "discussion" chapter of this thesis

that the model fits experimental data with reasonable values forgzi

and A, 7.

II - On the influence of coarsening on microsegregation.

As the experimental results have shown, one of the most
interesting observations found in this work is the possibility
of completely suppressing microsegregation in metal-matrix
composites during solidification. It was shown in the literature
survey that two mechanisms contribute to the suppression of

microsegregation: solid-state diffusion and dendritic coarsening
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by ripening. Our present knowledge of the influence of dendritic
coarsening on microsegregation is poor. It seems that only
Kirkwood et al. [171] have successfully addressed the problem.
Their approach, although correct, has the disadvantage of being a
modification of a computer model for the suppression of
microsegreéation by solid state diffusion. The two operating
mechanisms were not separated and the influence of coarsening
alone was not evaluated. In the following, an analytical solution
is derived for the suppression of microsegregation by coarsening
alone. The additional effect of s0lid state diffusion is then
considered separately in a computer solution.

A large number of cylindrical secondary dendrite arms are
considered, each arm having a radius r* ,‘figure 57. Diffusion in
the liquid is assumed to.be rapid enough that the liquid
concentration is essentially uniform. Interfacial kinetics are
assumed to be rapid, and so the liquid composition C

L
the phase diagram as a function of the temperature T. All phases;

is given by

both solid and liquid, are assumed to have the same density.

A small hexagonal "volume element", V, is drawn in figure 57
in such a way that the fraction solid within this element is
equal to the average fraction solid in the solidifying metal. A

solute balance within this element gives:

Cs/s +c,_ﬁ = C, (9)

With Vz1rq? 2 , and since the volume of the solid cylindrical

a
dendrite arm is 7" % , equation (9) is written:
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e 2 2 2 = 2
Cqmr* L +C 7 (g~ r*)t = Cmry & (10)

Now, what differentiates the solution to follow from the many
similar analyses made on such "volume elements" is that the
volume element is allowed to grow as ripening proceeds. Suppocse
that the volume element considered contains one of the few
dendrite arms destined to survive throughout the entire
solidification process. During a time increment dt, a few other
arms remelt and the microstructure coarsens by ripening. All
volume elements containing surviving dendrite arms will therefore
increase in size by the addition of a small quantity of matter,
necessarily of the average concentration C,. V = nrf 2 therefore
increases with time,.at a rate depending on the ccarsening rate.
Differentiating equation (10) and dividing with 7 fdt gives:

~ 2
a ( Csr* ) + (r':"r*) _dc" -2C  r* E-*"' 2 (C - Cu) I;E—Lr—= 0 (11)

dt dt dat dt

The first term on the left of equation (11) represents the

increase in mass of solute in the solid Auring dt [83]:

2

rel *
d(C; r ) = zr*cs* dr* s . 2 DS r* _ng_ (12)
dt dt L P—

Now, assuming that there is no solid state diffusion (Ds =0),
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the last term to the right of equation (12) vanishes. Since C: =

kC substitution of equation (12) into equation (1l1l) gives:

(I

* 2
dt Lo & )
dt at

With three additional and simple assumptions, the problem is
defined:
1 - secondary dendrite arms coarsen according to the usual law:

r.= B gl/n nER* (14)

2 - the cooling rate is constant:

c, = C, + At an="SR_ (15)

(-m_)
3 - solidification starts at C_=C, ( no undercooling at the
dendrite tip). Equation (13) then becomes:

2
(C, +At) (1-k) 2r*-2EX 4 ar* = (1+2/n) A B2 t

dt

2/n (16)

and equation (16) is the basic "solute redistribution equation",
in differential form, for the case of solidification with

coarsening but no solid diffusion. Now, noting that :

a 2 'iik (q,+At)lfk dr* 2
— | x* (C, +At) = (1-k) (C, +At) 2r*==+ Ar*
at 1-k at
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one finds:

t
2 2 'L _l_k—'k
r* = (1+2/n) A B (C‘,+At)k“1 (C, +AT) ~ 12/P gq
1-k
0

Now, since - r, = B tl/n
and t = C'-- C,
A
one obtains:
1 C.

r*\2 1 ck-1 e 2/

—| = (1+2/n) S o (c - c,)¢'™ ac (17

r, . 1=k (C -C.) .

The final equation is independent of both the cooling rate
and the coarsening law constant. The integral can be integrated
analytically if 2/n is an integer (integration by parts).(r*/rf)2
is the fraction solid ﬁ% at a given liquid composition C, .

Since diffusion in the solid phase is neglected,solid
deposited at a given composition remains at that composition in
surviving dendrite arms. Therefore, solid at a composition C§=kCL
is found at a distance r*(C )from the center of the arm, with
r*(C,)given by equation (17). Although the overall dendrite arm
radius r_  may incrgase with time, the radius r*(C )of this
isoconcentrate does not change. When the liquid composition

attains a higher value fi, the fraction solid having a
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concentration less than a given Cg= kC < k Ei is located inside

the cylinder of radius r*(C ).This corresponds to a volume

‘? = r*(C) r, (C.)
s (€.) (&) {(C)[r (mi

of the metal at this time. The fact that?;ij less than g is at

fraction

5

the essence of the reduction of microsegregation by ripening:
some solid having a composition below C; has melted and deposited
elsewhere at a higher concentration.
Therefore, when the liquid composition is Ei, the fraction
solid 1}5'_) with a composition C<kC <k e,_ is given by:
1 C.

k
k-1 _—
_ 1 C 1-k 2/n
; (C.) = (1+2/n) : L ] c (c -c,) dc (18
Sk 1-k (Ei_ C°)27n ° (18)

Should ripening proceed throughout the solidification
process, the solute concentration profile is given by equation

(18) above with Ei= C.= 33wt%Cu. In particular, the fraction of

eutectic is given by {!‘::I-rg(cs) with E’E = C

Using k=0.171, C =4.5 wt%Cu and n=3, the resulting final
solute distribution profile is plotted in figure 58-c, assuming
as Kirkwood et al. did that ripening indeed proceeds throughout

the solidification process. The fraction eutectic present is then
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éz=0.0491. The Scheil equation, plotted in figure 58-a yields él
0.0903.
Using an approach in all points similar to that given above,

1l - for plates of thickness r , the interface is at r* given by:

1 C. K
r* _ (1+1/n) ck-1 -k 1/n
T L (-]
CO

2 - for spheres of radius r., the interface is at r* given by:

=S R
r*13_ (1+3/n) Kl \ e
_ 3/n o
r, 1-k (C_-C,)
C,
if n=3, for a spherical geometry:
13 1 2-k
x*|T_ 2 1 c, + 1-k cr-l C}-k - ¢,
x C. -G, | 2=k 2-k

For k = 0.171, Co = 4.5 wt%Cu and n=3, fiqures 58-b and 58-4
give the final solute distribution profile for the plane and the
spherical geometries respectively. Resulting fractions eutectic

are 0.0664 and 0.0352 respectively.

The effect is therefore considerable, even for the plate
geometry which Kirkwood et al. used [171]. Experimentally
however, measured values of the fraction eutectic can come close

to that predicted by the Scheil equation [82]. Therefore,
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ripening cannot have proceeded throughout the solidification
range. This is because toward the end of solidification,
coarsening proceeds by coalescence. Dendrite arms then no longer
remelt down to their core and microsegregation is barely
atfected.

Assuming for simplicity that coarsening is by ripening only
4

the corresponding liquid

up to a certain volume fraction {s '

composition C:is given by:

C
c L k

k-1 _k_
z{:, =2 Ce 57 cl* (¢ -c,)?3 ac
3(1-k)  (C° - C,) o

- for n=3 and cyiindrical dendrites. From this point on, r remains
fixed and solidification is according to the Scheil equation.

Hence, a fraction

LT
= e
of this remaining liquid solidifies at the eutectic composition.
This is 51 = (1 -Zﬁc)ja’ of the total solid present atcthe end
of solidification. This %E is plotted as a function of gs in
figure 59. It is seen that for ripening to exert an influence on
the microsegregation of Al-4.5 wt%Cu, it must proceed at least up
to a volume fraction solid around.sixty percent. It can thus be
concluded that:

1 - In dendritic structures in generél, coarsening by

ripening exerts an influence on microsegregation that can be

evaluated for a given alloy as a function the coarsening law




exponent and the fracticn solid (or liquid composition) at which
coarsening starts to take place predominantly by coalescence.
Evaluating this fraction solid in general lies ouside the scope
of this thesis, but is a necessary operation to assess the
importance of coarsening on the suppression of microsegregation.
Should an appreciable influence of coarsening on microsegregation
be calculated for the case at hand, ripening up to g: must be
included in any finite difference model predicting
microsegregation with solid state diffusion.

2 - When ripening ceases early enough (/:( 70% for
Al-4.5wt%Cu), the influence of coarsening on microsegregation is
negligible. This is in particular the case when secondary
dendrite arms coalesce together early on in the solidification
process. The level of microsegregation can then safely be

accounted for by solid state diffusion alone. This is done in the

last section of this thesis.

III - The combined effect of coarsening and solid state

diffusion on microsegregation.

Returning to equations (11) and (12), and relaxing the
assumption that diffusion in the solid state be negligible, one

obtains:

* 2
2 ¢, (1-k) r*_:_r_ = (r? - %) %y (c - co) 25,3y 2 px %(."’_C.;)'
t dt dat ar

(19)
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and the "basic solute redistribution equation” in differential
form for solidification with both coarsening and solid state
diffusion is then obtained by combining equations (14),(15), and
(19):

: 2
2(C, +At) (1-k) r*i‘i’: + Ar* = (1+.£ AthZ/n + 2r* DSE
dt n or .

The composition gradient in the solid at the interface(éé?L .
cannot, however, be derived from these equations. To obtain a )
rigorous solution to the problem, the diffusion of solute in the
entire solid phase during solidification must be solved. This is
a free boundary problem and usually requires the use of numerical
methods. A numerical solution tc this problem was reported by
Kirkwood [171] assuming (i) a planar dendrite geometry and (ii)
that ripening proceeds throughout the entire solidification
process. It must be emphasized that in view of results obtained
in the preceding section of this chapter, the latter assumption
may substantially overestimate the contributicn of ripening to
the suppression of microsegregation.

A different approach consists in making simplifying
assumptions to estimate the composition gradient at the
interface. Following steps analogous to those of Brody and
Flemings [83, 164], a .simple solution of that type is proposed in

appendix F.

It was shown that in the composites investigated in this
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work, coarsening processes are influenced in a manner such that
in the narrowest triangular interstices, the growing solid is non
dendritic throughout most of the solidification process. The
considerably reduced levels of microsegregation found in these
interstices can therefore only be due to solid state diffusion.
Diffusion of solute in the solid state is thus modelled in what

follows for a cylindrical volume element and no coarsening.

IV - Effect of solid state diffusion on microsegregation, no

coarsening.

In this section, a finite difference model predicting the
solute distribution in the solid phase during soiidificaﬁioﬁ is
described. Similar models foundlin the literature are discussed
in the review of literature. Differences between this and
previous models are:

l - Unlike Brody's original analysis and subsequent
publications [164,169], the problem is treated as a free boundary
problem. No dendrite arms thickening law is assumed and the
position of the interface is calculated along with the solute
profile.

2 - Kirkwood et al. [170,171] treated this problem as a free
boundary problem, but for a planar dendrite arm geometry and a
constant rate of enthalpy extraction. In the model presented
herein, a cylindrical geometry and a constant cooling rate are

assumed.



a - Assumptions and governing eguations.

It is assumed that: (i) there is no undercooling at the
dendrite tip; (ii) the liquid composition C, is uniform at a
given temperature:; (iii) thermodynamic equilibrium is obeyed at
the interface; (iv) the cooling rate is constant: T = T, - GxR t;
(v) for steady state solidification under a fixed gradient G, no
mass transfer takes place along the sample axis parallel to G.
Diffusion fields are then identical to those obtained if the
sample were two dimensional and cooled at a constant rate GxR:
(vi) the solid grows radially in a circular interstice. Within

the solid, Fick's second law is obeyed:
Cc = div(Dg grad C)

where D; is the chemical diffusion coelficient of Cu in solid Al.
If D is assumed to be independent of concentration (see
Appendix B) and the geometry is that of a circular cylinder,

Fick's second law becomes:

aC 32c 1 9
— = Dg + < (20)
or dr? r dr

Also, r* is chosen to denote the position of the interface within
the cylindrical primary dendrite arm of radius %, . A mass
balance is then written:

2
C, (1-k) (2w r*) dr* = M(Lg-r*) dC, + Dg (ﬁ) 27 r* dt
: or |,

Tad
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and since dt = —-—_ = -m

this equation becomes:

dC
op

- * * = : D ml]
2 C (1-k) po* dp* = (1-p*) dC + 2|- =5 p*
Lo GR|

ac, (21)
p-P

where p is r/f%2cand p*isr*/y, . Equation (20) then becomes:

2 1
aC D m ) 1
= -2e B [y ac (22)
aC, G R % dp? 0 3p |
The process is governed by equations (21) and (22). These

with the initial condition

p* =0 ; C = C,

.and the boundary condition =~ -

3¢
_C= ;p=0
ap
determine P* and the concentration profile within the solid at
every instant t or, equivalently, for every concentration C, . The
problem is of the moving boundary type as p*is unknown. It is
solved numerically using an explicit finite difference procedure.
Details of the finite difference solution are given in appendix

E. It should be noted that for a given alloy system the only

parameter entering the equations is n = GxRxlg .
b ~ results.
For a given value of n , the model gives the interface

position and the solute concentration at all points, throughout

the solidification process.
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Common measures of microsegregation are the fraction eutectic
or second phase and the minimum solute concentration present at
the end of solidification. These can be deduced from the computer
model at Te and are respectively plotted in figures 60 and 61 as
functions of 1§/tf. At high cooling rates and for large primary
deﬁdrite arm radii, the results correspond to those given by the
Scheil equation. For Egltf < 2 10"® m?/s a microstructure free
of microsegregation should be obtained.

The minimum copper concentration present before the eutectic
temperature is attained is also of interest since it can be
measured from quenched structures obtained in steady state
solidification experiments. This is done in the next chapter of

‘this thesis, figures 66 to 73.
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O

MODEL IV MODEL V

Figure 50 - Coalescence mechanisms for secondary
dendrite arms.
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Figure 57 - Idealized geometry of a secondary dendrite

arm array used to model the influence of

ripening on microsegregation.
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DISCUSSION
I - Comparison of experiment and theory.

No increase in the dendrite tip undercooling was detected in
the presence of fibers. This observation is in agreement with
calculations performed by Mc Cartney and Hunt [123] discussed in
the review of literature. Solidification of the metal alloy
between the fibers therefore started close to the liquidus
temperature, since no significant undercooling is normally
present at the dendrite tips of Al-4.5wt%Cu at the growth rates
and temperature gradients of the §amples in this work.

In the fully solidified matrix, isoconcentration contours
were never found to intersect the fiber surfaces. Instead, they
ran parallel to the fiber surfaces, avoiding the fibers at a
distance of the order of several microns. In quenched partially
solid structures, a copper rich film was found to surround the
fibers. The dendrites therefore avoided the fibers as they grew.
This can be attributed to two phenomena:

1 - Interfacial energies present in the system under
consideration do visibly not favour heterogeneous nucleation or
growth of the solid on the fiber surface. A situation where the
fibers are everywhere in contact with the liquid phase is
therefore thermodynamically the most stable in the initial phases

of solidification. This explains why solidification did not begin
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on the fiber surfaces.

2 - As the solid phase approaches a fiber, solute rejection
in the liquid phase away from the growing interface is inhibited
by the fibers. Growth consequently takes place elsewhere. Growing
dendrites can thus rapidly center themselves in the interfiber
spaces and yield coring patterns several microns away from the
fibers.

In conclusion, if the reinforcing phase does not act as a
heterogeneous nucleation catalyst for the metal alloy or
otherwise act as a preferred growth site, the solid phase will
start growing from a point remote from the fibers. Growth will
then proceed away from the fiber surfaces due to solute rejection
at the liquid/solid interfgce. These mechanisms apparently
determine the microstructure 6f the majority of metal matrix

composites (see the literature survey).

While the solid phase grew behind the dendrite tip it formed
secondary dendrite arms between the fibers. It was found
experimentally that the coar3ening of these secondary dendrite
arms in narrow interstices presents the following unique
features:

l - significant deviations from the usual tvblaw leading to
much larger secondary dendrite arm spacings in the later stages
of solidification, in comparison to the metal in the unreinforced
alloy,

2 - disappearance of secondary dendrite arms after some time
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during solidification,

3 - secondary dendrite arm spacings3 (in one sample) that were
significantly below that predicted by the t'# law, before they
coarsened rapidly.

By examining the microstructure of the metal, it was shown
that the tendency of secondary dendrite arms to coalesce is
enhanced in narrow interstices. The filling in of the trough
separating secondary dendrite arms takes place sufficiently fast
to erase all secondary dendrite arms in the matrix. This
coalescence mechanism, depicted as model IV in figure 50 is
responsible for the much increased secondary dendrite arm
spacings measured and the total disappearance of secondary
dendrite arms after some time during solidification in the
narrowest interstices. |

It was found that in all triangular interstices as well as in
square interstices having solidified in mere than about 100
secondsa, all coring patterns are concentric with the fiber
surfaces. The reason for this isoconcentrate morphology was shown
to lie in the rapid completion of the coalescence process, early
enough for the solid phase to grow in a non dendritic fashion
when it forms from a liquid of high copper concentration.

In square interstices of samples with a solidification time
below about iOO seconds (samples I-1 and I-4), the matrix
displays dendritic coring patterns and, occasionally, islands of
the liquid or the second phase between the fibers. The dendritic
coring patterns are due to the fact that the coalescence process

reached completion only late in the solidification process, when

=17



the solid forming was of relatively high copper concentration.
The few islands of quenched liquid or second phase are present
because in some instances secondary dendrite arms coalesced
sting from their tips ( according to model V of figure 50) in
square interstices of these samples, thus leaving isolated pools

of liquid between coalescing dendrite arms.

In the preceding chapter, it was shown that secondary
dendrite arm coarsening by ripening cannot proceed far beyond the
point where the average secondary dendrite arm spacing equals
twice the maximum radius of curvature permissible inside the
interstice. This explains the presence of secondary dendrite arm
spacings significantly smaller than in the unreinforced alloy
seen on figure 32. Secondary dendrite arm c&aléscence in this
sample was slow enough in some interstices to allow for secondﬁry
dendrite arms to "survive" up to 200 seconds during
solidification. These secondary dendrite arms could not ripen
beyond a certain size and hence remained at much smaller
values than in the unreinforced alloy.

The time tc for secondary dendrite arms to cocalesce according
to model IV of figure 50 was calculated in the preceding chapter
under the assumption that the avevrage secondary dendrite arm
spacing remains approximately constant during coalescence. An
experimental estimation of g: can be obtained from the secondary
dendrite arm measurements by postulating that ﬁ: is arr-oximately
given by the time during solidification after which s.condary

dendrite arms could no longer be discerned in the quenched
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microstructures, figures 25 to 38. These approximate data points
were plotted in figure 42.

The calculated time for coalescence tc depends on three
variable: fsi , the volume fraction solid below which coalescence
is sluggish:kzlf » where % is the initial dendrite arm length and ),
is the (constant) dendrite arm spacing: and tf, the
solidification time. Both %;and A,depend on the interstice
dimensions when secondary dendrite arm ripening is inhibited by
the fibers during coalescence.g’i should be approximately constant
for a given alloy. Using equation (6) of the theory chapter., a
good fit with experimental data is obtained with /si= 0.65,
figures 62 and 63. For square interstices,kzlf is about 6x10-!5m?

and for triangular interstices,\,%? is about 2x107'°m’. Both

vaiﬁes are reasonable:

(1) in square interstices, from the secondary dendrite arm
spacing measurements, A, € 40 microns, figure 33 to 38. The
initial secondary dendrite arm length is then around 12 microns,
which is reasonable (figures 12, 13 and 15).

(ii) in triangular interstices, from the secondary dendrite arm
spacing measurements, A, £ 20 microns. The initial secondary
dendrite arm length is thus around 10 microns which is reasonable
as well (figure 14).

Further agreement between the model and experimental data can
be obtained by comparing the criteria (7) and (8) for full
coalescence and non dendritic coring patterns with experimental
data. According to the model, with the solidification times in

this work, all square and triangular interstices should be fully
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coalesced before the end of solidification. This is indeed
observed. The model predicts that the coalescence process is

complete when the copper concentration CS in the depositing solid

r8s L 0.829
Cs = k Co 29.6 x 10°°4&° A2+ 2.86
te
In square interstices, with tf = 133 seconds, Cs is 2.5 wtiCu
(sample H-2), with tg = 84 seconds, C_ = 2.9 wt$Cu. It is within

this range of solidification times that the cor.ing patterns
revealed by the etchant were observed to become non dendritic. As
the etchant outlines coring patterns corresponding to copper
concentrations around 3wt$ [66], the calculations agree with
experimental observations. Furthermqgre, the SEM micrograph given
in figufe 16 was from sample I-1, whicﬁ with t_ = 54 seconds
yields C4 = 3.5 wt%Cu. The copper content (determined by electron
probe microanalysis) of the lighter areas on this micrograph
which separated two coalesced secondary dendrite arms varied
between 3.5 and 3.9 wt$%Cu.

It can thus be concluded that the overall agreement of the
model with experiment is good. Two factors were chosen so as to
fit the measured values for tc . The first parameter,ﬂi, is a
constant for a given alloy. For Al-4.5wt%Cu,£ﬁi is about 0.65,
which is reasonable. The second parameter,kzlf, depends on the
dendrite and interstice morphologies and is more difficult to
predict. Since the critical time for coalescence tc is strongly
dependent on this parameter when it is close to the

solidification time tg , the ability of the model to predict a
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priori and precisely the time for coalescence in a given
interstice is somewhat limited. Nevertheless, since}, and %; can
be predicted within a factor of two for a given interfiber
interstice diameter, the minimum solidification time for full
coalescence can be predicted by equation (7) within an order of

magnitude.

A calculation of the time for coalescence t. for ripening
secondary dendrite arms is given in Appendix D. This model is
more adequate for large interstices or dendrite arms in the
unreinforced alloy, since in these cases the secondary dendrite
arm spacing does not remain constant during the coalescence
process. A comparison of regults from both modelg with values for-4;
and Azfor square and triangular interstices given aBove is shown
in figures 64 and 65. The discrepancy between the two models is

not very large.

The influence of dendrite arm coarsening on the suppression
of microsegregation in general has been described. In particular,
it was shown that for Al-4.5wt%Cu, when tihe coalescence of
secondary dendrite arms occurs early in the solidification
process as was the case in triangular interstices, dendrite arm
coarsening exe ts a negligible influence on the relief of

microsegregation.

Solid state diffusion then accounts alone for the solute
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profiles observed. A finite difference model was built to
calculate solute redistribution by solid state diffusion in
circular interstices (valid as well for cylindrical dendrite
arms). The model was applied to square and triangular interstices
by approximating these interstices with circular interstices of
identical cross sectional area ( given in figure 9). A comparison
between calculated and measured minimum copper concentrations at
various stages of the solidification process (from table 3) is
given in figures 66 to 73. Agreement is good enough to conclude
that the model is accurate. In particular, it is both predicted
and experimentally observed that when 23 /tF is less than about
2x10'13m2/s a homogeneous microstructure free of microsegregation
~is obtained with a minimum copper concentration close to 4.5 wt%

and no eutectic.

The computer model allowing for an isothermal hold was used
for sample I-5. This sample was held still for ten minutes in the
temperature gradient of the Bridgman furnace before quenching.
Results showed that no microsegregation should be found below the
solidus in the triangular interstices of this sample.
Experimental results on this sample indicate that below the
solidus, the minimum copper content increased above 4.5 wt% to
reach a value close to that of the solidus at the hold
temperature. This must be due to the fact that the copper rich
ligquid was free to fall and £fill in the space left by the
shrinking metal during the long hold in the Bridgman furnace.

This sample proves that it is possible to obtain a metal
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microstructure free of dendrite arms and microsegregation in
metal matrix composites after an isothermal hold at a temperature
just below the solid ‘s of the matrix alloy and with a reasonably
short hold time. This implies in particular that a matrix alloy
with a copper content as high as 5.6 wt%Cu can be easily

homogenized.

ITI - Controlling the metal microstructure in fiber reinforced

Al-4.5wt%Cu.

In this section, the application of models developped in this
thesis will be illustrated for two simple cases: the fibers are
assumed to define circular and rectangular cylindrical
interstices. The aim is to predict and control the microstructure
of the metal matrix after directional solidification of the

matrix parallel to the fibers.

A unidirectional fiber reinforced metal matrix composite is
conzidered, the matrix of which is cast Al-4.5wt%Cu. The metal is
thus constrained to solidify in cylindrical interfiber channels.
These are assumed for simplicity to be circular of radius Qo.It
is assumed that the fiber do not react with the metal, and that
the metal does not nucleate heterogeneously on the fiber surface.

Both the coalescence of secondary dendrite arms and the
suppression of microsegregation are controlled by two parameters:

the interstice radius loand the solidification time tf (or
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equivalently the cooling rate GxR). Grouping the results from the
calculations pertaining to these two facets of the

microstructure, one can approximately predict that:

1l - if it is assumed that 2 =£0 /2, and that the secondary
dendrite arm spacing remains constant around 2%, , from equation
(7), all secondary dendrite arms will have coalesced before the

end of solidification if:
t. 2 1.8.10!5 22

in S.I. units. From equation (8), for isoconcentrates containing

3wt3Cu to be non dendritic, the solidification time t must

£

exceed:

t; 2 6.4.10'° &2

These criteria are probably somewhat conservative but should
be correct within an order of magnitude in tf.

If these criteria are met, solidification will be mostly non
dendritic and the cylindrical solid state diffusion model
applies. A metal free of any microsegregation will therefore be

found between the fibers if:

tg 2 5.10!2 23 (S.I. units)



These criteria can be combined in a single plot delineating
regions of circular interfiber space radii and solidification
times for which a given microstructure will be obtained in
Al-4.5wt%Cu matrix composites. This plot is given in figure 74,
and examples of corresponding microstructures from the samples
are combined in figure 75f It is seen that four different types
of microstructure can be obtained corresponding to the four
regions shown in figure 74:

Region A: Both secondary dendrite arm coalescence and solid
state diffusion do not have time enough to affect the
microstructure. The metal solidifies at a rapid rate, and a
dendritic microstructure unperturbed by the fibers is obtained.

Region B: Secondary dendrite arm coalescence has . time .to
reaéh.completion before the eﬁtectic temperature is reached.
About all the eutectic therefore forms at the fiber-matrix
interface, but coring patterns are dendritic in the final matrix
microstructure. This region is intermediary between the dendritic
and the non dendritic microstructures. This was found for example
in square interstices of samples I-1 and I-4.

Region C: The microstructure is non dendritic with concentric
circular isoconcentrates. Some degree of microsegregation is
still found in the metal matrix. There is some second phase
present at the fiber-metal interface, and a central solute poor
core in the matrix regions. The minimum copper concentration
increases and the amount of eutectic decreases as the
solidification time tg¢ increases for a given interfiber space

radius



Region D: Both dendrite arms and microsegregation are erased
at the end of solidification. The microstructure is completely
featureless and homogeneous. After ageing, optimal strength can
be obtained in the matrix and hence the composite. The interface
is then devoid of the brittle theta phase ordinarily found with

Al-4.5 wt%Cu.

As a second example, the assumption of a circular interfiber
space is relaxed and replaced with that of a rectangular
interfiber space with one side having a length (a) smaller than
the other (b). The morphology of a growing dendrite is depicted
in fiqure 76 and it is apparent that:

A, is equal to a, the shorter side of the rectangle since
dendrite arms can not ripen beyond the point where the curvature
at their surface is everywhere éround 2/a.

£; 1is somewhat smaller than b/2, half the longer side of the
cectangle if the dendrite grows approximately in the center of
the interstice as depicted in figure 76. Assuming £; = (b-a)/2,
the criteria become:

for conalescence of secondary dendrite arms during

solidification:

te o2 0.45.10'a (b-a) (S.I. units)

for coalescence to be corplete before solid starts depositing

with a copper content higher than 3wt%Cu:
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t 2 1.6 10" a(b-a) (S.I. units)

f

If b is much larger than a,

of figure 45 may however become significant. The kinetics of

secondary dendrite arm coalescence are therefore probably

underestimated by these equations in that case.

Provided the coalescence process has erased all secondary

dendrite arms, microsegregation can be relieved by solid state

diffusion. If a and b are approximately of the same order, the

cylindrical model will still be a good approximation to reality

coalescence according to model V

as it was in square and triangular interstices, and the criterion

for obtaining a microstructure free of microsegregation becomes:

t > 1.25 102a b - (S.I. units)

f =

If b»a, a planar model such as the one by Kirkwood et al.[171]

would be more adequate.

From a practical point
metal matrix composites at
temperature to the solidus
homogenization immediately
was shown on one sample to
advantage over cooling the
that less time is spent at

may react with the matrix.

of view, it may be judicious to cool
a medium rate from the liquidus
temperature and heat treat for

below the solidus temperature. This
be a viable method. One significant
composite at a constant low rate is

higher temperatures where the fiber
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Slow solidification to obtain featureless microstructures and
performing a homogenization heat treatment above the eutectic
temperature are novel concepts. They are impossible in
non-composite cast metals because as soon as such materials are
brought above the eutectic temperature for any prolonged period
of time, significant coarsening of the microstructure takes
place. The distance over which solid state diffusion operates
then increases and the brittle second phase groups into large
islands typical of "burnt" microstructures. In metal matrix
composites, however, the fibers interfere with the
microstructural coarsening the metal normally experiences. After
a certain time, the morphology of the solid phase is dictated by

the fibers. At this point.solid state diffusion can proceed
unhinderéé. Thelresulting microsfructure can tﬁen be rendered‘.
featureless.

It was shown in the review of literature that the matrix
microstructure of cast SiC/Al-4.5wt%Cu composites is
representative of what is found in the majority of cast metal
matrix composites. The mechanisms determining the microstructure
of the matrix have been identified and interpreted on the basis
of relatively simple theoretical models which should be easy to
transpose to other metal matrices. The conclusions and processing

methods given in this work should therefore be applicable to most

cast metal-matrix composites.

To date, the materials engineer confronted with the task of

fabricating metal matrix composites has chosen the matrix alloy
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and its processing conditions strictly along the lines that apply
for conventional unreinforced cast parts. No justification exists
for this approach. The microstructure obtained between the fibers
can be drastically different from, and much better controlled
than is the case with the fiber-free metal. For example, within
the Al-Cu system, a copper content as high as 5.5 wt% may be a
perfectly judicious choice since all the copper in this alloy can
be put in solid solution in the primary phase. Other alloy
systems may also be chosen if they yield a secondary phase it
would be intereating to find.at the fiber/metal interface in the
final microstructure. New possibilities and different criteria

" should thus dictate the choice and the solidification processing

of the matrix alloy for these materials. .

-187-



W oo =0T €

o
3 90U9DSYTEPOD I0J SBWTJF pPIINSEIW pue pajzerndTed jo unstiedwo) -

4

Y

1
.¥ pue go°g ='Sy -seor3yszajzut aeTnbueriyz 107

Z9 @anbrg

SPUCJ3S Ul ‘BWl] UOIIDITHIPI[OS BY) mu

000l QQW :@W ocm Dom Qom Dav oom Dom oo~
< Q ct
o
o > .
L gs 3
o
L4 m
0
@)
00l A
)
)
&AboA@ -

009 r —0G1

v —00¢

—06¢

nyop [nuaetaadxe «
00€E
07 HIUGISI[D0D WID 8] TJPUBP U0} BwT |

-188-



mEm

93 oousosaTrod 103 BWT3 pIaInsesw pue pajeTnd{ed jo uostiedwo) - £9 sanbrg

T
1-0T 9 =%y ;¥ bpue gg9-g =T'Syg *S®DT3sa1a3uT axenbs 103

SPUCJdS Ul ‘BWI} UOTIDITJIPI[OS By} ‘43

073 B0UBJS3[D0D WJID B}TJpUBp J04 BWT |

00CT 006 008 0oL 009 00S 00¥ 00€ 002 001 0
1 1 I l | i 1 ] | 0
oo
05
o
o
001
OS_..
A«O‘AQO Ji§
QQ@A —0G1
a —002
—0G2
BI0p [DjuBuiJadx® O
00€E

laq

SpUCJ3s Ul

-189-



TeWo =0T

-190-

T
= ;¥ pue g9-0 =TSy - ®y que3suoo e y3zTM s3Tnss1 ay3z 03 paxeduon

suie 23Tipusp butuadTii 103 23 sousosoayeOD 103 BWT] pa3ernote) - p9 ainbryg

SPUCOBS U[ ‘BWT} UOT{DOTHIPI[OS B8YF ‘43
0007 006 008 Sm_ S_W Eﬁ 8_.. Qﬂ 002 8__ ]

1 | ] | 0
-+
o
g 3
/)]
(0]
O
(@
00l 3
N
01
002
062
00€

97 9JU3IS8[DCJ WJD d}IJpUBP JO4 BWT|



T
"My _0T G°T =,% Pue G9°0 ='>3 -%y juezsuod ® Y3TM 3Tnsax oy3z o3 paredwod

Swie 93Tapudp butuedrr 103 73 wousdsgTeod 103 QUT3 pajernored - g9 ogunbtg

SPUCI8S Ul ‘BW[} UOT{PIT4IPIOS By} ‘43
0

il L L T A

ooq

SOUCJ3s Ut

33 8JUBIS3[DOD WJD B3TJPUBP JO4 BWT]

-191-



*1-I o1dwes ‘ssd5T3sI93uT Iernbueriy -sanjexsdwsl yousnb sy3z jo uorzouny e se

UOT3eI3udduod 19ddodo wnwTuTw paInsesw pue paje[nofed 3o uostredwo) - gg aanbtyg

© 9 ‘aunjpuadua |

I | l H I 1 l

0S8 on 0E9 025 019 009 066 085 O[S o@m omm‘ 1148

T

pjop [Djuswidedxy « sao13sJ49qul Jo[nbunra)

S/7 G8 '[=4X9 ‘uoripuqusoun’ Jaddoy wnwrut)y

-192-



"p-I 9T7dwes ‘s90T3SI93UT IeTnbuetiy ‘aanzeiadusy yousanb ay3 jo uorjzouny e se

uoT3eI3USdU0D 12ddod WNUWTUTW paInsesaw pue. paj3eInNdTEd JO uosTaxedwo)

L9 sanbtga

"9 ‘Bunjpusdus|

059 S_@ am_@ om_@ 0 __@ oo_m Enw_m cm_m c\._m cw_m cm_m 0vS 0
| G*
— [
-Gl
4Tm
-G°¢
—€
-Gt
ﬁv
—G Y
DJop [DjuBWIJBdX] w saa13sJ83ul Jo[nbuotag
S

S/ 61 "1=Y¥X9 ‘Uoripujusouc’y Jaddoy wnwtuty

~-193-



*Z-H @1dwes ‘s3013sI23ul Ielnbueti] -oinjeiadwsy yousnb syz jo uorzouny e se

UOT3eI3UaOUCD I12ddOdD WNWTUTW paInsesauw pue pajeinoTed jo uostiedwo) - §9 ai1nbtg

| * 9 ‘sunjpJadus|
0s9 cv_@ 0e3 029 019 009 066 0BG 0OLS 095 0SS OFS

_ _ _ _ L | i _ 0
=
pt
=587 e
(D)
— | =
—G "1
— ¢
—G ¢
—€
—G°E
— ¥
—G 'y
pjop [pjusuigadxy] « s3219sJ3jul Jo[nbuortyg
S

S/7 G/ *=4x9 ‘uoripdiusouoy Jaddo] wnuwiut)y

-194-



"€-I aTdwes ‘s=20T3SI93UT xernbuerag *sarjeradwsl yousnb sy3z yo uorzoung

P SB UOT3eI3U8DUOD I13ddOD WwnWIuTW paInsesu pue pajeTnoTed yo uostaedwo) - g9 ainbtyg

* 7 ‘aunjpuadus|

l I I l | ] |

0S9 ov_@ o€ 029 019 009  08S omm 0LS cwmr 0SS 0vS

Djop [DjuBMIJBdX] < s8a13sJ83ul Jo[nbupiu]

S/ QEC "=yXg ‘uorqpJquaduoy Jaddoy wnwtuty

-195-



"¢-9 o1dwes ‘s20T3si93juT IeTnbuetiy ‘sanjersdwsl yousnb 9yl JO uoTr3jouny

€ SE UOT31eIjusadU0d 19ddod WnWIUTW pPSINSeaw pue pa3eTnoTes Jo uosyiedwo) - 0L @anbtg

1 ‘BJdnjpusdus |
0SS 3_@ 0Eg 029 019 009 065  08S  OLS %_m 0SS 0§

|

l | | | i | [

pjop [pjuBwisadxy < - s83175J87ul Jp[nbupiy)

S/] £LE "=yx9 ‘uorypajuaduo] Jaddo] wnwiuty

-196-



‘p-H ordwes ‘so0T3sio3zur xernbuetiy -sanzexadwsy yousnb ay3z Jo uoTt3ouny

B S® SUOT3eI3Ua0uU0d 13ddod wnWIUTW paInsesw pue pajeTndTed 10 uostiedwo) - 17 2Inbtg

* 9 ‘aunjpusdus|

| | | I | | I

0s9 cv_@ cmm 09 019 009 cm_m 086 056 096 0SS OFS

q

pjop [pjusuwiJedxy < s83195J97ul Jo[nbuord)

S/7 $2 "=yXq ‘U0T11DJjuBou0] Jaddoq wnututy

=197~



‘€-H o1dwes ‘s90T3saa3uT Ieynbuetay °aanjeiadwsal yousnb syl jyo uvorioung

PSP UOT3eI3U30U0d 135ddod wnUIUTW paInsesw pue po3eTNOTEd JO uosTaedwo) - gz, 2Inbrg

* 7 ‘Bunipuadus|
0S9 cv_w 08 029 O3 008 065 :mm 0.5 09§ omm 0vS

_ _ i _ ~ _ i )
=
=

G e
O
-1 C
—G "l
2
~G "¢
— €
—G'E
— ¥
S
pjop [pjuBUIJIEdX] < " s8a19sJ8jur Jo[nbuoryg
q

S/7 $2 "=yX9 ‘uotripJqusoucy Jaddoy wnwrtury

-10R~



'Z-I ®1dwes ‘sadr3sI@3uT xernbuetal ‘sanjeiadwsy yousnb ay3z 3O uoT3louny

B S® UOT3eIjusouocd 13ddod wnuwiurw painsesw pue ps3eTNOTeEd Jo uostaedwo) - g7 aanbrg

* 9 *BunjoJadus)

| l i I | | |

06y S_m OE9 029 019 009 065 omm E._m 096 0SS  O#S

0

piop [DjuswiJadxy - saorysJajur Jo[nbuntag

S/7 9ol "=4Xg ‘Uoripdajussuo’ Jaddoy wnwruy

nJ 7 1M

-199-



*XTI3jew snosusbowoy OT3ITIPUSP uou :Q uotboy -uoriebaibssoroTw swos Yitm
5IN3ONIFSOIOTW OTFTIPUSP uou :) uotbay -surdizjed HUTIOD OTITIPUIP ‘Swie 33TIP
—uap pooseTrod :g UOTHIY °"2INIONIISOIDTW OTIFIPUSIP Y UOTHIY °S$3DT3ISIaUT

IeINOITO UT PITITPTITOS ND$IMG"p-TV I0F S9In3eaj [eIn3onI3soidTu palzdIpaid -

'sJ9jdW ‘snipod 39ods Jagl juajul
o1
hl

¢ 0T y-01 0T 9-0I

I N U W S W n xwlPiL- A — A ) P A A Jaa s s a0 A L

pL 2anbtd

v | A2 20 B SN amm 4 L fTffffv vy

[fsvyr v 7

LALJ B N BND SENE SRS J

or

‘813 UOTYDIT4TPI[OS

SpU0Jads

-200 -






Figure 75 - Examples of microstructurcs in SiC / Al-4.5wt Cu

composites with reference to figure 74. Sce next
page for details. 100 m
-0 =
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Figure 75 - 1 : Quenched liquid portion of a sample.
Fine dendrites correspond to a high
cooling rate. This microstructure is

typical of region A in figure .

Figure 75 - 2 : Square interstices of sample I-1:
about all the eutectic is at the
fiber-metal interface but coring
patterns are dendritic: this micro-
structure is typical of region B.
In triangular interstices, the structure
is non dendritic with microsegregation
and is typical of region C of figure .

Figure 75 - 3 : Both squafe and triangular interstices
of sample H-4 are non dendritic and
display some degree of microsegregation:
Both are of tﬁe type found in region C
"of figure . As triangular interstices
are smaller than square interstices, the
amount of microsegregation is more reduced

in triangular interstices.

Figure 75 - 4 : Triangular interstices in sample I-2. The
metal microstructure is featureless: neither
dendrite arms nor microsegregation are
observed. This microstructure corresponds

to region D of figure .

Figure 75 - Detailed captions.
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XN .

Figure 76 - Dendrite morphology in a rectangular interstice.
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CONCLUSIONS

1l - No increase in the dendrite tip undercooling compared to
fiber-free Al-4.5wt%Cu was found in SiC/Al-4.5wt3%Cu matrix
composites solidified at steady state for the growth rates
(25-200 microns per second) and gradients (30-100 K/cm) of this

work.

2 - The solidifying metal avoids the fiber surface as it
grows. This is attributed to relative values of interfacial

energies and rejection of solute at the growing interface.

3 - In the initial phases of solidification, Al-4.5wt%Cu
grows in a dendritic fashion, with.formation of secondary
dendrite arms. The coarsening By ripening of this dendritic
structure is inhibited by the fibers, which place an upper limit
on the secondary dendrite arm spacing. The kinetics of coarsening
by coalescence are accelerated by the fibers. If the coalescence
process reaches its completion before the end of solidification,
the dendritic microstructure is lost. This process was modelled
using a simplified geometry and a constant dendrite arm spacing.
The model is in agreement with experimental observations. A
similar model for coalescence allowing for simultaneous

coarsening by ripening is also given.

4 - The influence of coarsening on the suppression of

microsegregation is studied from a theoretical point of view with
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the assumption of negligible s0lid state diffusion. The model is
generalized to include in an approximate but simple manner the

effect of limited solid state diffusion.

5 - A matrix free of microsegregation can be obtained in
metal-matrix composites with sufficiently long solidification
times. Results from a finite difference model calculating the
solute profile in the s51id during solidification agree with
experimental measurements. A criterion is thus provided for

obtaining homogeneous solidified microstructures.

6 - Al-4.5wt%Cu reacts with AVCO's SCS-2 silicon carbide

fiber to form aluminum carbide A14C3. The reaction proceeds at an

appreciéble rate at temperatures above about 1050 K.
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SUGGESTIONS FOR FUTURE WORK

1l - The solidification technique and the fiber lay-up were
highly idealized in this work. The observations should be
generalized to less regular fiber configurations and non steady
state solidification experiments, both columnar.and equiaxed.

2 - Next, composites with low fiber volume fractions should
be investigated. The point where coarsening and microsegregation
cease to be influenced must be found. This is particularly
important since fiber configurations in which individual fibers
touch frequently are undesirable. Coarsening will probably still
be affected b} the fibers so long as the distance separating the
”ﬁibefs is kept low and the liquid phase has a low interfacial
energy in éontact with the fibers.

3 - The mechanical properties that result from a given matrix
microstructure must be assessed since they determine in the last
instance the processing conditions that must be chosen. It was
shown in this work that the matrix microstructure can vary
significantly depending on processing conditions. This opens the
way for several studies focussing on the role played by the
matrix on the mechanical properties of metal matrix composites.

4 - Other alloys or alloy systems should then be investigated
on a comparative basis.

5 - A similar investigation with a chemically stable
fiber/metal combination into the regions where solidification is
plane-front or cellular would be interesting. The stability of a

plane front or of cellular structures might be somewhat enhanced
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(see references [123] and [98-102]).

6 ~ What happens when the fiber surface acts as a catalyst
for heterogeneous nucleation of the solidifying metal alloy ?
This would be of great interest, both theoretical and practical.
Hypereutectic Al-Si alloys could be used with carbon fibers, or
TiC coated fibers with aluminum alloys.

7 - Experiments should be performed to measure the influence
of ripening on the suppression of microsegregation. The ideal
metal system would be one which solidifies as small spheres and
in which s0lid state diffusion is very sluggish.

8 - Precise measurements of the pressure differential at the
infiltrating metal front would be of interest. The equations
derived in appendix C could then be compared to the measured
data and the role of surface treatments on the fibers could be

assessed.
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APPENDIX A

DEFINITION OF VARIABLES
VARIABLE
ll primary dendrite arm spacing
A, secondary dendrite arm spacing
120 initial secondary dendrite arm spacing
lzf final secondary dendrite arm spacing
r radius
r, total dendrite arm radius (liquid+solid) =12/2
r* secondary dendrite arm radius (solid) = fs r,
fs fraction solid
fL fraction liquid
f; fraction eutectic
4 secondary dendrite arm length
Zi initial secondary dendrite arm length
2 radius of a circular interstice
r.x radius of largest circle inscribed in an
interstice
P dimensionless radius = r/f
p* dimensionless sol-id/liquid interface radius =
X solid/liquid interface curvature
I’ Gibbs-Thomson coefficient
T temperature
T liquidus temperature

r*/l’,o

UNITS
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=]

nw < P R W
[a ]

rh

0

solidus temperature

eutectic temperature

partition ratio

copper concentration

average copper concentration (4.5)

copper concentration in the liquid

liquid composition in equilibrium with an

interface of curvature K

eutectic composition

solid composition at the interface =kC

dimensionless copper concentration =C/C_
liquidus slope

temperature gradient

growth rate

cooling rate

time .

solidification time = (TL-Té)/(GRY

time for coalescence of dendrite arms

radius increment

time (or liquid composition) increment

diffusion coefficient in the liquid

diffusion coefficient in the solid

= GxRxt ?
[o]
exponent in A, = B gl/n

coefficient in A, = B t!/
= Bn
= GxR/ (-m,)

volume fraction fiber

fiber surface area per unit volume of composite

material

contact angle

wt$
wt%

wt%

wt%
wt$

wt%

K/wt$%

K/m
m/s
K/s

m?/s
m?/s

m?K/s

m s (=1/n)

m"/s

wt%/s

rad
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pressure

liquid metal/atmosphere interfacial energy
liquid metal/fiber interfacial energy

fiber/atmosphere interfacial energy

Pa

N/m

N/m

N/m
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APPENDIX B

Physical properties for Al-4.5wtsCu.

1l - Phase diagram.

The phase diagram given in figure 2 is approximated with a
straight line configuration, given in figure B. In this manner,
both the partition ratio k and the liquidus slope mI‘are

constant. Thus :

5.65 / 33 = 0.171

»~
[}

and ‘ . my (660-548)/(-33) = -3.4 K/wt$

are used. For k, this is higher than 0.14 (more correct value for
Al-2wt%Cu at the liquidus temperature) sometimes used [84,171],
and below 0.2, value claimed by Bennett and Kirkwood to be

appropriate according to their experimental work [171,174].

2- Diffusion coefficients.

For diffusion of copper in solid primary aluminum,

Ds = 0.29 exp( -15,700/T ) x 10-* m2/s

is used, following Murphy [175] and recent editions of the
Smithells reference book [79]. This value was used in most recent
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microsegregation models for Al-Cu [169-171]. It is rigorously
only valid for solutions up to 0.5 wt3Cu between 908 K and 778 K
( 635°C and 505°C). For simplicity's sake it is assumed that the
diffusion coefficient is concentration independent (authors
disagree on the matter). Several publications have, after
Murphy's review and experiments, published more data measured
around 800-900 K ( 500-600°C). Most fall close to Murphy's
reported value [176-185].

For diffusion in the liquid phase, a recent article by Watson
and Hunt [186] provides values obtained with a technique based on
the temperature gradient zone melting phenomenon. They compare
their value with previously reported data, and obtain quite
consistently

D, = 3.5 x10 ‘m2/s
between 833 and 898 K (560-625°C). Care must be exercised to
include, when appropriate, a correction factor due to thermal
diffusion by the Soret effect when steep thermal gradients are

present [186,191].
3 - Gibbs-Thomson constant.

Here, a recent publication by Gunduz and Hunt [187] is used.
According to their extensive experiments that followed lines
parallel to those used by Glicksman and coworkers on organic
systems,

I =—% _ = 2.41 x 107 K.m
AS
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This is somewhat higher than values listed in ref. [84].

4 -~ Densities.

For the alpha phase : 2,750 kg/m3
and for the theta phase : 4,340 kg/m3

from reference [188] pages 254-255.
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APPENDIX C

There is a pressure differential at the liquid metal front
during infiltration of the reinforcement when casting metal
matrix composites. It is this pressure differential that
determines whether or not infiltration will be spontaneous
(wetting systems) or will require adding pressure to the
liquid metal (non-wetting systems). Published derivations of
this pressure have been given in the literature [2-6], all
based on the Young-Kelvin equation:

P= o.KCOSO (D
where O, is the liquid metal/atmosphere interfacial energy,
the atmosphere being any gas or liquid present around the
fibers prior to infiltration, Kis the curvature at that

interface and 0 is the contact éng;e. In general, K is

unknown, and assumptions are made regarding the geometrical

distribution of the reinforcement: fibers are assumed to lie

on a square grid, a hexagonal grid, etc. K is then calculated

as the curvature at the narrowest constriction between the
fibers, in the assumed geometrical fiber distribution.
Although this approach is rigorously correct, it presents
several drawbacks:

1 - for equation (1) to be correct, the term G4 COS 0 must

be equal to Op —O; , the difference between the

fiber/atmosphere and fiber/liquid metal interfacial energies.

If there is perfect wetting,0 is zero and this relationship is
not obeyed since Oy is then inferior to Gw — Oy, and hence
"COS 0" must be greater than one. The case of perfect

non-wetting ( Ga < (G, —Cm)) is of no practical importance
[219].
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2 - Equation (1) is used in conjunction with an assumed fiber
distribution that does not exist (fibers do not usually lie on
a square, hexagonal or other simple triangular grid).

Following is a derivation based solely on thermodynamic
considerations of a general equation giving the average
pressure required to infiltrate a fiber bundle or packed
particles. As in real life situations the infiltration
pressure will not be constant, this average pressure will in
fact represent the minimum pressure differential (positive or
negative) required at the liquid metal front to achieve
complete infiltration.

I - Minimum pressure required for infiltration.

It is assumed that infiltration takes place reversibly.
There are therefore no friction forces. Gravity effects are
ignored. The only appreciable difference between the initial
state (metal and fibers surrounded by the atmosphere) and the
final state (the composite) is the replacement of the
fiber/atmosphere with the fiber/liquid metal interface. The

energngiven off by the process per unit volume of metal is
-W= (0w —0wm) Sf (3)

where Sf is the fiber surface area per unit volume of metal

matrix. Now, since

W=-P AV

where AV is the volume over which the metal was displaced, for

a unit volume of metal matrix, one obtains:
P= (0 ~Gn) sf (4)

In particular, for a bundle of fibers of diameter df occupying

a volume fraction Vf,

Sf== 49Vf (5)

df(1 -\G)
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and the final expression is:

P= 4Vf(Cw ~0On) (6)
(1-Vy) dt

This expression is independent of fiber orientation,

distribution, etc, since Sf is unaffected. Using data from

reference (34], for graphite fibers in aluminum,

P=3.12 V§/ (1-Vy) dg in S.I. units.

Similarly, for spherical particles of diameter df packed to a

volume fraction Vf s

Sf = 6 Vs

(1 -Vf) ds

The term uxt—wx.)cah be calculated from the work of adhesion:
Wg =0u+0m —On

or the contact angle when it is finite (imperfectly wetting or

non-wetting systems) if Ok is known, since

G —Op. = O, COS 6 @

Certain particular features of the case at hand may have to
be taken into account:
- there is evidence that the oxide layer present at the
surface of liquid aluminum is found at the fiber metal

interface in cast aluminum matrix composites. The value for G
may then need to be intermediate between that for Al and that

for Al,;03 on the fiber material.

- If the fiber surface is modified by the presence cf the
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metal due to a coating layer or any interfacial reactions,

adequate modifications to G and O need to be incorporated.

- If the fiber surface is not perfectly smooth, an azdequate

factor f>1 may be needed as a multiplier of Sf.

II - Terminal transient in non-wetting systems.

As pointed out above, the instantaneous pressure during
infiltration will vary. The average pressure calculated above
is therefore only the minimum pressure differential featured

at the interface for complete infiltration.

In wetting systems ( Om > Gr, ), the metal will first be

drawn into areas of high fiber surface area to metal volume

ration ( high Sf), later into areas where the driving force

will be less. Sf therefore decreases with time and hence P,

which is negative, increases with time.

Conversely, in non-wetting systems ( Gw < Gp ), Sf will

increase with time as the metal will first flow into large
channel and only in the last moments of infiltration be forced
into the narrowest interfiber spaces. P, which is positive in
this case since energy must be supplied to force the metal
between the fibers, will increase with time. It is shown in
what follows that it may increase to infinity in a few
situations of practical importance.

a - Infiltration of a wedge.

Consider a simple two dimensional wedge, of half angle a at

its base (figure C-1). It is assumed that the metal does not
wet the fiber material with:

O — Oia< Gra < O
The contact angle 0 is then between 90 and 180 degrees.
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The pressure for infiltration of that wedge is again

calculated from thermodynamic principles, i.e. under the
assumption that the process takes place reversibly. The
liquid/atmosphere therefore displays a constant curvature, and

the contact angle with each face of the wedge is 9, figure

C-1. The pressure that must be supplied to move reversibly the
liquid metal a little further into the wedge is therefore the
equilibrium pressure at the metal/atmosphere interface. From
the simple geometry of figure C-1 and with terms defined on

that figure, that pressure P is:

P= Ox Sin (0 -a-n/2) ®

L sin (o)

It is clear that if (0-m/2)> o, infiltration into the wedge

will not be spontaneous (P >0). Furthermore, the complete i
infiltration of such a wedge requires an infinitely high
pressure, and is therefore thermodynamically impossible. The
presence of'surface defects of the fiber surface, for example

in the form of a narrow groove, may therefore be deleterious

to the properties of a cast composite since cracks will be
present at the fiber-metal interface, of length approximately

given by L in equation (8). Little healing of sharp surface
defects on fibers should be expected from pressure-cast
matrices that do not wet the fiber.

b - Fiber or particle contact points.

Consider now the contact point of two equal fibers or
spherical particles, a cross-section of which is given in
figure C-2 with the definition of geometrical variables.
Proceeding as above, the pressure required to infiltrate
reversibly this contact area is:
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for two cylindrical fibers:

P= On SIN(0-0a-m12) 9)

R sin (@) tg (ov2)

for two spherical particles:

P= Oin sin (8 — o —/2) | (10)

R sin (o) tg (o/2)

In both cases, this pressure becomes infinitely large when

o approaches zero. For an infiltration pressure P, therefore,

defects at the contact area of two fibers or particles will
exist, of length above that derived from thermodynamic

considerations and approximately equal to 2 R Sin (@) obtained
from equations (9) or (10) for a given infiltration pressure P.

Furthermore, if two fibers touch over a certain length &, the

defect will be just as long along the fiber axis. Evidence for
such voids can be seen on several micrographs, for example
figures 12,13 and 17 to 20 of this thesis. The size of such
defects can be decreased by increasiing the infiltration
pressure. These defects can only ke suppressed by either
suppressing fiber or particle contacts, or promoting fiber
wetting in these areas.
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LIQUID METAL

FIBER

FIBER

Figure C-1 - Infiltration of a wedge by a non-wetting metal.
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FIBER OR PARTICLE |

LIQUID
METAL

Figure C-2. Infiltration by a non-wetting metal of the contact
area between two fibers or spherical particles.
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APPENDIX D
TIME FOR COALESCENCE OF RIPENING DENDRITE ARMS

An array of secondary dendrite arms is considered, with
neighboring arms separated by a narrow channel of width 2 R .
This channel is assumed to gradually fill in by surface tension
driven diffusion of matter from the dendrite tips (region B) to
the bottom of the trough (region A). The background relevant to
the process and fundamental equations are given in the "theory"
chapter, section I-a.

The dendritic array is schematically described in figure D.
The half width at the_boEtom of the interdendritic channel is
assumed to be approximately given b?:

=l

where %_ is the volume fraction liquid given by the Scheil
|

C, k-1 (D-1)
=

Secondary dendrite arms are assumed to coarsen by ripening,

equation:

so Xlis an increasing function of time t during solidification.

The coarsening law is taken in its most general form :
m

A= N, +Kt (D-2)

In addition, the cooling rate is assumed to be constant:

CL=CO+—(§37t ~ (D-3)



Secondary dendrite arm coalescence is to be sluggish when
the volume fraction is below a fixed value /Si which depends on
the metal alloy and the dendrite geometry (see "thecory" chapter).
The equation determining the rate of in-filling of the

interdendritic channel is ( equation (1) of the " theory"

chapter):
| dVa. DL'P‘(&' an (D-4)
S, dt i {-/m,.)-(l-k)-o{-cl.

Geometrical simplifications are as before (figure 54):

d
‘KA.')‘1 f'-
K (KK,

d -1

LA dd
Sa At dt

Equation (D-4) becomes:

Adf - DT 1 At
- L -k M, /L C.

and from equations (D-1 - D-3):

Adg. AT (o Ll K LI
] “’k)GR \Co GR L 6GR 3,

- J

QL QI"
o
S

-

|

M
-

(0-5) -224-



xa is roughly equal to twice the dendrite tip radius

[125,155,130,130, 132-137]. Xa can therefore be obtained from
figure 4 for Al-4.5 wt3Cu or e:aluated in general from simple
relationships as found in reference [84] page 82,

For Al-4.5wt%Cu, Young and Kirkood's experimental coarsening

law [149]:

N, =11 .10°¢ ¢ (5T vnits)

| i
yields n = ;= and B = (16.1.10 )  in SI units.

Provided the initial dendrite arm length 1& is known, the
remaining dendrite arm length when the liquid reaches a

composition CL is obtained by integrating equation (D-5):

: C

g g ADT Lm)K ¢ JLmdK 0T | O e

CTT 0GR (% || TR GR

¢, :

(0-6)
where C, is the liquid composition at whichK =£‘-. given by the
L

Scheil equation (D-1). Equation (D-6) can then be integrated
numerically to yield [ and the time t, for complete secondary
dendrite arm coalescence (f= 0).

A simplifying assumption is to take:

\, - LmlKG o (D7)

a—
° 6R
in which case equation (D-6) takes a simple form:
| b

2 m| TR K m
£ DT 6R [T (] (0-9)

(k) G R COKn (-m) K J | | ~225-
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This assumption will only introduce a significant error
in the secondary dendrite arm spacing x‘during the early stages
of solidification, when CL:CO. With %i greater than 0.5, the
error introduced by neglecting the terms in (D-7) is therefore
small.

With now», equation (D-8) becomes equation (5) of the "Theory"

chapter with A;= Kl/n.
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APPENDIX E

CALCULATION OF MICROSEGREGATION IN Al-4.5wt%Cu
a - The finite difference solution

The total radius is divided into 100 parts Af)= 0.01, each
denoted by the indice i in what follows. The interface is allowed
to float between these pointé, so that

»
. ¥ d
P b ZSF)-r 5‘3
with ép’taken betweqn 0,005 and 0.015 for reasons that follow._
The following variables are functions of time or, equivalently,
the liquid concentration CL_only:
J

. * * 3 L} . []
L.5 P) 5?51, c&_ + the indice j denoting the time increment.
J

By definition, S - ACL _ Ds g
(4p)° L*GR

Concentrations are also rendered dimensionless: ¢ = C /4.5.

During each increment ZXZ%, diffusion and growth take place
simultaneously. These two processes are decoupled in the model
for eachA-CLj, so that:

1 - Diffusion takes place, according to equation (22) in
section III of the "theory" chapter, for a fixed interface

position and a fixed concentration in the liquid.

2 - Growth takes place "instantaneously", taking into account
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the amount of solute incorporated into the soi.d phase during At
. Mathematical details and approximations for each step are as
follows:
1l - For diffusion, an explicit finite difference scheme is used:
for i = 0: Lo Sl = L - o

T2 Tey + l"g('c"’J —'Co,jj

APRY . . . : .

for 0(1.(1'i : 'Ci,jfl = -C(-,) + g ““"l)'cul,.) "ll L —C.‘,_j+(1c—l).c;_,,i

di

for i =if', the equation is slightly more complex, as this point

is not equidistant to the two adjoining points. Writing a mass

balance over the volume element [t Aﬂ_z.,t AP+,$E)], one gets:
[

503

kC.Ls (;l L;-Q&J)-.c,-;,j .laj(lfﬂ),u €Y1, [2.‘}’_|)

/C. . = _C_' . . *1 .

4l 41) +§ 3 ([ 40 _5‘05 '
J

— e——

. 5?‘ 4Ae"‘ 4

As JP approaches zero, some terms become very large, and

errors will result. It is for this reason that;P?;as chosen in
the range ]0.005, 0.015] in what precedes.

In an explicit finite difference solution of the diffusion
equation, stability is a concern [214,215]. Therefore,-f remains
constant and A.CL is allowed to vary as Ds decreases. No criterion
for stability was found for the equation in cylindrical
coordinates. However, by running the program, no instabilities
were found with ? in the range 0.1 to 0.05. Also, results
obtained with g = 0.1 and 0.05 were similar to a precision of
three digits. Therefore, all calculations were performed with_f =

0.05.
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2 - Next, the solid must grow. Rather than using a finite
difference form of equation (2l ) in section III of the "theory"
chapter, for better accuracy, the amount of solute incorporated
into the solid by diffusion was calculated by integration of the
solute profile. Specifically, the equation determining the new
position of the interface is:

e* 2
ATP 2, A0 4(")TL T

’ )"l

0 )+l

wherel’_ﬁenotes the concentration after diffusion in the solid,
and ” _ -1
Lo,z Ly €n-10 (- om, D, )

From P= 0 to f;ﬂf‘, the integral was calculated using
Gregory's interpolation formula‘'and conserving only the first
correction term [213,214]. Betweeni?df and f; as well as in the
liquid, the trapezoidal rule was used. The position of the
interface is then obtained by solving a linear equation of the
second degree.

If {P;".. (:AP) becomes larger than 0.015, i' increases by one
and a value must be ascribed to,{;;.)Jd . This was done with

Lagrange's interpolation formula [213] between points at(t';_l)AP:f;AP
*

and L e
14

As for the initial values, ﬂ:=0 would be impractical, so
solidification is assumed to take place according to the Scheil
equation in the very first instants of the process. The initial
volume fraction was thus taken at 0.0016, and the solute content

varied at that point between 0.171 and 0.1711277. Proceeding in
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the same manner but assuming equilibrium solidification up to

= 0.0016 led to no appreciable change in the results.
b - refinements of the solution.

1l - Once all the liquid has been absorbed, growth ceases.
Therefore, a test was incorporated to ascertain that some liquid
is present (P'( l). If not, the growth process ceases, and only

diffusion takes place with a no-flux boundary condition at P:i.

2 - To model solidification experiments that include an
isothermal hold at a given temperature T,, an exit was included
to a similar program once T, is reached. In this new program,; the
only modification is that T and AL, are held constant.

Both program listings follow.
¢ - Computer program.
Listings of the two programs are given in the following

pages. The computer language is Basic, and variables are

redefined as follows:

CA and CB: c
LA and LB: c
DS : D
TI t
RA and RB: 5?'
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¥
IA and IB: A .

Other variables are defined in the programs.

The second program allows to hold the sample at a chosen
temperature after solidification to that temperature. This
temperature is chosen by indicating the corresponding liquid

(dimensionless) composition LX.
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<

10

<0

30

40

S0

&0

70

80

90

100
110
120
130
140
130
160
170
180
190
200
210
220
230
240
230
250
270
280
290
300
310
32

I3

Z40
350
360
370
380
290
400
410
420
4Z0
440
450
460
470
480
490
500
310
3520
330
240
=550
S60
S70
80
390
600
610
520
630
640
650
560
670
480
490

DIM CA(100)
DIM CB(100)

DEFINT I

LPRINT "Solid state diffusion during directionnal growth of Al-4.%Cu"

INPUT "radius squared =";FR
LPRINT * radius squared = ":FR

INPUT "cooling rate = in C/s ":FC
LFPRINT " GxR = "i;PC;"GxRxRs2 =";PRPC
INPUT "r = "R

LPRINT " r a “s:R

INPUT "Print every ... cycles"3IC

LA=, 17132352

LB=LA

IA=4

IB=I1A

RA=.01

RB=RA

DAm,  292EXP (~134662/ (933-89.478LA) )

TI=0

DB=DA

FOR I=1 TO 4

CA(I)®=, 171/(1=(1-1)"2%.0001)".829

NEXT I

FOR I=5 TO 100

CA(I)=0

NEXT I .

FOR I=1 TO 100

CB(I)=0

NEXT I

LPRINT "Initial temperature =":450-89.47:LB
I=(IB-1)%.01+RB . .
LPRINT "Interface position = "3Z:", Fraction solid = “:1I°2
FOR I=1 TO 3 .

LPRINT "i="3Is"C="3CA(]),

NEXT I

LPRINT "and for i=4, C=";CA(43)

FOR W=i TO 10000

FOR x=1 TO IC

CB(1)=CA(1)+4kRX(CA(2)-CA(1))

FOR 1=2 TO IA-1

CB(I)=CA(I)+RE((2X[~1)RCA(I+1) + (28 [~ RCA(I-1) -3k ([-1) 2CAI1)) 7 (2%i[~-1))

NEXT I

FaLAX((IA-1) 2. O2/RA+1) +CA(TA-1) S(2K[A=-T) -CA(IA) 12X [A=1 01+ 1 /FA)

CB(IA)aCA(IA)+REF/ ((IA=1)VX(1+,.D1/RAV+RA 2/.0003=, 2%)
LB=LA

IB=IA

RB=RA

DB=DA

PRINT;LA

LAsLA+1,1175847E~ )& 8FREFCIR. DR

DAs 29REXP(~1T4562/ (9T5-A9. 3742LA))

IF LA>1.25%S THEM GOTO 3%N

Sa=, OV0OSK (IB~1) *IB ([

FOR [=2 TO (B-1

SaS+.0001x(I-1)2CB(I)

NEXT (
Ka(IB=1)2CB(IE) = [BE-2)YSCER(IER-1)-CR(2D)
SaS~-8, ITTE-06EK

Aad, B8479%52LA

B=(IB-1)X. 01X (LA-CB([EB))
Co28S=([B=1) "2¢. 0001 4CERI[B) - | +T,8479%%1A
D=B2+4xA%C

T=(SAR(D) -F) / (TXxA)

UaT=-.01%x(IB=-1)

IF U>.02% THEN GOTO 999

IF U>.01%5 THEN I[A=(FR+l

RAaT-, 01X (TA-1)

IF T:t1 THEN GOTQ 7?70

KaCB(IB) X, O2%RE/ (.1 ¥ ( OL+RED )V +LEX. OUDY/ (L 0Z+REY X O +RE))
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700 IF U>.015 THEN CA(IA)aK-CB(IB-1)X.01%¥RB/( (. O2+RE) £.01)

710 FOR I=1 TO IB
720 CA(1)=aCB(I)
730 NEXT I

733 TI=TE+REIPRX.V001/DA

740 NEXT X

750 LPRINT "time =":TI:"

760 LPRINT "Liquid composition =";LB/.1713",

770 I=(1A~-1)X.01+RA

780 LPRINT "Interface position = "“3Z3",

790 FOR I=1 TQ 99

n s "W

800 LPRINT “ia"3;l;"Ca";CA(I),

810 NEXT I

820 LPRINT "i=100,C="3;CA(100)

830 NEXT W
840 END

830 LPRINT "time =":TIl:"

860 LPRINT "Liquid compasition =":LB/.171:",

870 Z=(IB-1)%.01+RB

880 LPRINT “"Interface position = ";Z:",

890 FOR lat TG 99

n

900 LPRINT “i=m"3I:"Ca":CB(I),

910 NEXT I

920 LPRINT "i=100,Cu":CB(100)

930 LPRINT "That's all folks

940 END

950 LPRINT "U>.025"
960 END

97C RA=,.01

980 KA=LA

990 RB=RA

1000 LPRINT "time

1020 ZI=(IA-1)t.01+R

1030 LPRIMT "Interface position = "3Z:",

1040 FOR =} TO 99

="3TI;",fully solid now "
1010 LPRINT "Liquid composition a“iLA/.1713",

A

1050 LPRINT "ji="3I;"Ca";CB(I),

1060 NEXT I

1070 LPRINT "i=100,C="{CB(10Q)

1080 FOR [Z=1 TO 10
1090 FOR IK=1 TQ IC

00

EIREY"]

1100 CB(1)=3CA(1)+34xRE(CA(2)~-CA(1))

1110 FOR =2 TO [A-

i

Temperature = ";4640-89.473LEF

Fraction solid = "3Z2"2

Temperature = ";660-89.475LB

Fraction solid = ngzn2

Temperature = ";5480-89.471LA

Fraction solid = "“;ZI°2

1120 CB(I) =CA(I) +RE ( (28 [~1) 2CA(I+ 1) + (2 [-D)2CA(I-D) —4x([-1) xCA(D)) /(28 (I=-1))

1130 MEXT I

1140 CR(IAM aCA(IA) +RE((28IA-1) RLA+(T2IA-T) 4CA(IA-1) -3 (TA-1) SCA(TA) ) / (T8 ([A=1))

1150 LB=aLA+R&(CA(TA)-LA) &2

11560 TIaTI+REPRY¥.00Q
1170 PRINT LB

1180 LA=LE

1190 FOR I=1 TO [00
1200 CA(DY=CB(D)
1210 NEXT 1

O1/DA

220 KA=KA+1.1174847E-0OasFRIFCXR/DA

1230 IF KA>1.2553 THEN GOTO 13260

1240 DA=,29AEXP (-15462/ 1777-89.474%KA) )

1250 NEXT IK
1260 LPRINT "time '
1270 LPRINT *
1200 FOR I=1 TO 100

="=TI="

2}

1710 LPRINT "1a";[;"C=";CA(D),

1220 NEXT I

1220 LRPRINT "i=101.
1340 NEXT 1IZ

1330 END

1340 LFRINT "time
1370 LPRINT *“

1380 GOTO 8%0

C="3iLB

=":TI=”

n

etz

Tenperature = ";440-89.47«kA

Temperature a ";660-89.37%KA
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10 DIM CA(100)

20 DIM CB(100)

30 DEFINT 1

40 LPRINT "Solid state diffusion during directionnal growth of Al-4.5Cu”
S0 INPUT “radius squared ="j;FR

60 LPRINT " radius squared = "3;PR

70 INPUT "cooling rate = in C/s “;PC

80 LPRINT * GxR = ";PC;"GxRxRs2 =";PR2PC
90 INPUT "isothermal hold at Cl = ";LX

100 LPRINT *“ Hoid at Cl1 = ":LX

110 INPUT "r = ";R

120 LPRINT " r = ":R

120 INPUT "“Print every ... cycles":IC

123 LPRINT " print every k cycles, k = ";IC
140 LAw, 171335352

150 LB=LA

160 IA=4

170 IB=IA

180 RA=_, 01}

190 RB=RA

200 DAm_ 29FEXP (~1%5662/ (932-89.472LA))

210 TI=O

220 FOR I=1 TQ 4

230 CA(I)=,171/(1=(1-1)"2%.0001) . 829

240 NEXT I

250 FOR [a% TO 100

260 CA(I)=0

270 NEXT I

280 FOR I=1 TO 100

290 CB(I)=Q

300 NEXT I

310 LPRINT "In:tial temperature ="3;5660-89.4712LB

320 Z=(IB-1)%.01+RB ) .

330 LPRINT "Interface position = "“:;Z:", Fraction solid = ":Z"°2
Z40 FOR I={ TO =

320 LPRINT "i="3[3"C=3"sCA(I),

260 NEXT [

370 LPRINT "and for 1=4, C=";CA(4)

380 FOR W=1 TQ 10000

290 FOR x=1 TO IC

400 CB(1)=:CA(1)+43RE(CA(2)-CA(1))

410 FOR [=2 TO IA-1

420 CB{(I)=CA(I)+RE((22I-1)SCA(I+1) +(2x]I=-T)XCA(I-1)-3(I=-1)SCACI)) /{2 (I~1))
40 NEXT I

440 FaLAX((IA-1)X.02/RA+1)+CA(IA=-1) X (2% [A=-T)=CA(TA) 12X (TA=-1) S (1+.0OL/RA)
3490 CB(IA)=CA(IA)+REF/ (([A=~1) X (1+,01/RA)+RA 2/, 0003-_2F)
460 LB=LA

470 PRINT:LA

480 LA=LA+1.117647E-Q6FR¥FCIR/DA

390 DA=, 29XEXFP (- 13462/ (9T3-39.4731LA))

F00 S=.0000%%([B-1)kCB(IE)

%10 FOR I=2 TO IGE-t

$20 SaS+. 0001 ([~ CB(T)

320 NEXT I

%40 K=(IB-1)XCB(IE)-(IB-2)2CB(IB-1)-CB(2)

220 S=S5-8.I3TE-Libik

%60 A=4,8479TKLA

70 BE=(IB~1)R, 018 (LA-CB(IE))

T80 C=232S=(1B-1) 22, VOO1XCB(IB)~1+5,.84795%LA

S0 D=B2+4¥AXC

500 T=2(SAR(D)-E)/(Z%A)

&1 UYaT-_01%x(1B-1)

6820 IF U>.02% THEN GOTO 960

&30 (F U», 013 THEN [A=[B+!

640 RA=T-,013([A-1)

&80 IF T=:1 THEN GOTO 340

650 KaCB((B) £, O2%RA/ (. 015(. O1+RA) I +LAX.QA0Z/ { (. OZ+RA) X2 (. 1 +RA))
670 IF U .01 THEN CA(IA)=k-CE([B=1) ¥, 018RA/ ({.OI+RA) X, O1)
680 FOR I=t TO [B

&90 CA(T)=CB ()
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700
710
720
730
740
730
760
770
780
790
800
810
820
830
840
8%0
860
870
2880
890
00
910
920
930
940
950
960
270
980
990
1000
1010
1020
1030
1040
1050
10460
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
L1210
122
1220
1240
129
1240
1270
1280
1290
1200
1310
1220
137
1240
1350
1240
1370
1280
1290

NEXT I

IB=IA

RB=RA

TIsTI+R2PRX.0001/DA

IF LA=>_X THEN GOTO 980

NEXT X

LPRINT "“time =":TI:" n = "1W

LPRINT "Liquid composition =":LB/.171:", Temperature = ";660-89.473LE
Za(1B~1)2.01+RB

LPRINT "Interface position = "3Z3", Fraction solid = ";ZI™2
FOR I=y TO 99 ’
LPRINT "ia";l3"C="3CA(I),

NEXT I

LPRINT "i=3100,C="3CA(100)

NEXT W

END

LPRINT "time =":;TIs" n = ":W

LPRINT "Liquid compasition =";LB/.171:", Temperature = ":460-89.47xLE

Zu(IB-1)X.01+RE

LPRINT “Interface position = "“;23", Fraction solid = “;Z1"2
FOR I=1 TO 99

LPRINT "i="3l3"C="3CB(]),

NEXT I

LPRINT "i=100,C="3CB(100)

LPRINT "That’s all folks "

END
LPRINT "y>.023"
END
LA=LX
LPRINT "time =":Tl:;", the isothermal hold starts *“

LPRINT "Liquid composition ="3;{B/.171;", Temperature = ";460-89.47%LB
Z=a(IB-1)x.01+RB

LPRINT "Interface position = ":Z:;", Fraction solid = ":Z"2

FOR I={L TO 99

LPRINT "i=m~*3[:"C=":CA(I),

NEXT I

LPRINT "“i=1QQ,C=";CA(100)

FOR (D=1 TO 1OOOO

FOR IE=1 TO (C

CB(1)=aCA(1)+axRx(CA(2)-CA(1))

FOR I=2 TO [A-1

CB(D)=2CA(I) +RE((2XI-1) 4 CA(I+ 1) + (25 [-D)xCA(I-1) =42 (T-D)ACA(I)) /7 (28 (I=-1))
NEXT I

FalLAR((IA-1)8. 02/RA+1)+CA(TA-1) 2 (22 (A=T) =-CA(IA x2x(JA~-1) 2 (1+.01/RA)
CB(IA)=CA(IA)+REF/((IA=1)E(1+,01/RA)+RA"2/. 0004~ 2T)
IB=1A

RBaRA

PRINT LA

S=, Q000K (TE-1) xCB(IE)

FOR 1=2 10O (E-1

S=S5+.0001x([~-1)xCB D)

NEXT [

ka(IB=-1) #CR(TE) =([B=-D) ¥ CEB([B-1)-CE(2)

SaS-8, ZITE-Ohkk.

A=4_.847951LA

B=(IB-1)2.0148(LA-CB(IR))
C=22S=([E=1)"22. 000 4CR(IB) ~1+5.84795%kl.A~

D=B2+3RAXC

T=(SQR(D)~-B) 7/ (2¥%A)

U=T=, 012 ([E~-1)

IF U>.02% THEN GOTQOQ &0

IF U>.01S THEN [A=[B+1

RAaT~, 01 & [A-1)

K=CE(IR) €. 022RA/ (L O3 (L OL+RAYV ) +LAK 0G0/ (L OT+HRAL S 0 +RAY D
IF Us.01% THEN CACIA) =k =CR(I&-1) €, O1LKRA/ L O2FRAY XL 0L
FOR 1=t TO [E&

CA(D =CEB(I)

NEXT I

TIaTI+REFRX. DONYL /DA

IF T:1 THEN GOTO 1510
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APPENDIX F

APPROXIMATE SOLUTE REDISTRIBUTION EQUATION FOR SIMULTANEOUS

RIPENING AND SOLID STATE DIFFUSION

Proceeding as in the "theory" chapter, equations (14), (15)

and (20):
n-r = B tvm | (F-')
C, =GC, +AEL where A - —ﬂ—t (F-2)

(¢, +AE)(-k) 2 4*2’_{. A [ %)A B2 £

w(2
+QD54_(S (F'3)
)A
.A*
define the problem if an approximate value is given for the
C
concentration gradient (ii) at the interface. Using an approach
AA‘
similar to that of Brody and Flemings [83,164], the following
assumptions are made:

Diffusion in the s0lid is small so that ;he solute

concentration gradient is not changed appreciably by diffusion:

G\ dCT

o - dr¥

N

-237-



With this assumption, the problem is completely defined by the

four preceding equations. The resulting differential equation is,

however, quite involved, so an additional assumption is made,

t
again using an approach similar to that of Brody et al.: the termzr—
A

is approximated by its average over time t:

dt

dr¥ ¥

Equation (F-3) now becomes:

(Co v AE0-K) 20 f{{f s A = (u%)f\ B ™"
+2D, kAL

and the result, derived as in section II of the "theory" chapter

for a constant diffusion coefficient DS is:

I t k

2 —_— —_—
A %) !A_f- (Gt | (GaaB™F 27
o

MR T ; =3 Yo
+ “Im . -
l,s(-j,’—) : | (-6) d
Tk (6-q)
(0
2D,k | C. - ik
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It is seen that the added effect of solid state diffusion
translates into an additional term in the right hand side of
equation (17) of the "theory" chapter for coarsening with no
solid state diffusion. This term is dependent on the cooling rate

and the coarsening law constants by means of one parameter:

D (-m.] Dt

b

An? AT /sz

T

The effect of a small amount of solid state diffusion is thus
to add a small amount to the solid formed at CL . In particular,
the amount of eutectic }L formed with coarsening but no solid
state diffusion is slightly reduced to become:

T | 2.

 d o L
: 2D k ¢ Ik 3
= - - - I-k
AZ Aé’ t 2-k C° CE '(;

pr 4 (%) (CE’Co)% 2-k

-2

-

2
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