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ABSTRACT

Fibre reinforced metal matrix composites (FMMCs), are a new range of advanced
engineering materials used mainly at elevated temperatures where existing materials are
not suitable for use. The FMMCs can be tailored to produce various combinations of
stiffness and strength. The FMMCs are generally anisotropic,.but show very high strength

and modulus along the direction of fibre alighment.

When costly fibres are reinforced in metal matrices by relatively costlier
processing route of powder metallurgy and diffusion bonding, then very expensive
FMMCs are produced. These can only be used in acrospace and military industries as
these industries offer a large premium on weight saving. Aluminium and its alloys when
reinforced with low cost and low density carbon fibres, by relatively economical
solidification processing route, produce cheap FMMCs having specific strength and
specific modulus far superior to those of steels. Therefore, aluminium-carbon fibre
(AV/CF) cothposites may have a high potential to be used even in automotive industries
where premium on weight saving is very less as compared to aerospace and military

industries.

Carbon fibres are poorly wetted by aluminium and its alloys at low temperatures
and aluminium reacts with carbon fibres at high temperature resulting in poor infiltration
and degraded fibres respectively. The problem of poor wettability can be solved by
adding sufficient amounts of surface active or reactive elements to aluminium, whereas
the degradation of fibres can be minimised by using squeeze casting technique for the
solidification synthesis of the AVCF composite. Thus, it is possible to reinforce the
carbon fibres uniformly by the solidification processing in aluminium alloy matrices

without substantial degradation of fibres.
The mechanical properties of FMMC largely depend upon the distribution of the

fibres, volume fraction of the fibres and interfacial bonding between the fibres and the

matrix. Other microstructural features, like uneven solute distribution in the -composite
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matrix, grain size of the matrix and thermal stresses, developed due to the difference in
the thermal expansion coefficients of thc constituents, can also alter the mechanical

behaviour of the FMMC.

In the present study, wetting of three aluminium alloys containing Cu, Li and Zr
as alloying additions respectivel;ly, on vitreous carbon substrate has been investigated as a
function of temperature and of Li and Zr content in the alloys (in case of Al-Li and Al-Zr
alloys). The selected alloys have been reinforced with high strength carbon fibres by
solidification processing. These FMMCs have been characterized by their
microstructures. The mechanical properties of these composites have been determined in
as cast condition at ambient temperature. Finally, a theoretical model has been developed
to predict the compressive behaviour of carbon fibres during squeeze casting. An

cxpression for limiting fibre thickness reduction is also established.

Chapter- 1 outlines the introductory remarks underscoring the purpose and

technological importance of the problem under investigation.

Chapter- 2 contains critical review of the existing literature on the solidification

processing and mechanical properties of FMMCs.

The various problems and their remedies as pointed out by early workers have
been critically reviewed. The various fabrication methods that have been used so far for
FMMCs have been discussed in general and squeeze casting technique in particular as
this technique has been uséd for the synthesis of FMMCs in the present study. A critical
review on the fabrication of AI/CF composites by various methods and their
microstructure as observed by other workers earlier has also been given in this chapter.
Finally, this chapter reviews the existing knowledge base on the mechanical and physical

properties of Al/CF composites.

Chapter- 3 deals with the details of the experimental procedure followed in the

present study for evaluating the wettability of aluminium alloys with vitreous carbon, the
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fabrication of composites by squeeze casting, microstructural characterization of the

composites and determination of mechanical properties of the composites.

The detailed description of sessile drop setup used in the present study to
investigate the wetting of various aluminium alloys with vitreous carbon substrate has
been outlined. The pilot experiments on. AVALO; system, conducted for the selection of
holding time for aluminium alloy-vitreous carbon (Al-X/C,) system in the present study,
have been outlined. The wetting of aluminium alloys containing Cu, Li and Zr with
vitreous carbon have been evaluated by measuring the contact angle ‘@’ of the
aluminivm alloy drop as a function of temperature for a holding time of 10 mins after
melting in argon atmosphere. The work of adhesion ‘w,’ has been measured, by
determining the sutface tension of the alloys at specific temperatures, as a function of Li

and Zr contents in the alloys.

The experimental procedure followed in the present investigation for the
fabrication of the composites has been described in this chapter. The die and plunger
have been designed and fabricated according to the requirement. A proper heat treatment
has been given to die and plunger to increase their hardness and to relieve the stresses
developed during machining. A proper description of the designing, fabrication and heat
treatment process for die and plunger has been given in this chapter. The method used for
the preparation of fibre preform has been described. The details of the squeeze casting
setup and the parameters used for the synthesis of the composites have been outlined. A
brief description of the methods used for the determination of chemical composition of

matrix alloys and fibre volume fraction in the composites has been presented.

The standard techniques used for the microstructural characterization of the
composites have also been outlined in this chapter, Scamling'electron microscopy (SEM),
electron probe microanalysis (EPMA), X-ray diffraction analysis (XRD) and
transmission electron microscopy (TEM) have been described in detail. The phases

identified by XRD analysis have been supplemented by the results of electron probe



microanalysis (EPMA) and selected area diffraction patterns (SAD) of selected regions in

the composite microstructures,

This chapter also describes the experimental procedure followed in the present
study to determine the physical and mechanical properties of different Al/CF composites
in as cast condition at ambient temperature. The extent of interaction between carbon
fibres and different aluminium alloy matrices has been determined by the fibre strength
degradation in different aluminium alloy composites. The fibres have been extracted from
the composites and their strength has been determined by single fibre tensile tests. Real
transfer efficiency of fibre strength has been calculated for different composites. Methods
followed for the determination of fibre strength, physical and mechanical properties

alongwith the specifications of the specimens used in this study have been outlined.

Chapter- 4 deals with the results and discussion on the wetting behaviour of

various aluminium alloys with vitreous carbon.

The contact angle *8” is found to decrease with the increase in temperature for all
the aluminium alloys investigated in the present study. In low temperature range of 700°C
to 925°C, the contact angle is very large (160° to 135° for Al-Cu and Al-Zr alloys and
decreases very slowly to reach a value of about 135° at 850°C. However, in the same
temperature range, Al-Li alloys show a considerable decrease in the contact angle by
having a value of about 100° at 850°C. The contact angle decreases rather rapidly in low
temperature range for Al-Li alloys. At high temperatures, i.e., above 1000°C, all the
alloys wet the carbon substrate by attaining a value of @ less than 90°. However, the
contact angle decreases very rapidly in this temperature range for Al-Cu and Al-Zr alloys
whereas it decreases slowly in this temperature range for Al-Li alloys. With increasing Zr
content, the contact angle remains nearly unchanged at low temperatures whereas it
decreases significantly with increase in Zr content at high temperatures. The effect of Li
content is more pronounced at low temperatures as contact angle varies significantly for
different Al-Li alloys, but it has a negligible effect at high temperatures as the contact

angles are very close to each other for different Al-Li alloys.

vi




At low temperatures, the work of adhesion ‘w,’ is found to increase very slowly
with temperature for Al-Cu and Al-Zr alloys. The values of w, measured in the low
temperature range varies from 100 mJ/m’ to 150mJ/m? for Al-Cu and Al-Zr alloys. The
work of adhesion ‘w,’ increases rapidly with increasing temperature in low temperature
range for Al-Li alloys. The values of w, measured for Al-Li /C, system in low
temperature range varies from 250 mJ/m? to 500 mJ/m?, depending upon the temperature
and composition of the alloys. At high temperatures, w, increases very rapidly with
temperature for Al-Cu and Al-Zr alloys whereas it increases slowly with temperature for
Al-Li alloys. At high temperatures, w, attains values between 500 ~ 1100 ml/m’,
depending upon the temperature and composition of Al-Cu and Al-Zr alloys whereas it
shows values between 650 ~ 800 mJ/m* for Al-Li alloys at these temperatures. At low
temperatures, w, increases with Li content for Al-Li/C, system while it remains constant
for Al-Zr/Cy system with increasing Zr content in the alloyl At intermediate and high
temperatures, w, increases very rapidly with Zr content for Al-Zt/C, system while it

remains nearly constant with Li content for Al-Li/C, system.

Although, all the investigated alloys show wettability with vitreous carbon
substrate at about 1000°C, from a practical point of view, none of the investigated alloys
wets the carbon substrate for a short holding time of 2 minutes at 1000°C and above. The
contact angle measured for Al-Li/C, and Al-Zr/C, systems in the present study is higher
than the contact angle of Al-Li/C, and Al-Ti/C, systems respectively, as measured by
other workers. The discrepancy can be attributed to the low concentration of alloying

elements and different experimental conditions used in the present study.

Chapter- 5 deals with the results and discussion regarding the fabrication and

microstructural characterization of the composites.

The quality of the castings is found to be very good for the unreinforced alloys
and the composites. The chemical composition of the alloy matrices in the composites, as
determined by inductive coupled plasma (ICP), shows very little variation in the

concentration of primary alloying elements, i.e., Cu and Zr after squeéze casting in case
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of Al-CwCF and Al-Zt/CF composites respectively. The lithium concentration decr..

considerably after squeeze casting in Al-Li/CF composites. The optical microscopy,
carried out to determine the fibre volume fraction, shows little increase in the actual fibre
volume fraction of the composites over precalculated fibre volume fraction. The fibre
distribution observed in Al-Li/CF composites is more uniform than that observed in Al-

Cw/CF and Al-Zr/CF composites.

The scanning electron microscopy (SEM) reveals the extent of infiltration of
different aluminium alloys in the carbon fibre reinforcement. The SEM analysis shows
the presence of reaction interface in Al-Cuw/CF and Al-Zr/CF composites but no trace of
reaction is detected at the interface of AI-Li/CF composite. The EDS and EPMA analysis
of the interfibre region confirms the uniform distribution of alloying elements in the
matrices of Al-Cu/CF and AI-Li/CF composites respectively. The EPMA linc analysis of
the interfibre region also confirms the uniform distribution of alloying elements in the
matrix and the presence of Zr at the interface of Al-Zt/CF composite. The EPMA
analysis of Li in AI-Li/CF composite could not be conducted, as EPMA equipment
(model JEOL 8600M) is unable to detect the Li element. The XRD analysis shows the
presence of Al4Cy in Al-Cu/CF and Al-Zt/CF composites, however, Al-ZI/CF composite
also has ZrC phase. Intercalation compound LiCys, lithium carbide (Li;C,) and lithium
oxide (Li;O) phases have been detected in Al-Li/CF composite alongwith other primary
phases present in Al-Li alloy. The TEM study of Al-Cw/CF composites reveals the
presence of Al4Cy, CuAl; and AlFeSi phases at the interface. |

Chapter- 6 contains the results and discussion on the observed mechanical

properties and fracture behaviour of different composites fabricated in the present study.

The fibre strength is found to decrease by about 11% after preheating at 650°C in
argon atmosphere. The fibre strength degradation is about 31% and 37% in Al-Cu/CF and
Al-Zi/CF composites respectively. The fibre strength degradation is relatively less and
about 23% in Al-Li/CF composites. Depending upon the fibre volume fraction of the
composites, the fibre strength transfer efficiency varies from 0.310 to 0.253, 0.298 to
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0.270 and 0.329 to 0.245 for Al-Cw/CF, Al-Li/CF and Al-Zt/CF composites respectively.
The high transfer efficiency of the fibres corresponds to low volume fraction of carbon

fibres in the composites.

Depending upon the fibre volume fraction of the composites, the density of the
composites varies from 2203 to 2669, 2154 to 2523 and 2262 to 2723 kg/m® for Al-
CwCF, Al-Li/CF and Al-Zt/CF composites respectively. These values are slightly higher

than the theoretical density values, estimated by law of mixtures.

The Brinell hardness values as determined are found to be higher for Al-Zi/CF
composites than those for Al-Cw/CF and Al-Li/CF composites. Depending upon the fibre
volume fraction, the Brinell hardness values vary from 89 to119, 97 to 114 and 84 to 127
kg/mm? for Al-Cu/CF, Al-Li/CF and AI-Zt/CF composites respectively. The high

hardness values correspond to high volume fraction of catbon fibres in the composites.

The % elongation of the composites is found to decrease with increasing fibre
volume fracﬁon. The % elongation of Al-Cw/CF composites is higher than that of Al-
Li/CF and Al-Zr/CF composites. Depending upon the fibre volume fraction, %
elongation varies from 1.7% to 1.2%, 1.9% to 1.4% and 1.5% to 1.0% for Al-Cw/CF, Al-
LVCF and Al-Zr/CF composites respectively. The high values of % elongation

correspond to low volume fraction of carbon fibres in the composites.

The tensile strength of the composites is found to be higher for Al-Li/CF
composites than fo‘r Al-CW/CF and Al-Zt/CF composites. Depending upon the volume
fraction of the fibres, the tensile strength varies from 309 to 463 MPa, 376 to 562 MPa
and 268 to 403 MPa for Al-Cw/CF, Al-Li/CF and Al-Zr/CF composites respectively. The
high strength values of these composites correspond to high volume fraction of carbon
fibres. These strength values lie between 27~45% of the estimated values based on law of
mixtures. The strength values, determined in the present study for Al-Cu/CF and Al-
Zr/CF composites are lower while that of Al-Li/CF composite is higher than the strength

of the composites having the same volume fraction of carbon fibres, as determined by



other workers. This difference is attributed to heavy degradation of carbon fibres in Al-

Cu and Al-Zr alloy matrices and light degradation in Al-Li alloy matrix.

Chapter- 7 describes the theoretical model developed to investigate the
compressive behaviour of carbon fibres during squeeze casting. This model is based on
hexagonal distribution of the carbon fibres in the squeeze cast composite. On the basis of
this model, an analytical expression for relating the fibre volume fraction and the fibre
thickness reduction has been established. A prediction of the limiting fibre thickness
reduction is also obtained. The analysis is verified by experimental data obtained in case
of Al-Cw/CF composite fabricated by squeeze casting technique. The results of this study
also have significant implication in the understanding of preform permeabiiity during

squeeze casting of the composites.

Chapter- 8 presents the major conclusions of the current study on the wettability
of different aluminium alloys with vitreous carbon, solidification processing,
microstructural characterization and the physical and mechanical properties of aluminium

alloys based carbon fibre reinforced metal matrix composites.
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Chapter-1

INTRODUCTION

Enhanced performance and cost effectiveness are two major conflicting, yet
driving forces leading to the development of new materials. This may be achieved by
adopting advanced processing techniques and also by combining two or more
materials with superior qualities. Most of the engineering materials derive superior
properties from a combination of components rather than a single component. These
materials, mainly made up of a combination of two or more phases dispersed on a

microscopic scale to obtain the optimum properties, are called composite materials.

Fibre reinforced metal matrix composite (FMMC) is one of the various types
of composites where metal acts as the matrix, i.e., the bonding element and fibres act
as the load bearing elements. The main function of the metal matrix is to transfer and
distribute the load to fibres, The continuous fibre reinforced MMCs have a
combination of different superior properties like high strength, high elastic modulus,
high service temperature, good wear resistance, high electrical and thermal
conductivity, low coefficient of thermal expansion, high vacuum environmental
resistance elc. as compared to unreinforced metal matrix (1). The spectrum of
properties that one can achicve in these composites is a result of synergy between the
constituents. Thus, these composites have extended the horizon of engineering
materials and significant research efforts have been directed to develop different fibre

reinforced MMCs and to determine their potential as future engineering materials.

Development of fibre reinforced MMCs is continuing for the past forty years.
Initial MMC work was stimulated by the high performance needs of the aerospace
industry, which places performance ahead of price, at least in development programs.
Initially, the development of FMMC was mainly directed towards diffusion bonding
processes. Several factors like efficiency, cost, limited number of foil alloys,
limitation on product geometry and the size, placed limitations on the potential of the
hot-press diffusion-bonding processes. The only aerospace application at that time

was of boron/afuminium FMMC, used as tubing for cargo bay stiffeners on the space



shuttle (2). After twenty years of development, because of insignificant commercial
application (other than the shuttle tubes), it was obvious that a MMC must also be
cost competitive with other materials. Thus, the emphasis of the 80s was towards
cheaper reinforcement and net shape technology including rapid and simple
production techniques.- In comparison with other techniques, for FMMC fabrication,
solidification processing stands out as potentially simple and economical. This has
driven the developers towards casting processes with modern multifilament yarns, as

the reinforcement.

A major thrust in the development of fibre reinforced composites technology
has come from the efforts to substitute relatively heavy conventional components by
those made of light weight composites. However, depending on the quantum of
economic advantage, the premium on weight savings is different in land, air and space
transportation. A common figure for the value of weight savings in aerospace is
$2000/kg or more and for civil aircraft is $100-1000/kg (3). The automobile industry
may be able to afford an additional expenditure of $10/kg against the $10000/kg for
the missile industry (4). The quality and reliability of the components and access to
the technologies, for the manufacturers of composite components, are limited by the

extent of economic advantage.

The continuous fibre reinforced composites are very expensive because of the
high cost of continuous fibres and of the production/development. They are not
competitive, if the value of weight savings is not taken into account. Though,
aerospace and military industries are low volume user of composite materials but due
to the high premium on weight saving, continuous fibre reinforced composites find
application mainly in these industries and slightly in automobile industries. The main
reason, of these composites being more profitable in aerospace and military areas than
conventional materials, lies in the fact that fuel can be saved due to light weight of the
structure. It is also possible to add additional weight into a system such as the space

shuttle and the range of a missile can be increased for the same payload (5).

Today, the main focus is on aluminium as matrix in FMMCs because of its
unique combination of good corrosion resistance, low electrical resistance and

excellent mechanical properties (6). To obtain good bonding and strength in the



composites, aluminium alloys are used as the matrix instead of pure aluminium. The
2xxx, 6xxx and 7xxx alloys have been used widely as matrices, for making FMMCs.
Recently, Al-Li alloy (8xxx) has been attracting the attention of researchers due to its
good wetiability characteristics resulting in improved interfacial bonding with the
reinforcement. The 2xxx alloys provide excellent combinations of strength and
damage tolerance whereas 8xxx alloys provide the opportunity for high temperature

performance (7).

Many kinds of continuous fibres such as boron, alumina, silicon carbide and
carbon fibres have been reinforced in different metal matrices. But carbon fibre
reinforced aluminium composites have been an area of considerable interest over the
last three decades, primarily for their high specific strength, high specific modulus,
high temperature applications and excellent thermal and electrical conductivity. They
have many applications in aircraft, missiles, rocket propulsion systems, spacecraft and
clectrical machinery (8). Aluminium alloys reinforced with continuous fibres of
graphite/carbon have good high temperature properties, which makes them interesting

for tactical missile skin, stiffeners and launch tubes (9).

Carbon fibres have been classified into two main categories according to their
mechanical properties, i.e., high strength carbon fibre and high modulus carbon fibre.
The mechanical properties of carbon fibres depend upon their microstructure and the
degree of crystallite orientation. High modulus carbon fibres, having a density about
1.8 to 2.2 glem’®, are highly graphitized at a temperature above 2000°C and are
characterized by a high modulus. They have the long distance order of graphite
crystallites, mainly parallel to the fibre axis. High strength fibres, which are heat
treated at a temperature lower than 1500°C, have a low modulus but very high
strength. Although, high strength carbon fibres also have crystallite orientation mainly
parallel to the fibre axis, the size of the crystallites is very small as compared to that
of high modulus carbon fibres (10). The high strength carbon fibres are the cheapest

(except alumina fibres) and easily available (6).

Design of composite materials, for a given application, may address primary
issues like the selection of the reinforcement and the matrix, their wettability, the

nature of interface to attain good bonding and reproducibility. The wettability of the



fibre reinforcement by metal matrix generally determines the bonding at the interface.
Most of the fibre reinforcements are poorly wetted by the molten metal. 1t is the
bonding at the interface, which plays an important role in determining the properties
of a composite. Normally, in continuous fibre reinforced MMCs, employed in static
or dynamic structures, it is desirable to have a sufficiently strong interface which
could transfer and distribute the load from matrix to the fibres. The composites with
weak interfaces generally have low strength and stiffness but high fracture toughness
while a strong interface usually leads to high strength and stiffness but poor fracture
toughness. A medium strength bonding at the interface results in high strength and
stiffness with good fracture toughness. These properties are related to the ease of
debonding and pullout of fibres from the matrix, during crack propagation (11). In the
ideal case, the bonding should be a continuum across the interface, involving
coherency of bonds at the atomic level but a chemical discontinuity requiring absence

of any interdiffusion between the constituents.

The fabrication of AVCF composites by liquid phase fabrication methods is
limited mainly due to two recurrent problems: Molien aluminium and its alloys do not
wet carbon up to 950°C and carbon reacts with aluminium to form aluminium carbide
above 950°C resulting in poor infiltration and degraded fibres respectively. It has been
reported by many workers that high modulus carbon fibres are less degraded than
high strength carbon fibres due to the differences in crystal structure and surface
properties, as these determine the reactivity of carbon fibres with aluminium and its
alloys (12,13). However, some workers have shown that high strength carbon fibres
are less degraded when reinforced in aluminium alloy matrices containing sufficient

amount of surface active elements like Li, Mg and Ca (14).

The wettability of carbon reinforcement by aluminium and its alloys can be
enhanced by various methods. The most simple and economical method is to modify
the aluminium matrix by alloying additions. Tvo types of alloying additions have
been used for enhancing the wettability of carbon by aluminium. The first alloying
additions are those, which promote reaction between carbon and aluminium whereas
the second alloying additions modify the characteristics of oxide layer present on the
surface of molten aluminium (15-17). It has been reported that these alloying

additions must have sufficient concentration in aluminium to produce a significant



improvement in the wettability (18,19). This also helps, as the liquidus temperature of
highly alloyed aluminium matrix is relatively lower than that of aluminium, however,
the addition of reactive elements increases the liquidus temperature of the aluminium

alloy (20).

The primary methods for solidification processing of metal matrix composites
having continuous fibre reinforcement, as established over recent years, are (i) liquid
metal infiltration and (i) squeeze casting. The application of liquid metal infiltration
is limited because of the wettability problem of most of the fibre reinforcements with
all liquid metals at low temperatures and the degradation of the fibre reinforcement at
high temperatures. However, both the methods as well as several variations of these
two have been used to make continuous carbon fibre reinforced aluminium alloy

matrix composites (21-23).

In squeeze casting, a hydrostatic pressure is applied to the entire volume of
liquid metal in a die cavity which contains the preheated fibre perform. The high
pressure assures the wetting of the fibres by the liquid metal and a casting free of
shrinkage and porosity is produced due to expulsion of all the absorbed and trapped
gases. The high pressure also ensures the elimination of the air film at the liquid-die
interface so as to enhance the heat transfer across the die wall and results in a rapid
solidification of the composite casting. Another advantage of the high pressure
application in squeeze casting is that the freezing temperature of the metal matrix is

increased according to the Clausius-Clapeyron equation (23).

At high temperatures, the degradation of carbon fibres in aluminium matrix
often results due to the chemical reaction forming compounds like AlC; (24,25).
Thus, the degradation of fibres is associated with the reaction kinetics between fibres
and aluminium matrix. In other words, it depends upon processing time and
temperature of composite fabrication as reaction kinetics is governed by these two

parameters.

The advantage of highly alloyed aluminium matrices is their lower liquidus
temperature as compared to pure aluminium. In these conditions, the reaction kinetics

between aluminium and carbon can be slowed down during processing of the



composite. On the other hand, by using squeeze casting technique, the processing
time can be reduced due to rapid solidification under high hydrostatic pressure as well
as due to increase in the freezing temperature of the aluminium alloy matrix. Thus, it
is possible to fabricate continuous carbon fibre reinforced aluminium alloy matrix
composites by squeeze casting at high pressure and moderaté temperatures (700-
800°C) without degrading the carbon fibres. At the same time, one may overcome the

problem of poor wetting of carbon fibres by aluminium alloys at these temperatures.

The addition of reinforcements generally has a strong effect on the
microstructure of composite matrix. The presence of reinforcements within the matrix
can cause a variety of phenomena including localized plastic flow, interfacial
precipitation, grain size refinement and uneven solute distribution. Several of these
effects are found in aluminium alloys reinforced with carbon fibres (26). Most of
these factors largely influence the mechanical properties of the composites. So,
microstructural characterization of aluminium alloy reinforced with continuous fibres
is a necessary step in determining the effect of processing parameters on mechanical

behaviour and in understanding the fundamental mechanisms of its failure.

In fibre reinforced aluminium alloy composites, most of the mechanical
properties like hardness, tensile strength and tensile modulus increase with increasing
fibre volume fraction (27). On the other hand, the ductility and density of these
composites decrease with increasing fibre volume fraction. So, one has to
compromise with low duetility of these composites against the advantage of weight
saving; but the span to tailor the properties according to the requirement is quite large
to adjust the fow ductility. Thus, these composites may have the potential to be used
in aeronautical and military areas, where weight saving is of prime interest in addition

to high specific strength and hiigh specific stiffness.

To summarize, the present study is an attempt to explore the possibilities of
developing high strength carbon fibre reinforced aluminium alloy matrix composites
having superior mechanical properties. The effect of two types of alloying additions
to aluminium is investigated to evaluate the improvement in the wettability of
aluminium with carbon. The concentration of these alloying additions has been

optimized to produce sufficient wettability and bonding by keeping the density of the



alloys nearly equal to that of aluminium. The contact angle of aluminium alloys
containing different concentrations of these alloying additions has been compared
with the contact angle of an aluminium alloy containing neutral alloying addition. The
solidification processing method and alloy matrices have been selected on the basis of
wettability studies to reinforce the carbon fibres. The processing parameters have
been selected by optimizing ‘complete infiltration’ and ‘minimum degradation” of
fibres.

The microstructural characterization of these composites has been carried out
to observe the effect of fibre addition in different aluminium alloy matrices. The
extent of interaction and bonding between carbon fibres and different aluminium alloy
matrices has been evaluated in terms of fibre strength degradation during
solidification processing of the composites. These microstructural features alongwith
the extent of fibre degradation have been correlated to the observed mechanical
behaviour of different composites. Finally,.a theoretical model has been developed to

predict the compressive behaviour of carbon fibres during squeeze casting.

The knowledge base generated through this study is expected to offer a better
understanding regarding the fabrication and mechanical behaviour of continuous fibre
reinforced metal matrix composites. It also helps in tailoring the various properties of
continuous fibre reinforced metal matrix éomposites 50 as to utilize their potential as

structural materials for future applications in aeronautical and military areas.



Chapter-2

LITERATURE REVIEW
2.1  INTRODUCTION

The art and science of combining molten aluminium and its alloys with carbon
fibres mainly consists of two recurrent problems: Molten aluminium and its alloys do
not wet carbon fibres at low temperatures and aluminium reacts with carbon to form
AlC; at high temperatures. The wetting of carbon by aluminium using the sessile
drop method was initially investigated by Naidich and Kolesnichenko (28) in 1965.
Later, Eustathopoulos et al. (29), in their pioneering work on the wettability of
aluminium with carbon, have pointed out that the poor wettability of carbon by
aluminium is due to the oxide layer present on the molten aluminium surface, which

prevents the direct contact of aluminium with carbon.

Several methods have been developed to overcome the problem of poor
wettability of carbon by aluminium. Manning et al. (18) and Nicholas et al. (30) have
tried to improve the wettability by alloying additions whereas several others have

used metallic coatings on carbon fibre surface to improve the wettability (31-33).

Many methods have been developed for the solidification processing of carbon
fibre reinforced aluminium matrix composites. Pepper et al. (34) were the first to
successfully infiltrate the carbon fibres by aluminium-silicon alloy through liquid
metal infiltration technique and most probably, first to take a patent (35) on the
solidification processing of these composites. Afterwards, early workers have
developed many methods based on pressure casting. These include vacuum
infiltration (36), squeeze casting (37), pressure infiltration {(12) and pressure assisted
network infiltration (38). |



2.2 WETTABILITY

Wettability is described by the contact angle ‘@° formed at the line of contact
of three phases-solid (s), liquid (1} and vapour (v}). The contact angle ‘8 is defined as
the angle included between the tangent to the surface of the liquid and the tangent to

the surface of the solid at any point, along their line of contact.

If a liquid drop rests on a solid substrate, as shown in Fig.2.1, the wetting
angle ‘@’ characterizes the wetting of solid by liquid. The fundamental relationship
between wetting angle and the surface energy in equilibrium is given by Young’s (39)

equation as,
Yoo = Y t Yy COSE (2.1)

where, ¥, is the surface energy of solid, yy is the solid-liquid interfacial energy,  is
the surface energy of liquid and @ is the wetting angle. For wetting systems, 6 should
be less than 90°. The wetting angle ‘6 characterizes the degree of spreading/wetting

in the system.

The work of adhesion ‘w,” of the liquid on the solid is given by Dupre’s (40)

equation as,
Wa =Yoo+ Y= Yt (22)

work of adhesion ‘w,’ and wetting angle ‘6° are related to each other according to

classical Young-Dupre equation as,

cosf=2u_1 ' 23
Vi

The work of adhesion ‘w," quantifies the strength of the interactions between

the liquid and solid at the interface. So, it characterizes the bonding between tiquid
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Fig. 2.1 Schematic diagram of a liquid drop on the solid surface showing the inferfacial
forces and wetting angle (a) nonwetting system (b) wetting system,



and solid and is invariably taken into account when modeling the mechanical

properties of metal-ceramic composites (41,42).

Oh et al. (43) have proposed the concept of immersional wetting. When a solid
is immersed into liquid, the solid-gas interface is replaced by a solid-liquid interface
without changing the area of liquid-gas interface. The free energy change or the work

performed ‘w;’ is given as,
Wi =it Yo 24

Equation (2.4} defines the work of immersion ‘w;’ as the change in free energy
on immersing the solid in the liquid, so that w; < 0 indicates spontaneous wetting.
When w; > 0, the solid would tend to float and must be forced into the liquid.
Capillary rise and pressure infiltration of liquid metal into a solid preform are two
practical examples of immersional wetting. Immersional wetting may be affected only

by changes either in y; and ¥, or both.
2.2.1 Measurement of Wettability

The sessile drop method allows simultaneous measurement of the contact
angle ‘@ and the liquid metal surface tension ‘»," and therefore, allows measurement

of wettability by virtue of Young’s equation.

In sessile drop method, conventional experimental approach to wettability
consists of measuiring the contact angle of a drop of the liquid metal matrix resting on
a flat substrate of the ceramic reinforcement material. Some investigators (29) have
meésured the contact angle ‘@’ directly with the help of a protractor through the
construction. of tangent on the drop profile at the point of contact of drop profile and
the substrate. However, several investigators (44-48) have successfully used other

geometrical processes to obtain the contact-angle from the drop profile.



The measurement of surface tension by sessile drop method is essentially
based on the determination of the shape factor ‘#° and of the radius of curvature ‘b’

at the drop apex. The two parameters are related as,

2
L 2.5)
Vi

Kozakevitch and Urbain (49) have given a technique by simultaneously
measuring the h/ty, ratio for four different values of ¢ (45°, 60°, 126", 135°%) as shown
in Fig. 2.2 where, OM=h and EB=tmax. Four 7 values are then found by interpolating
from the Table-Al in Appendix-A. Weightage factor ‘4’ to these 7 values is given in
Table-A2 in Appendix-A. The averagev shape factor ¢ r~]’ is then calculated by the ratio
of the sum of the product of alf » value by their respective weightage factors £ to the

sum of all weightage factors corresponding to different 5 values. After calculating

the average shape factor ‘7, the value of p = r/b is taken from Table-A3 in

Appendix-A. The value of & is calculated as b = le, where m is the magnification
rom

of the drop profile. The surface tension of the liquid metal is then calculated as,

:_gL 2.6
nfrm)* @5

Ve

After calculating the surface tension and contact angle, the bonding strength is
determined by calculating the work of adhesion from Eqn. (2.3). Bonding properties
are some times calculated as the fraction of work of cohesion, which is equal to 2 .
To achieve good interfacial properties in metal matrix composites, the work of

adhesion should be about 50 to 60% to the work of cohesion of liquid metal (19).
2,22 Wettability of AVC system

Due to the importance of the aluminium/carbon system as a candidate for

metal matrix composites (50), the wetting of carbon by aluminium has been studied
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extensively during the last three decades (19,28,29). Indeed, wetting properties are

needed to describe the liquid-state processing of the composites.

The wettability of carbon by aluminium has been found poor below 950°C as
investigated by several workers (28-30). Eustathopoulos et al. (29) have shown that
this phenomenon is due to the presence of aluminium oxide layer on the metal drop
preventing the actual contact of aluminium with carbon substrate. The same
phenomenon is observed by other workers (51,52) during their studies on wetting of

aluminium with other substrates.

The presence of wetting/nonwetting transition temperature, which is relatively
independent of the substrate but dependent on the partial pressure of oxygen in the
chamber, indicates that wettability is largely dictated by this oxide layer (2).
Eustathopoulos et al. (29) have pointed out that at about 860°C, compactness of the
oxide layer is reduced due to the dissolution of oxide particles in molten aluminium
and the defects in the oxide layer occur due to the formation of gaseous substance
ALO according to the reaction 4Al + Al;O; — 3AL,0 at about 1000°C. As a result,
liquid aluminium penetrates the oxide layer to make actual contact with carbon
substrate. The contact angle then sharply reduces to 65° from 95° at 1000°C with the
formation of a thick layer of Al4C5 at the liquid-solid interface. They have marked the
observed contact angle as dynamic as it depends upon the rate of reaction of Al«C;

formation.

Zhongyu et al. (53) have experimentally measured the contact angle of
aluminium on polycrystalline graphite substrate by sessile drop method and have
reported that the contact angle changes with the melt teroperatures at two different
stages showing different features. The initial stage covers the temperatures ranging
from 660°C to 850°C where the contact angle of the system decreases slowly with the
increase in temperature and the second stage covers the temperatures ranging from
850°C to 1100°C where the contact angle drops sharply with the rise in temperature,
They have observed a nonwetting angle (~160°) at 800°C followed by wetting ol
graphite after attaining the wetting angle (~55°) at about 1000°C.
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formation.

Zhongyu et al. (33) have experimentally measured the contact angle of
aluminium on polycrystalline graphite substrate by sessile drop method and have
reported that the contact angle changes with the melt temperatures at two different
stages showing different features. The initial stage covers the temperatures ranging
from 660°C to 850°C where the contact angle of the system decreases slowly with the
increase in temperature and the second stage covers the temperatures ranging from
850°C to 1100°C where the contact angle drops sharply with the rise in temperature.
They have observed a nonwetting angle (~160°) at 800°C followed by wetting of
graphite after attaining the wetting angle (~55°) at about 1000°C,



on different types of carbon substrates has also revealed that initial contact angle is
higher for vitreous carbon substrate than graphite substrate. This behaviour is in good
agreement with the classical theory of adhesion due to Vander Waal’s interactions
(55), according to which the adhesion energy is proportional to the atomic densities of
the two phases in contact. Since initial contact angles are related to Vander Waal’s
interactions, the low atomic density carbon substrate, i.e., vitreous carbon in contact
with aluminium has low adhesion energy hence, high contact angle.

The final contact angle of aluminium on vitreous carbon substrate is lower
than that on other carbon substrates because spreading kinetics is related directly to
reaction kinetics and the reactivity varies with carbon substrates, As the reactive
carbon atoms are present inside the prismatic planes of graphite materials, a high
parallelism of the graphite basal planes with respect to the substrate surface leads to a
low fraction of exposed prismatic planes and thus, a lower reactivity. The .higher
reactivity of vitreous carbon substrate than graphite substrate is responsible for the

low final contact angle of aluminium on vitreous carbon.

The wide differences in the contact angle data of aluminium on carbon at low
temperatures may be attributed to the experimental conditions also. Depending upon
the particular atmosphere and the substrate roughness, several workers (56-58) have
observed the contact angle of aluminium on carbon in the range of 150° to 170° at low
temperatures that remains nearly constant with time, whatever is the type of carbon
substrate. This behaviour is typical of the oxidised drops and is observed at low
temperatures, when a medium vacuum or an atmosphere of inert or even reducing gas
is used. The deoxidation of aluminium/aluminium alloy drop is favoured by high
temperature, high vacuum (p< 107 Pa) and by using the capillary purification
technique, in which this layer is broken by extrusion of the melt through a capillary
(59).

2.2.3 Enhancement of wettability in AV/C system
Though, aluminium shows good wettability with carbon at low temperatures

{19), it is of no practical use in the solidification processing of AVCF composites as

molten aluminjum reacts with carbon fibres to form aluminium carbide. This results
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(19), it is of no practical use in the solidification processing of AI/CF composites as

molten aluminium reacts with carbon fibres to form aluminium carbide. This results
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influence of heat treatment of carbon fibres on their infiltration by aluminium or
aluminium alloys. However, it has been reported that the carbon fibres are degraded
by heat treatment. The extent of degradation depends upon preheating temperature,
preheating time, preheating atmosphere and on the type of carbon fibres (12). Rossi et
al. (63) have reported that multifilament graphite fibres can be properly infiltrated by
molten aluminium only after thorough removal of the contaminants by multiple

chemical washings.

Alloying additions to the aluminium have shown to affect the wetting angle of
AVC system and ease of infiltration into carbon fibre preforms. Effective alloying
additions fall in two categories. The first are additions that promote reactions between
carbon reinforcement and aluminium matrix. Several investigators have observed
wetting angle and ease of infiltration into carbon preforms by aluminium having
reactive alloying additions. Sobczak et al. (64) have observed a wetting angle of Al-
6wt.%Ti alloy on graphite substrate in seven minutes at 950°C, in one minute at
1050°C and instantaneously at 1150°C after the melting of the alloy. Delamotte et al.
635) have observed good infiltration and uniform distribution of carbon fibres by
luminium-nickel alloy matrix. Similar observations have been reported by Kuniya et
1. (66) during the infiltration of carbon fibres by aluminium alloys having the
lloying additions of titanjum, chromium and zirconium respectively. Sara {67) has
Iso observed the complete infiltration of carbon fibres by aluminium when alloyed

vith tantalum and hafnium respectively.

Naidich (68), in an extensive study, has pointed out that the transition metals
metals with an unfilled d-electron shell) react strongly with carbon to form carbides
vhere bonding involves some electron transfer from carbon to the d-shell of the
netal. The reactivity increases with increasing temperature and with decreasing
wmber of d-shell electrons (Ti > V > ---- > Ni). This tendency agrees well with
wvetting angle data, obtained by Mortimer et al. (69) in a detailed study on the
vettability of vitreous carbon and graphite substrate with copper alloys. This indicates
hat in general alloying additions that promote reactivity between metal and the
:arbon substrate decrease the wetting angle due to formation of carbides at the

nterface.
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vitreous carbon substrate under same experimental conditions as used for aluminium-
lithium alloys. They have attributed this improvement in wettability to the reduction
in the compactness of the oxide layer on liquid aluminium by these alloying additions.
The same effect of these alloying additions on oxide layer covering the liquid metal

has also been observed by other workers (73-74).

Lithium is supposed to be beneficial for the impregnation of carbon fibres
(16,75). Kimura et al. (17) have studied the dewetting of various aluminium alloy
coatings deposited on carbon fibres by vacuum evaporation. These authors have
concluded that alloys containing 1 at.% of indium, lead and thallium and 5 at.% of
magnesium respectively, show excellent wetting behaviour with carbon fibres. In fact,
they have observed that dewetting of carbon fibres coated with these aluminium
alloys is prevented after heating sufficiently above the melting points of the alloys.
They have attributed the observed behaviour to the lowering of the surface tension of
liquid aluminium by the addition of these elements. Their results have been in good
agreement with the findings of Manning et al. (18) who has bointed out that wetting is
not significantly affected by the addition of small quantities (2 to 3wt.%) of surface

active elements such as bismuth and lead.

So, these two classes broadly illustrate the chief methods that have been used
in practice to achieve wettability for fabrication of carbon fibre reinforced aluminium
matrix composites: reactions at the carbon fibre/aluminium matrix interface and
modifications of the oxide layer that usually present at the surface of liquid
aluminium matrix. A more sophisticated technique based on the same principles is to
modify the carbon fibre surface itself with a coating. This is the most widely explored
technique to promote wettability in the fabrication of carbon fibre reinforced

aluminium matrix composites.

Coatings are also classified broadly into the two categories that have been
employed for alloying additions. Coatings that react with the matrix are numerous and
include metallic and carbide coatings for carbon fibre reinforcement in aluminium.

Several methods have been developed to deposit these coatings on carbon fibres.
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carbide coatings for several types of carbon fibres by using tin as a transfer agent.
Several others (85,86) have coated carbon fibres with chromium carbide and tungsten

carbide, using copper as a transfer agent.

Coatings of tantalum, TiN and SiC have also been studied for carbon fibres.
Morooka ct al. (87) have observed that coating of SiC effectively protects the fibres
from the oxidation and prevents the diffusion of aluminium into the fibres. Wang et
al(88) have successfully coated the carbon fibres with SiC by a polycarbosilane
solution process and have observed an improvement in the wettability of carbon fibres

with aluminium.

Although these coatings are stable in liquid aluminium, they degrade the fibres
due to dissolution of carbon fibres necessary for carbide formation. So, an additional
coating of nickel is then necessary to provide wetting and to prevent further

degradation of carbon fibres (89).

The second types of coatings are those, which react with the oxide layer on the
liquid aluminium. A coating derived from the chemical formulas used in conventional
fluxing of aluminium alloys has been developed by Naslain and co-workers (90) to
eliminate the solid aluminium oxide layer that forms at the metal/air interface during
infiltration. A loose coating of K, ZrFg, which is a fluxing agent for aluminium, is
deposited between the fibres. The coating of K;ZtFs permits continuous fibre
reinforced composites to be cast in permanent moulds at low temperatures without
any additional pressure, showing the enhancement in wettability of the fibres by metal
matrix. Sanctis et al. (36) have successfully infiltrated the K,ZrFs coated PAN T300
catbon fibres by aluminium silicon alloy at 690°C. Although the infiltration is aided
by applying some vacuum, the infiltration of coated carbon fibres at 690°C clearly

reflects the enhancement in wetting.

Pfeifer (91) has reviewed the technology of liquid metal infiltration of carbon
fibres by aluminium, where fibres are precoated either with titanium boride or
titanium boride mixed with titanium carbide to enhance the wettability of carbon
fibres by aluminium. Materials concept Inc. in a patent (92), utilizes the in-line TiB

treatment on tows of carbon fibres for deposition of thin TiB; coating by chemical
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In case of carbon fibre reinforced aluminium matrix composites, where carbon
and aluminium form a reactive system, the physical interaction at low temperature is
related to small work of adhesion, which is a small fraction of the work of cohesion of
liquid aluminium. This physical interaction, arises due to the dissolution of carbon in
aluminium (19), shows that Al/C interface is energetically weak as the solubility of
carbon in aluminium at this temperature is only 0.16 wt.% (97). These values of work
of adhesion are comparable with those measured in non-reactive systems like
Cu/carbon (98,99) and Ag/graphite (68) systems in which adhesion has been

attributed to Vander Waal's interactions.

As the physical interactions have weak temperature dependence, it is
impossible to obtain a strong interface bonding between carbon and aluminium by
physical - interactions only, which of course are always present there (100). Thus, it is
necessary to induce chemical interaction between fibre and the matrix to get a strong
interfacial bonding. Chemical intcractions between carbon fibre and aluminium are
associated with the formation of aluminium carbide at the interface. The work of
adhesion of these chemical interactions is quite large (68) and is about 70 to 80% of
the work of cohesion of liquid aluminium (19). Landry et al. (19) have pointed out
that this work of adhesion is actually for AI/ALC; system and not for AVC system.
The AVALC; interface is thus energetically strong and adhesion is interpreted in

terms of covalent bonds formed due to chemical interactions.

Transition metals react strongly with carbon to form carbides. The work of
adhesion with graphite is very large which increases with increase in temperature and
with decrease in number of d-shell electrons. Chemical interactions amount for 90 to
95% of the work of cohesion. In such reactive systems, work of adhesion is a very
dynamic quantity, These metal like carbides show highest wetting by transition
metals. The chemical interactions, between aluminium (alloyed with transition metal)
and carbon, are associated with large work of adhesion because of metallic like
carbide formation at the interface. This large work of adhesion is attributed to the
formation of metallic bonding across the interface. As soon as the reaction front
proceeds in the solid, one deals with an interface of the type liquid metal-metal

carbide-carbon rather than liquid metal-carbon (68).
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coating is necessary to provide satisfactory wetting (89). The coatings of SiO;
(barrier) and Cu (wetting), deposited in sequence on carbon fibres have been reported
to prevent the reaction at the interface (110). Several investigators have reported the
prevention of fibre/matrix reactivity by depositing inert coatings on the fibres using

chemical vapour deposition (16,104) and various other methods (108,111).
2.4  FABRICATION METHODS FOR FMMCs

Continuous fibre reinforced MMCs can not be fabricated easily by the
conventional casting methods. There are several techniques available to fabricate such
MMCs. Generally, there are two types of fabrication methods: Solid phase fabrication

methods and liquid phase fabrication methods.
2.4.1 Solid-Phase Fabrication Methods

(a)  Diffusion Bonding: This method is normally used to fabricate fibre reinforced
MMC with sheets or foils of matrix. In this method, the metal or metal alloys
in the form of sheets and the reinforcement material in the form of fibre are
chemically surface treated for the effectiveness of interdiffusion. Alkaline or
acid solutions are often used for chemical treatment of fibres while other
solutions are used for surface cleaning of matrix sheets or foils eg. carbon

tetrachloride for z}luminium foils or sheets (112).

The carbon fibres are wound on a drum of a metal having good thermal
conductivity (Cu for instance) to deposit the coating of matrix material.
Preformed sheets are then cut by shears or die and are laid in predetermined
orientations to achieve the fibre volume fraction and thickness required. The
major step in the diffusion bonding method is press forming which achieves
bonding of flbre and matrix through the application of pressure and
temperature. The method enhances the composite density by removing voids
and improves composite strength by introducing some plastic deformation in
the metal matrix. Basic parameters controlling the forming process are press

temperature, pressure, holding time and atmosphere.
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refractory metal powders, ceramic powders and cermets. In recent years, the
HIP technique has been applied to superalloys, tool steels and
titanium/titanium alloy powders. Inert gases such as He, Ar and N; are used
for applying the pressure. A HIP apparatus with a vessel size of 0.9-1.5m
diameter and pressure of 20.6-206 MPa has been reported (118-121).
Composites including B/Ti, B/Al, steel wire/Ti and steel wire/Al have been

fabricated by this method.

2.4.2 Liquid-Phase Fabrication Methods

Liguid phase fabrication methods are particularly suitable for producing

composite parts of complex shapes and the apparatus needed is relatively simple.

Uniform fibre distribution can usually be achieved with little porosity in the matrix

material. However, the contact of molten metals with fibres often results in interfacial

reactions, which are only avoided if the fibre is completely insoluble in the molten

metal. Fibre coatings or alloying of matrix materials are then necessary to prevent

fibre damage or enhance the interfacial bonding. Several infiltration techniques have

been used.

@

Liquid Metal Infiltration: This process can also be called fibre tow
infiltration. Fibre tows can be infiltrated by the molten metal, if wetted by the
metal (104,122). Usually the fibres must be coated to promote wetting. Once
the infiltrated wires are produced, they are assembled into a preform and are
given a secondary consolidation process to produce a component. Secondary
consolidation is generally accomplished through diffusion bonding or hot
moulding in the two phase (solid + liquid) region of the phase diagram (2).
The infiltration process can be done under atmospheric ptessure, inert gas

pressure and in vacuum,

Metals such as alumintum, magnesium, silver and copper have been
used as matrix materials in this process because of their low melting
temperatures. This method is desirable in producing relatively small size
composite specimens having unidirectional propertics (123). The application

of this process is limited because of the wettability problem of reinforcement
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infiltration and HIP, rolling and hot pressing and combinations of the

infiltration methods like vacuum-inert gas infiltration method (21).

Squeeze Casting: Squeeze casting is a variant of a pre-existing process
employing pressure to enhance casting quality (125,126). The basic principle
is to forge a liquid metal into a closed die to produce finished shapes. The
liquid metal then solidifies under high pressure (50 to 100 MPa). In addition to
rapid solidification, casting quality is enhanced by the collapse of gas and

shrinkage porosity under the influence of the high hydrostatic pressure.

For FMMC, a preheated fibre preform is inserted into the die. Liquid
metal is metered into the die cavity and a ram (which may be shaped to form
part of the near net-shape casting configuration) is inserted to apply pressure.
The advantages of this process include simplicily, high speed of operation and
high pressures that can easily be maintained throughout solidification to feed
shrinkage. A major limitation is the size of parts that can be cast because of

the tooling required for such a high pressure (2).

In general, two different kinds of squeeze-casting techniques, known
as “direct” and “indirect”, have been developed based on different approaches
of liquid metal metering and liquid metal movement, The direct squeeze-
casting technique is characterized by a direct pressure imposed on the castin;
without any gating system, as illustrated in Fig.2.2. Since the pressure is
directly applied to the entire surface of the molten metal during solidification,
this technique gives fully densified components and extremely fast heat
transfer which vields fine grain structure alongwith good mechanical
properties. In the indirect technique, as shown in Fig2.3, the pressure is
exerted on a gate, which transmits the load to the component (127). Owing to
the fact that the pressure is imposed at a distance from the component, it is
difficult to maintain a high pressure on the component throughout its
salidification and cooling periods. This indicates that it is difficult to cast long
freezing range alloys with the indirect technique. Also, metal yield is much
lower than that achievable with direct squeeze casting. The mechanical

properties of squeeze cast products are controlled to a large extent by the
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Fig. 2.3 Schematic diagram of the direct squeeze casting process.
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structure and morphology derived during solidification. Extensive nucleation
and hence, fine equiaxed grain structure can be obtained due to undercooling
below the equilibrium solidification temperature and rapid heat extraction. In
squeeze casting, the requirements of both rapid heat extraction and

undercooling can be met (128).

The usual equilibrium diagram of an alloy depicts the equilibria at a
constant pressure of one atmosphere. During squeeze casting (23), the pressure
applied by the punch or upper die can amount to a few thousand atmospheres.
The consequent increase in the freezing temperature ‘AT, for alloys that
expand on melting, can be calculated from the Clausius-Clapeyron equation
as,
T(V,-V,)AP

H

4T = 27

where, H is the latent heat of fusion, 7, is the melting temperature at
atmospheric pressure, 4P is the increase in pressure above one atmosphere and

Vaand ¥} are specific volumes of liquid phase and solid phase respectively.

For Al-base alloys (except high silicon containing alloys which do not
show much expansion), the freezing temperature may increase by 10-25°C,

depending upon the pressure during squeeze casting.

1f pressure is applied on the molten metal, which is only few degrees
above the liquidus temperature, undercooling can occur throughout the liquid
metal mass. Although the actual temperature may not have decreased below
the equilibrium (at one atmospheric pressure) freezing temperature, rapid
solidification of the undercooled melt can be realized. Furthermore, the high
rate of heat removal achieved in squeeze casting is also helpful to the rate of
solidification. This is because the applied pressure tends to force the
solidifying metal against the die and eliminates the air gaps between the
casting surface and the die wall. The heat transfer coefficient, so achieved in

squeeze casting, can be an order of magnitude larger than that in gravity die-

33



243

casting. The combination of undercooling with high heat transfer rates ensures

a fine grain equiaxed structure (128).

Pressure Infiltration: Processing Fundamentals

The liquid metal infiltration process, for fabricating fibre reinforced MMCs,

consists of the flow of liquid metal into the interstices of an array of ceramic fibres by

means of a pressure gradient and the subsequent solidification of the liquid metal.

This process is generally termed “pressure infiltration” which includes die-casting,

gravity casting, counter-gravity casting and squeeze casting.

()

()

The Infiltration Process: In squeeze casting, molten metal is poured into a
cavity, which contains preheated preform of fibres. The metal infilirates the
preform under an applied pressure, AP, which is equal to the sum of pressure
required for preform penetration, AP,, and the pressure required for preform

infiltration, AP, So, APris given as,
APr=A4P,+ AP, (2.8)

In other words, APr is also equal to the pressure difference between the metal
pressure at the entrance of the preform and the pressure at the infiltration front,
which is equal to the atmospheric pressure in the non-infiltrated portion of the

preform,

Preform Penetration: Resistance to melt penetration at the surface of the
preform arises from the effect of enforced meniscus curvature. It causes a
pressure drop generally called ‘capillary back pressure drop’ AP, (in
nonwetting systems). Several equations have been proposed for calculating the
capillary pressure drop at the infiltration front. On the basis of a simple
analysis of the energy required for reversible infiliration of a porous body,

Mortenson et al. (60) have proposed an expression for this pressure drop as,

APy = (- 1) Sf (2.9)
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or,

AP, = -y, cos8 Sy

in terms of the Young-Kelvin equation. Where y; is the fibre-liquid metal
interfacial energy, yu is the fibre-atmosphere surface energy, y is the surface
tension of the liquid metal, & is the contact angle of the metal on the fibre
reinforcement and Sy is the surface area per unit volume of preform being
infiltrated at time t. In the limiting case of & = 0, this equation is identical to
that derived by Carman (129) for capillary risc in sands using a force balance
at the infiltration front. For fibrous preform consisting of uniform radius #; the

surface area per unit volume ‘S is given as,
Sp=2V;/ v (1-V) (2.10)

Preform Infiltration: A second source of resistance to infiltration is expected
after initial penetration, This arises from frictional forces experienced by
liquid flowing through interstitial channels and depends upon the flow velocity
and infiltration distance. Fluid flow within the preform is governed by Darcy’s
law, provided the Reynold’s number is less than one (130,131). This is
generally the case in the infiltration of metal matrix composites having fine

scale of the reinforcement.

Flow of the fluid can be analyzed on the scale of an clementary volume
element that is small on the scale of the casting but comprises at least several
fibres, which allows averaging the fluid velocity and pressure over this volume
element. Fluid flow is then measured as the superficial velocity ‘¥’ a vector
given by the average flow direction of the liquid and of magnitude equal to the
volume of the liquid flowing per unit time through a unit surface cut into the
preform perpendicular to the flow direction. Darcy’s law then correlates the

pressure gradient in the liquid and the superficial velocity as,

K
v, =;[gmd(1’,,)—pmg] @1
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where, ¥, is the superficial velocity, i is the viscosity of the liquid metal, K is
the symmetric permeability tensor of the preform, P, is the pressure in the
liquid metal, p,, is the density of the metal and g is the acceleration due to

gravity.

If both the liquid matrix and the preform are assumed to be

incompressible, the continuity equation can be given as,
div(Vy) =0 (2.12)

The pressure drop 4P, is then the integral of the pressure gradient from
the preform entrance to the infiltration front and increases with increase in
flow velocity of the metal, increase in the viscosity of the metal and decrease
in the permeability of the preform. The energy required for the infiltration
process is then equal to the volume of metal displaced multiplied by the sum
of two terms (4P,+4P)) of the total driving pressure gradient. 4P, is a measure
of the jrreversible energy expenditure due to viscous losses in the flowing
metal while y7 - y is a measure of minimum energy required for infiltration to

' proceed.

In the case of a pure metal, calculation of X can be based on the Blake-
Kozeny (130) approximation or on appropriate relationships derived for the
particular preform in question. The value of K for continuous fibres and square

distribution is given as,

4
042 [,
K= 7 0.4 <o @.13)
Vy d Wy

and applicable for flow parallel to the fibre axes, where, 7y is the radius of the
solid material and ¥V is its volume fraction (132). Equation (2.13) is valid for

solid volume fractions ranging from 0.5 to #/4. The second equation given as,
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K=_£ri 1- f_‘f (2.14)
W, T

is for flow perpendicular to the fibre axis. Equation (2.14) is valid for solid
volume fractions ranging from 0.2 to #/4. It is accurate within a factor of 2

(133).

In the case of pure metal, liquid and solid metal can only coexist at the
melting point of the metal, if equilibrium is assumed at the solid-liquid
interface. If the initial fibre temperature is above the melting point of the
metal, no solid metal will form. The problem is then one of uncoupled fluid
flow in which the infiltration kinetics can be derived independently to yield,
for unidirectional infiltration, the position *X”, ol the metal lront as a function

of time ‘¢ and is given as,

L
X== (2.15)
vt
The infiltration distance ‘L’ is then given by,
2K4p (1
2=£¢”dt @.16) -
H(1-¥,)
or,
1 2K4p
(1=,

If the initial fibre temperature is below the melting point of the metal,
some solid metal forms at the infiltration front due to release of latent heat, to
heat the fibres to the melting point of the metal. In the case of pure metal, this
solid metal must solidify like a sheath surrounding the fibres as solidification
is limited by the heat transfer to the cold fibres. This assumption is
substantiated by the measurement of infiltration kinetics predicted as above

but with a changed value of permeability in the region close to the infiltration
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front that can be predicted by increasing the effective fibre diameter. The solid

volume fraction ‘¥’ in the metal phase is given by,

c v (r, -1,
v = ff_L_/_(_"_'___/_) 2.17)
' pAH

where, o is the density of fibres, Cy is the specific heat of fibres, 7,, is the
metal temperature, 7y is the fibre preform temperature, p, is the density of the

matrix and A is the latent heat of solidification of the matrix.

When no metal is solidified, X is calculated from Egns. (2.13) and
(2.14) by taking ryr and Vi as equal to 7y and ¥y respectively. When metal is
solidified around the fibres, the X is calculated from Eqns. (2.13) and (2.14)
by taking r,cand Vi as,

v
r*f:rf\/'Vi’ and V=V, +V, 2.18)
S/

Masur et al. (134) have shown that the excess pressure necessary to
initiate the infiltration of a dense network is of the order of ten atmosphere
(~1MPa). Other workers have also shown that the pressure increment
necessary to generate rapid flow for complete infiliration in about a second is
not more than ten atmosphere whereas the corresponding velocity and pressure
gradient values are about 30mm/s and 40 kPa/mm respectively (22). However,
Masur et al. (134) have shown that about 3.5 MPa is sufficient for complete

infiltration of the preform without any compression of the fibre preform.

In the practice, the pressure infiltration methods involve the use of
pressure ranging from 20 to 100 MPa (38,135). Hence, these pressures appear
lo greaily exceed the minimum pressure necessary. However, as shown by
Girot et al (136) such pressures are needed in order to avoid solidification of
the liquid during infiltration when the temperature of the reinforcing network

is lower than the melting temperature of the metal matrix.
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2.5  FABRICATION OF ACF COMPOSITES

Continuous fibre reinforced aluminium/aluminium alloy matrix composites
have been fabricated by a number of different techniques. Prominent among these are
solid state diffusion bonding, liquid state pressure infiltration, vacuum infiltration and
squeeze casting. Also, there are few attempts to fabricate the continuous fibre
reinforced aluminium/aluminium alloy matrix composites without the application of

external pressure or vacuum.

Pepper and co-workers (34) have fabricated Al-13wt.%Si/CF composites
having 28vol.% of fibres. They have developed a process for the complete infiltration
of graphite yarn. The composites are fabricated by liquid phase hot pressing of these
infiltrated yarns. The literature has not provided any information regarding the

infiltration process and hot pressing conditions.

Baker et al. (137) have fabricated the continuous carbon fibre reinforced
aluminium composites by hot pressing the carbon fibre tows, which are pre-coated
with aluminivm by Chemical Vapour Deposition (CVD) prc;cess. The CVD process is
based on the thermal decomposition of tri-isobutyl aluminium, i.e., (C4Hg);Al. Two
types of carbon fibres ie. high modulus and high strength have been used.
Composites with fibre volume fractions in the range of 20 to 40% are fabricated by
hot pressing the carbon fibre tows in vacuum. Hot pressing conditions used are: a
temperature of 550°C at a pressure of 77.3 MPa for 1h and a temperature of 600°C at
7.73 MPa for 0.5 h.

Khan et al. (138) have fabricated the graphite fibre reinforced aluminium
alloys composites by liquid metal infiltration followed by solid state diffusion
bonding. They have used TiB; coated graphite fibres for infiltration by 1100, 6061
and 201 aluminium alloys to get the composites with 25 to 30% fibre volume fraction.
The solid state diffusion process is accomplished with the pressing of precursor wires
at 21 MPa & 575°C for 40 mins in case of 6061 Al alloy and at 21 MPa & 555°C for

40 mins in case of 201 Al alloy composites.
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Imprescia et al. (139) have fabricated the AI/CF composites by liquid metal
infiltration followed by vacuum hot pressing. Titanium carbide coating is formed on
graphite fibres by chemical vapour deposition in the temperature range of 1192°C -
1477°C for 150 secs prior to infiltration with aluminium alloy. Other workers have
also fabricated the unidirectional AI/CF composites with different fibre volume
fractions, first infilirating the copper coated carbon fibres by aluminium and
subsequently, vacuum hot pressing at 620-650°C and ~ 2-5 x 10 torr for 30-120 mins
(140).

Towata et al. (37) have successfully incorporated the high modulus carbon
fibres in different aluminium alloys by squeeze casting to fabricate the AI/CF
composites. Uncoated carbon fibres have been reinforced in pure Al, Al-Mg (2 and
Swt.% Mg), Al-0.6wt.% Ca and Al-4.5wt.% Cu atloys by preheating the carbon fibres
in nitrogen gas atmosphere at 757°C and then squeeze casting at 50 MPa and 757°C
for 60 secs. In another study, Towata et al. (14) have fabricated the hybrid Al/CF
composites by incorporating high strength carbon fibres coated with SiC whiskers and
particulates in pure Al and Al-5wt.%Mg alloy matrices with fibre volume fractions of
0.52 and 0.70 respectively. The squeeze casting is carried out under a pressure of 90
MPa at 757°C for a pressing time of 60 secs. They have also fabricated conventional
composites having 70% volume fraction of high strength carbon fibres by squeeze

casting under the same conditions.

The 201 aluminium/graphite composite having 41% fibre volume is fabricated
by liquid metal infiltration followed by solid state diffusion bonding. The TiB; coated
P-55 graphite fibres are infiltrated by 201-aluminium alloy to produce precursor
wires. These precursor wires within two cover foils of 6061 Al alloy are pressed at 21
MPa and 555°C for 40 mins to consolidate a unidirectional two ply panel of AVCF
composite (105).

Warrier et al. (31) have fabricated AICF composites containing low fibre
volume fraction by vacuum infiltration. Different types of carbon fibres with silver
coating and without coating have been reinforced in 6063 Al alloy matrix. The silver
coating is cdrried out by electroless plating technique. The coated fibres are vacuum

infiltrated by 6063 Al alloy under a vacuum of 1.3 x 107 MPa at different processing
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temperatures for different processing time. They have used argon to back fill the
reaction tube to reduce the reaction between the fibres and the matrix in ali the

castings.

RIM (Rapid Infrared Manufactuting) technique has been developed for
pressureless liquid infiltration of carbon fibres by aluminium. The AI/CF composites
are fabricated in a very short processing time by this process. These composites have
shown negligible fibre degradation due to fast heating and cooling rate and precise

temperature control (106,107).

Cheng et al. (12) have fabricated Al/CF composites by pressure casting based
on hybridization tethod. They have successfully reinforced the high modulus and
high strength carbon fibres in different aluminium alloy matrices by preheating the as
received carbon fibres at 375°C in air and infiltrating by aluminium alloy matrices.
The fibres are infiltrated by applying a pressure of 49 MPa at 780°C for a pressure
holding time of 60 secs. All the composites fabricated are hybridized with 1.0 volume

percent of SiC particles.

Wang et al. (88) have also fabricated the ACF composites by squeeze
casting. The high strength PAN based carbon fibres are coated with SiC by
polycarbosilane solution process to reinforce the Al-10wt.%Si alloy matrix. The
coated fibres are preheated at 450°C - 550°C and are squeeze casted by applying a
pressure of 30 - 80 MPa at a temperature of 740°C - 800°C for a pressure holding time

of 30 secs,
2.6  MORPHOLOGY AND INTERFACES IN CAST AVCF COMPOSITES

Porosity, due to either poor infiltration or shrinkage of the matrix during
solidification has often been observed in the cast AI/CF composites (12). The problem
of feeding matrix shrinkage during solidification can be solved by applying very high

pressure during solidification as observed in squeeze casting (2).

The grain size in a casting is determined by the nucleation rate as well as by

the presence of fluid flow during solidification, which results in grain multiplication
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(141). The nucleation rate is influenced by the cooling rate and by the presence of
heterogeneous nucleation catalysts. Carbon fibres, however, do not act as
heterogeneons nucleation catalysts for aluminium base alloys as grain sizes far in
excess of the fibre diameter have been observed with carbon fibres (142). Possible
exceptions of commercial significance may include hypereutectic Al-Si alloys, as

there is some indication that silicon nucleates preferentially on carbon (143).

One method of refining the grain size, specific to FMMC, is that of casting
metal into a fibre preform which is held below the melting point (or liquidus) of the
metal matrix. Very rapid heat exchange takes place as the matrix encounters the cold
fibres. It results in the formation of some solid in the vicinity of the fibres. This leads
to a fine grain size on the scale of the fibre diameter. Such grains have been observed
by several workers (144,145).

In most of the cases, nucleation is not initially on the reinforcement surface.
For an alloy, the solid phase avoid the reinforcement as it grows. The reinforcement
acts as a barrier to solute diffusion ahead of the liquid-solid interface (146).
Consequently, the last portion of the metal to solidify is located either close to or at
the fibre-matrix interface, resulting in the enrichment of the interface with solute and
secondary phases (104,147).

Studies on the solidification of Al-4.5wt.%Cu between carbon fibres (148,149)
have shown that the fibres influence the secondary dendrite arm coarsening processes
which leads to the elimination of all dendrite arms at sufficiently low cooling rates.
The resulting microstructure consists of solute-poor primary phase away from the
fibres and solute-rich primary phase with secondary phases concentrated at the fibre-

matrix interface.

Even at low cooling rates, micro segregation in the matrix can be eliminated
by solid state diffusion, resulting in a2 homogenized matrix in the as cast condition
with no concentration gradients and no secondary phases within the limits of solid
solubility of the alloy. The kinetics of the processes responsible for the evatuation of

these unique microstructures have been modeled (150) and it is both predicted and
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verified experimentally that the solidification times involved are only of the order of a

minute in cases of commercial interest (151),

The distribution of the fibres, in general, is an important and unresolved issue
in FMMC solidification processing. The metal tends to form channels during
infiltration due to poor wettability of the fibre reinforcement and to liquid metal
viscosity. The fibre reinforcement is therefore concentrated .into regions of high fibre
volume percent surrounded by channels of unreinforced metal (2). For allf practical
purposes, one is therefore limited to fabricate a composite in which the reinforcement
is packed to maximum density (55 to 60vol.% for fibres) to prevent channeling. This
reduces flexibility in tailoring the properties of the composite and also leads to
frequent fibre to fibre contact points. These have shown a significant lowering of the
transverse strength of continuous carbon fibre reinforced aluminium composites
(152). It is due to stress concentration in these areas and poor infiltration of these

areas in non-wetting systems (2).

The control of the carbon fibre distribution, in continuous fibre reinforced
aluminium, have been achieved to some extent by Towata et al. (14) and Cheng et al.
(12) after coating the carbon fibres with fine particles or whiskers of silicon carbide
which hold the fibres apart, Low fibre volume fractions have been obtained but most
notably fibre to fibre contact points are suppressed. Greatly improved transverse

strength of the composites has been observed (133).

After solidification, large stresses can build up in the aluminium matrix due to
differences in the coefficient of thermal expansions between the matrix and the carbon
fibres (154). These stresses result in higher dislocation denAsities in the matrix
(155,156) and consequently, influence the heat treatment characteristics of the matrix
(157,158).

The influence of composite reinforcements on the evolution of age hardening
precipitates is observed in aluminium/carbon fibre (AlCF) composites. Aging
produces a high density of Guinier-Preston (GP) zones and during heat treatment,
solute segregation at the interface causes a precipitate-fiee zone (PFZ) to develop at

the fibre interface. These PFZs contain several dislocations caused by thermal stresses

43



that develop during cooling as a result of the different thermal expansion coefficients
of the fibre and the matrix (159,160).

The formation of PFZs involves the depletion of solute atoms from the
interface during heat treatment. Solute depletion can result from interfacial
segregation and from the heterogeneous nucleation of precipitate phase on the fibre-
matrix interface. The nucleation of CuAl; precipitates on the fibre interface has been
observed in an artificially aged Al-Cu/CF composite. The CuAl, precipitate nucleates
on the TiB, coating of the fibres and consumes excess copper from the matrix as it
grows. Heterogeneous nucleation of precipitate phases is also commonly observed in
most fibre/metal matrix composite systems (161) and appears to be an almost

unavoidable consequence of the large areas of incoherent interface present.

Grain boundary precipitation is commonly observed in aluminium base
composites with continuous reinforcements. Depending on the aluminium alloy,
different phases precipitate on the grain boundary and grow into the grains, a process
of discontinuous precipitation (162,163). In this process, particle growth occurs only
at the boundary and is therefore not continuous with time. Nucleation of precipitate
laths is facilitated by the grain boundary energy and by the low interface energy
between specific lattice planes of the particle and the matrix (161). As the laths
thicken, they remain partially coherent on at least one side of the boundary and some
times, on both sides depending upon the relative misorientation between adjacent
grains. The lower interface boundary exhibits several steps called growth ledges and
thickening of the precipitate can occur by the edge wise propagation of ledges along
this face. The distribution of the ledges indicates that they form at the centre of the
face and migrate towards the ends, a widely reported mechanism of precipitate growth

(164,165).

Most grain boundaries in continuous AVCF composites extend transversely
between the fibres as the fibre-matrix interface effectively replaces much of the grain
boundary area in longitudina!l orientations, Many of these transverse grain boundaries
are composed of dislocation arrays and the structure of defect array is locally

perturbed at some points by dislocations intruding from the matrix as observed in a

44



Al/CF composite, artificially aged to increase the matrix yield strength and to prevent

plastic flow during cooling (160).

The aging has resulted in PFZs along the sub-boundary and several grain
boundary regions. Dislocation glide may occur more easily in PFZ than in the
precipitate hardened matrix. The defects that are parallel and straight in the PFZ
become tangled away from the boundary where glide is impeded by the precipitates.
Transverse grain boundaries in Al/CF composites also provide a growth path for iron
bearing constituent particles that nucleate at the fibre interface during casting. The
particles extend few microns along the transverse boundaries and some times, span
interfibre distances. Because these constituent particles are inherently brittle, their
presence can cause premature crack initiation and facilitate crack growth between the

fibres.

Most metal matrix composite systems are nonequilibrium systems in the
thcrmodynamié sense; i.c., there exist a chemical potential gradient across the fibre-
matrix interface. So, in favourable kinetic conditions, diffusion and/or chemical
reactions occur between the constituents. The interface layer(s) formed because of
such a reaction generally have characteristics different from those of either one or
both the components. Sometimes, a controlled amount of reaction at the interface is
desirable for obtaining strong bonding between the fibre and matrix but too thick an

interaction zone, however, adversely affects the composite properties (166).

Interface between the fibres and the matrix in FMMCs plays a very vital role
" in transferring the load from matrix to fibres and acts as a mechanical fuse, a wetting
agent and a diffusion barrier. It is very difficult to obtain an optimum interface for a
composite because many factors like type of fibres (surface microstructure), coating
deposited on the fibres, composition of the matrix alloy, processing condition of the
composites etc. affect the nature of the interface. In the ideal case, there should be
good wetting without any solubility and reaction between the matrix and the fibres.
Reactions between structural matrices and available fibres are quite complex which

lead to a wide variety of interfaces.

45



Broutman and Krock (167) have defined the interface as a region of
significantly changed chemical composition that constitutes the bond between the
matrix and the reinforcement for transfer of load between these members of the
composite structure. They have proposed a general classification for the types of
interfaces, based on the nature of chemical reaction occurring between the

reinforcement and the matrix. The three classes proposed are,

Class 1: fibre and matrix mutually nonreactive and insoluble in each other.
Class 2: fibre and matrix mutually nonreactive but soluble in each other.

Class 3: fibre and matrix react to form compound(s) at interface

It is very difficult to classify the interfaces into these three categories because
most of the composite systems either overlap different classes or have another
transient state. They have proposed another subgroup called pseudo class 1
composites alongwith the above classification. In this class, composites appear free of
interaction after fabrication by the optimum processing techniques but
thermodynamic data indicates that the constituents should react. Aluminium/carbon,
aluminium/boron and aluminium/silicon carbide can be considered pseudo class 1
composite systems as they show apparent nonreactivity when fabricated by the
optimum processing, in contrast to the time reactivity of the constituents. All class 3
systems may have a transitory existence as pseudo class | system until the preexisting

films on the surface of matrix and fibre are dissipated.

The above classification of interfaces is based on the physical, chemical and
mechanical bonding. Class 1 composite systems are related to mechanical bonding,
arises mainly from interlocking of the two components across an interface as well as
frictional resistance due to squeezing one component around an inclusion of the other
component. Class 2 composite interfaces may be attributed o physical bonding arises
mainly from interaction at molecular level between fibres and the matrix due to the
elimination of contaminant films present on the surfaces of the constituents. The
elimination of contaminant films occurs as a result of wetting and dissolution (without
chemical reaction). Physical bonding involves interatomic distances of 3 to 5 A and is

governed by Vander Waal’s bonds having bond encrgies of the order of 0.5 - 10
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keal/g-mole. This leads to a theoretical strength of the order of 0.69 GPa - 6.9 GPa.
Chemical bonding is responsible for class 3 interfaces, arises mainly from the
formation of new compound at the interface due to reaction between the constituents.
Chemical bonding is governed by primary bonds (ionic, covalent and metallic) and
involves interatomic distances of 1 to 3 A. Primary bonds have energies of the order
of 30-100 kcal/g-mole, which leads to a theoretical strength of the order of 6.9 GPa -
69 GPa (168).

Breakdown from one type to another results in mixed bonding due to partial
transition from pseudo class 1 systems to class 3 systems as observed in
aluminium/carbon system. In case of aluminium/carbon system, the liquid aluminium
reacts with the oxygen present on the carbon fibre surface and forms an oxide layer.
This layer acts as a barrier between the fibre and the matrix and prevents direct
contact of the constituents. As soon as this oxide layer is ruptured, aluminium reacts
with carbon and forms Al,C; as a reaction product at the interface. Since the solubility
of carbon in liquid aluminium (1100°C) and solid aluminium is 0.35wt% and
0.015wt.% respectively (97), upon cooling from processing temperature of 1100°C,

essentially all dissolved carbon is precipitated out as AlsC;.

Baker and Bonfield (169) have expressed the formation of AlCs at the

interface of the carbon fibre and aluminium as,

3C +4A1 > ALC, (2.19)
For this reaction to occur between carbon fibre and aluminium matrix, the free energy
of the reaction must favour the reaction to proceed. This condition applies to both
dissolution and formation of reaction product (Al,Cs). Kubaschewski and Alcock
(170) have shown that the Gibbs standard free energy of Al,Cs formation in the

temperature range of 659 - 1727°C is given as,

4G = -266520 + 92.6T kl/mole (2.20)
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The Gibbs free energy, as given by the above equation, being highly negative

supgests that the tendency of forming AlLCs is very strong.

The reaction product is formed as rhombohedral aluminium carbide at the
interface, which nucleates heterogeneously from the fibre and grows on to the
aluminium matrix as lath like crystals (36). It is further observed that the axis of these
aluminium carbide crystals lie parallel to the basal plane of the crystal lattice of the
carbon fibres. This has led to the conclusion that carbide nucleates on the defects on

the carbon fibre surface such as exposed basal plane edges (171),

Aluminium carbide growth has also occurred with a plate like morphology,
with the platelets originating from the fibre surface. Since the activity of both the
constituents is unity and the free energy of carbide formation is highly negative, ALCs
crystals nucleate rather uniformly over the entire fibre surface. On an atomic level, in
graphitized fibres, a large amount of basal planes lie paralle! to the fibre
circumference (172). Although the basal planes are relatively inert, nucleation occurs
preferentially along the high energy basal edges. AlsCs has shown faceted growth
characteristics with growth occurring in a direction parallel to the carbide basal

planes.

Interfacial carbides have been observed to be lath like shape only in processes
involving the presence of the liquid phase, otherwise they usually develop as thin
platelets (173). Yang and Scott (174) have studied the AVCF interface for
Al-Twt.%Si/CF  composites, fabricated by liquid metal infiltration. They have
observed that the growth of interfacial carbides is controlled by a ledge movement
mechanism but they could not explain the occurrence of precipitates as laths instead

of platelets.

Diwanji and Hall (175) have found a consistent carbide/matrix and
carbon/carbide relationship as (0003) AlCs /7 (111) Al, [1120] AL.C; // {123] Al and
(002) gr /7 (0003 Al4Cs respectively which means that Al,Cs basal planes lic parallel
to the graphite basal planes. As most of the basal planes lie paraliel to fibre

circumference in graphite fibres and due to the preferred growth direction of AlCs
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crystals, a significant amount of nuclei start to grow nearly tangential to the fibre
surface which quickly impinge upon each other and cease to grow any lurther. The
nuclei that do not impinge can continue to grow with a plate like morphology as a
result of free energy minimization based on surface energy considerations. So they
have interpreted the preferential growth behaviour of carbides in terms of normal

interfacial free energy, coherency and elastic stress consideration.

Sanctis et al. (36) have observed a crystallographic relationship in the form of
(0001) Al4Cs // (001) C with the fibre structure and subsequent fast growth of carbides
into the molten aluminium matrix along preferential [2110] direction. They have
suggested that carbide develops lath like in shape mainly because their thickening at
the fibre surface is limited by the different orientation and lower reactivity of adjacent
fibres surface regions. On the other hand, Carpenter and Lo (176) and Chen and Hu
(177) have found that no orientation relationship exists between the carbides and the

matrix material,

Increased contact time between the reinforcement and liquid atuminium,
increased melt temperature and increased infiltration length, all lead to the growth of
the interfacial carbide phase and bond strength along the fibre matrix interface (178).
Lin (101) has studied the extent of interfacial reaction as a function of processing time
for AI/CF composites and has observed a linear increase in the thickness of carbide
phase with processing time. He has also observed that the thickness of carbide phase
corresponding to zero value of processing time is finite which is attributed to the
reaction occuring during cooling. Although a linear growth rate reflects a chemical
reaction of zeroth order but due to the presence of dense AlCs layer and the platelets,
Lin (101) has suggested that the average growth is controlled by mechanism other
than chemical reaction. The rate of growth in thickness of Al4Cs is calculated as 1.8
um/min, which roughly corresponds to the carbon depletion rate of 0.48 pm/min.
These high rates have suggested that composites have to be fabricated in a very short
time (1 to 2 min) to prevent heavy degradation of carbon fibres. For fibres of 10 pm
diameter, a 1 pm reaction zone is developed in about 2 min of processing time, which

corresponds to a reaction zone to fibre volume ratio of 0.44. In other words, for 20
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vol.% fibre composite, there is roughly 9 vol.% reaction zone in the composite, which

is quite significant so as to alter the mechanical behaviour of the composite.

It is observed that heat treatment and higher ageing temperature increase the
severity of the interfacial reaction and carbide grain growth (179). As the carbide
phase grows, the carbide inclusions increase mainly in size rather than in numbers
(180). Baker et al. (169) have observed a mixture of aluminium and aluminium
carbide after annealing of aluminium coated carbon fibres at annealing temperature of
475°C - 550°C and aluminium carbide alone at annealing temperature of 600°C -
650°C at the interface. The carbide formation is observed relatively at lower annealing
temperature of 475°C in case of high strength carbon fibres as compared to 550°C in
case of high modulus carbon fibres. Khan (138) has also observed the formation of
Al4Cj at the interface of Al/C couple which has a hexagonal structure (2,=3.324, ¢, =
24.89 ) at about 500°C. Heat treatment of Al/C couple at 600°C results in the growth
of Al4Cs in the form of single crystalline platelets having (0001) orientation with the
c-axis of the hexagonal carbide lattice perpendicular to the platelets. He has observed
that the thickness of carbide phase increases with heat treatment temperature and time
and the thickening process is diffusion controlled. He has also observed that
thickening ‘rate constant’ obeys the Arrhenius law, with the calculated activation
energy Q required for the formation of Al4C; to be 35.17 keal/mole, however, he has
not observed any appreciable effect of the crystallographic structure of carbon on the

interface structure development.

Hashmi et al. (105) have observed the presence of Al4O,C and TiB; at the
interface of as received composites whereas the interface in the heat treated
composites consists of AlC;, ALLO4C and TiB;. They have found that the reaction
zone thickness increases with heat treatment temperature and time, which is about one
magnitude lower than the estimated thickness value when thickening process is
diffusion controlled. This difference has been attributed to the TiB; coating, which
acts as an effective diffusion barrier. Cheng et al. (12) on the other hand, have
abserved no trace of interfacial reaction in the as cast and heat treated aluminium
alloy composites reinforced with high modulus carbon fibres. However, in case of
AW/CF composites containing high strength carbon fibres, they have observed the

Glocq)
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probable presence of AlC; at the interface, which grows, with T treatment of the

composites.
27  MECHANICAL PROPERTIES OF FMMCs

The continuous fibre metal matrix composites are anisotropic due to the
presence of fibres, oriented in a particular direction within the matrix. Since the
properties of the two phases are different, the composite properties vary with the fibre
orientation and are not only defined merely by the type of the constituents and their

volume fractions, but also by the distribution of the fibres.

If E; > E, and oy > o5, (where E and o represent the Yoﬁng modulus and
strength and suffice £ and m stand for fibre and matrix respectively), the composite
ptoperties in the fibre direction are chiefly dependent on the fibre volume fraction and
their properties whereas the composite properties in a transverse direction to the fibres

are chiefly dependent on the properties of the matrix (181). -

The mechanical properties of a unidirectional continuous fibre composite in
fibre direction are predicted accurately by law of mixtures model representing the iso-
strain conditions, which is equivalent to that treated by Voigt (182). According to law
of mixtures, the modulus and the strength of a composite containing continuous fibres

are given as,

Ec = V+ Vabn @21)
and, '

oc = Vigr+ VuOu (2.22)

where, ¥ represents the volume fraction and suffice ¢, f and m stand for composite,

fibre and matrix respectively.
In transverse direction, the properties of the composite are predicted by law of

mixtures model representing the iso-stress condition, which is equivalent to that

treated by Reuss (183). The modulus and strain in transverse direction are given as,
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REN/ANA (2.23)
E. E, B,

and,
=gVt e Vn (2.24)

where, £ represent the fracture strain.

A stress-strain curve of a metal matrix composite conveniently represents its
basic mechanical behaviour like stiffness, yield, flow and fracture stresses. The stress-
strain curve of a typical continuous fibre metal matrix composite consists atmost of

four stages (184), which are summarized as follows:

()  Both the fibres and the matrix deform elastically
(1) The fibres continue to deform efastically, but matrix now deforms plastically
(I1I)  Both the fibres and the matrix deform plastically

(IV)  The fibres fracture followed by composite fracture.

Metal matrices are ductile and yield at a very low strain so that stage |
constitutes only a-small portion of the composite stress-strain curve, Stage 1} and 111
constitute the major portion of the composite stress-strain behaviour and therefore, are
the prime regions of concern to the engineering aspects of these materials. Most of the
multifilament fibres available today are brittle and have a fracture strain greater than
the yield strain of the metal matrix. So, stage III is not observéd when metal matrices
are reinforced with these brittle fibres. Stage [V is difficult to locate precisely but
occurs at the point where composite fractures and longitudinal strain in the composite
equals to the fracture strain of the fibres. So most of the fibre reinforced metal matrix

composites possess the first and second stages.

In Stage 1, the composite modulus ‘E,” is predicted accurately by the law of
mixtures and is given by Eqn. (2.21). In stage 1I, matrix deforms plastically and its
stress-strain curve is no longer linear, so that the composite modulus is predicted at

each strain level as,

52



m

m

do,
E = E,Vj- + [ 4 ] v (2.25)
£

do . . .
where, (—i——"— is the slope of the stress-strain curve of the matrix at the fracture
&

L

strain, & of the fibres.
In stage I, the composite strain & < &,,, composite strength is given as,

=& [EVi+ 6, (1-V)] (2.26)
In stage I, &, < & < &; the composite strength is given as,

0. = & EpVp+ oy (I-V) 2.27)
or,

ac = Viap+ ow (1-V), when, g = &

Equations (2.26) and (2.27), whichever is appropriate, gives the tensile
strength for a composite made of high strength brittle fibres when the matrix strength

‘ay” is substituted for matrix stress ‘gyy’ corresponding to the fibre fracture strain &

Kelly and Davies (185) have pointed out that a composite must have a certain
minimum fibre volume fraction so that the composite strength is ideally reached at a
total strain equal to the fracture strain of the fibres, thus showing real fibre

reinforcement. It is given as,

O~ (me )s,
Vi = ———————— (2.28)

o, +0o, —(o'my)b.]

In order to have a composite strength greater than that of the matrix, the fibre volume

fraction in the composite must exceed the critical fibre volume fraction given as,
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= fﬂ;(_ﬂi)i (2.29)

gy _(Umy)LI

ont

where, oy, o and (o, ), represents ultimate fibre strength, ultimate matrix strength

and matrix stress corresponding to the fracture strain of the fibres respectively.
Equations. (2.28) and (2.29) are applied for continuous fibres and assume no
alteration in the work hardening or stress-strain characteristics of the matrix due to the
presence of the fibres. They have been derived after assuming that the fibres are of

equal strength and all break in a given cross-section.

The above equations representing the composite are valid only when the fibre
volume fraction exceeds a minimum value ¥, given by Eqn. (2.28). Normally, Vo
is alwaysvgr:aater than V. 1t is clear from Eqn. (2.29) that F; increases with
increasing UTS of the metal matrix and decreases with increasing UTS of the fibres.
In case of light metal matrices and multifilament high strength ceramic fibres, the
value of Vo is far lower than the volume fraction of the fibres used normally in the

fabrication of FMMCs, hence it is insignificant.

The transverse (tensile) strength, o7 is known to depend strongly on the
strength of the matrix-fibre interface relative to the transverse fibre strength, the
matrix strengtﬁ and also the fibre volume fraction. Thus o7 is usually much smaller
than o of the same metal matrix composite. Prewo and Kreider (186) have predicted
the transverse strength on the basis of a simpte model by assuming that the fibres are
replaced by holes. Thus, the transverse strength is controlled by the matrix fracture
strength times the reduced cross sectional area. However, this model is considered to
be an over simplification of the actual fracture mode where the fracture path is
presumably a mixture of interfacial debonding, fibre splitting and the matrix fracture.
In order to simulate the actual fracture mode, one must know the statistical data of the
variation of the interfacial bond strength for all the matrix-fibre interfaces in the
actual continuous fibre metal matrix composites, the matrix strength and transverse

fibre strength.
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Kyono et al. (187) have attempted to simulate the transverse tensile stress-
strain curve of FMMC by using a model based on Eshelby method. This mode!
assumes that a composite, subjected to transverse loading or, has a mixture of
debonded interfaces and completely bonded interfaces where the interfacial bond

strength follows a three point Weibull distribution.

The taw of mixtures model is sometimes too crude to predict the strength of a
composite. Rosen {188) and Zweben (189) have proposed more accurate models for
the prediction of oy, which are based on the statistical distribution of flaws or
imperfections that result in fibre failure under applied stress. As suggested by
Coleman (190), the fibre strength ‘gy’ in a statistical manner, is assumed to obey the
Weibull distribution as,

(£-1)

Po

fleg)= epl(oa)]  opa>0 2.30)

a*

where,a and # are scale parameter and shape parameter of Weibull distribution

respectively. Parameters o and f are related to the fibre length /" as,

-1

a=(6)" . (231

where, & is a constant that can be determined from tests on monofilament fibres. The

corresponding cumulative distribution function is given as,

ay

F(o,)= If(aj)dale—ex;{ ~(a/a)| (2.32)

0
The mean value of the fibre strength * o, is then given by,

o= al"[l + %) . (2.33)
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where, [is the gamma function. Parameters  and § in Eqns. (2.31) and (2.33) are

also related to the standard deviation ‘S, and coefficient of variation ‘C,’ as,

S, =(a)y?iras2rg)-rra+1/p)" (2.34)
and,
o 2 Se 2/ p)-I(141/B) 23%)
"y r(1+1/p)

2.8  MECHANICAL PROPERTIES OF Al/CF COMPOSITES

From the mechanical property point of view, Dicarlo (191) has summarized
the requirements for strong and tough metal matrix composites. Generally, FMMC
consists of a ductile matrix containing strong brittle fibres. For maximum strength in a
given direction, continuous fibres (high aspect ratio) must be strongly bonded to the
metal matrix for efficient load transfer. However, fibre matrix reaction at the interface
either during fabrication or in service and thermal stresses due to expansion mismatch
between fibre and matrix are the main factors responsible for inefficient load transfer
from matrix to the fibres. For a tough MMC, fibres with a high in situ strength and a
low density of critical flaws are required together with maximum interfibre spacing
for a given fibre volume fraction. The later requirement exploits the crack blunting
characteristics of tough metals and can be achieved for a given fibre volume fraction

by using fibres with as large a diameter as possible,

Initially, AVCF composites have been fabricated by solid state diffusion
bonding process. The carbon fibres are infiltrated by liquid metal infiltration or coated
with aluminjum by different coating techniques to produce precursor wires. Davis and
Sullivan (192) have examined various graphite fibre/aluminium precursor wires up to
45% fibre volume fraction. They have reported a very high modulus of about 152 GPa
for the graphite/aluminium composites in wire form, Table-2.1 shows the average

tensile strength of A/CF composites in precursor wire form (91).
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Table-2.1

Average tensile strength of AVCF composites in precursor wire form

S. jAluminium|Precursor Commercial Volume |Average tensilel
No.] alloy |fibre type designation | fraction (%) | strength (MPa)

1. 201 Rayon | Thornel 50 (8 end) 30 §70

2. 202 Rayon | Thornel 50 (8 end) 28.7 795

3.1 201 Rayon | Thomel 50 (1 strand) 41 1045

4. 202 Rayon “Thotnel 75 27 810

5. 202 PAN: Thornel 300 - 29 245

6. 201 PAN Thornel 300 45 350

7. 201 PAN Stackpole Panex 23 125

8. 201 PAN Hercules Type A 37 240

9. 201 PAN Hercules HM-S 24 785

The AVCF composites are highly anisotropic as the strength and modulus

values differ largely in the longitudinal and transverse directions. The properties of

these composites are found to increase with increase in fibre volume fraction

(193,194). The mechanical properties of these composites as summarized by Rubin
(9) are shown in Table (2.2).

Table-2.2

Mechanical properties of AVCF composites

Fibre | Matrix |Fibre volume| Density | Tensile strength | Tensile modulus
direction) alloy | fraction (%) | gm/cm’ (MPa) (GPa)

L T L T
0° 201Al 30 238 | 620 48 165 35
0° 201Al 34 238 | 655 3 207 35
0° 201Al 30 244 1550 | 69 158 41
0° 6061Al 41 244 1 620 103 {324 48
Q% 6061Al 50 249 | 1375 138 | 235 158
0° Pure Al 42 - 950 - 120 -
0° Pure Al 70 - 1450 - 250 | -
0° Pure Al 38 - 350 - 60 -

The mechanical behaviour of AICF composites has been investigated by

several workers. Imprescia et al. (139) have reported the strength of these composites

as high as 90% of the law of mixtures values. Generally, the strength values are less

than that estimated by the law of mixtures but Pepper et al. (34) have observed the
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strength of Al-13wt.%Si/CF composite having a fibre volume fraction of 28% greater
than the theoretical strength based on law of mixtures. They have reported an average
uniaxial tensile strength of 730 MPa, however, several values between 900 MPa to
1000 MPa are also obtained. They have not observed any change in the tensile
properties of the composites when thermally cycled between ~193°C to +20°C and
between -193°C to +500°C twenty times. Khan (138), on the other hand, has observed
18% degradation of composite strength when thermally cycled between 20°C to
500°C for 10 times and this degradation remains constant. He has observed a
maximum tensile strength of 552 MPa and elastic modulus of about 142 GPa for
AVCF composites having a fibre volume fraction of 0.25 to 0.30. He has also
observed that the strength of the composites remains unaffected when exposed to high
temperature of 500°C and afierwards decreases drastically. However, elastic modulus

remains unaffected to high temperature exposure.

Towata et al. (37) have fabricated AVCF composites by reinforcing high
modulus carbon fibres in pure Al and Al-2wi.% Mg alloy mairices with 60% fibre
volume fraction. They have observed the tensile strength of the compasites very well
in agreement with the law of mixtures strength whereas the tensile modulus is found
greater than that predicted by law of mixtures, They have also observed that the
flexural strength is larger than the tensile strength while flexural modulus is lower
than the tensile modulus for both the composites. These results are very well in

agreement with those observed for other composite systems (195).

They have observed the axial compressive shear strength of the Al-2wt.%Mg
matrix composites about two and half times as large as that of pure aluminium matrix
composites. They have observed the dependence of composite strength an the
annealing temperature and the alloying addition to the aluminium matrix, They have
also observed that flexural strength of pure Al matrix composite decreases slightly
while shear strength increases slightly above 500°C. Further, they have observed that
flexural strength increases two times whereas shear strength decreases to half of the
original value at 600°C, in case of Al-2 wt.%Mg matrix composite. They have
observed a decrease in the flexural strength of Al-5 wi.%Mg, Al-0.6 wt.%Ca and Al-
4.5 wt.%Cu matrix composites after annealing at 500°C whereas the shear strength of

these composites have increased after annealing at 500°C. The Al-0.6 wt.%Ca matrix

58



composite has shown lowest decrease in flexural strength afier annealing at 500°C
while Al-5 wt,%Mg matrix composite has shown the highest increase in shear

strength after annealing at 500°C,

Towata et al. (14) in another study, have observed a 50% increase in the
longitudinal flexural strength of hybrid composités, where hybridization is
accomplished with the addition of SiC particles and whiskers to the high strength
carbon fibres, over conventional AVCF composites even when the fibre volume
fraction in hybrid composite is significantly lower than that of conventional
composites. However, the longitudinal flexural modulus is found to be lower for
hybrid composites than conventional composites but same for both the hybrid
composites containing pure Al and Al-5wt. %Mg as matrices. The transverse flexural
strength is found nearly same in hybrid and conventional composites having pure Al
as the matrix whereas it is observed quite different in case of the composites
containing Al-5wt. % Mg matrix as conventional composite has lower flexural

strength than that of hybrid composites.

Hashmi et al. (105) have studied the mechanical behaviour of AIVCF
composite in as cast and heat treated conditions. They have observed the law of
mixtures values very well in agreement with the tensile strength and elastic modulus
of the composite. The tensile strength is decreased significantly with heat treatment
temperature  whereas elastic modulus is found virtually constant after high
temperature treatment, The transverse tensile strength is observed to be much lower
than the longitudinal tensile strength. They have also observed a lower strength and

modulus measured in compression than those measured in tension.

The strength of the composites has also been found to depend upon the degree
of graphitization of carbon fibres. Warrier et al. (31) have observed the strength of
Al/CF composites as 65%, 62% and 58% of the theoretical strength values (calculated
by law of mixtures) for aluminium matrix reinforced with silver coated CVD annealed
graphite fibres, pitch base fibres and PAN base fibres respectively. They have also
observed the composite strength as 47% and 59% of the theoretical strength with

uncoated CVD annealed and pitch base graphite fibres respectively.
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In case of high strength carbon fibres, fibre coating prior to solidification
processing of AICF composites has been proved benelicial in improving the
mechanical properties. Wang et al. (88) have observed an increase of 189% in the
strength of the composites fabricated by squeeze casting the SiC coated carbon fibres
with aluminium over those fabricated by squeeze casting the uncoated carbon fibres
with aluminium. Vessel (20) has also mentioned that the coating of pyrolytic carbon
on high strength carbon fibres (T800) results in the high strength of AVCF
composites, which is very close to that predicted by law of mixtures. He has also
observed a very high modulus of about 410 GPa for AVCF composites having 55%
fibre volume fraction of high modulus graphite fibres in Al-7wt.%Si-0.6wt.%Mg
alloy matrix. He has also pointed out that high modulus carbon fibres result in lower

transverse strength of AVCF composites than that with high strength carbon fibres.

The creep behaviour of FMMCs has been investigated by a number of
workers, Kelly and Street (196) have found that fibre aspect ratio and the matrix stress
exponent in the power law creep relationship are important parameters. Lilholt (197)
has expressed power law creep in terms of an effective rather than an applied stress,
Mclean (198) has discussed the modelling of creep behaviour in FMMCs. In FMMCs
consisting of continuous ceramic fibres in a metal, for example AVCF, the operating
homologous temperatures for fibre and matrix may be 0.1-0.3 and 0.4-0.7 respectively
as the differences in the melting points of the matrix and fibres is large. Mclean (198)
has pointed out that in such composites the matrix is subjected to creep rates in order
of magnitude greater than those of the fibres, leading to a situation for having
elastically deformed fibres in a creeping matrix. Thus it is difficult to observe a steady
state creep rate in such composites. Instead, the creep rate progressively decreases and

asymptotically approaches zero as the strain attains an equilibrium value.

Relatively less attention has been paid to the fatigue behaviour of FMMCs
because it has not been regarded as important a problem as, say, high temperature
strength by the users of the composites. Baker et al. (137) have carried out reversed
bending fatigue studies on AVCF composites containing high modulus and high
strength carbon fibres. They have observed that high strength carbon fibre composites
show lower fatigue properties than the composites containing high modulus carbon

fibres, even after having less number of broken fibres and more alignment of fibres in
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high strength carbon fibre composites. They have also observed that the high modulus
carbon fibre composites, pressed at low temperatures, show poorer fatigue properties
than composites pressed at high temperatures due to increase in aluminium carbide

formation with pressing temperature.

Amateau and Hanna (199) have reported the effect of fabrication process on
the fatigue strength of graphite fibre reinforced aluminium composites. They have
observed that the composites produced by LMI exhibit a fatigue strength 50% greater
than those produced by hot pressing. They have explained the fatigue failure in these
composites by a process of crack initiation in the matrix at the points of cavities and
inclusions, leading to crack propagation along the previously broken fibres. Thus,
fatigue properties are controlled by initiation and propagation of cracks within the
matrix. Similar conclusions have been derived by Shimnin and Toth (200) and
Christian (201).

It has been shown that the fatigue process in FMMCs is strictly matrix
controlled. However, interface may have significant effects on fatigue life of
composites. If the interface could be weakened enough to permit debonding, the sharp
cracks would be blunted at the interface, resulting in higher fatigue strength. Cyclic
loading results in a uniform distribution of dislocations in the metal matrix resulted
due to mismatch in the thermal expansions of the constituent phases. Rosenkranz et
al. (202) have found that the variations in the matrix and fibre strength and the

interfacial bond strength have significant influence on the fatigue damage and failure.

Hashmi et al. (105) have observed the effect of heat treatment and nature of
the fatigue testing on the fatigue strength of the AI/CF composites. They have shown
that fatigue strength of aluminium alloy is increased when reinforced with carbon
fibres, however, in other systems the composites have lower fatigue strength than
unreinforced matrix. They have also observed that the strength of the composites
continuously decreases with heat treatment temperature and time in tension/tension
fatigue whereas the fatigue strength initially decreases with heat treatment
temperature and again increases to reach the as cast composite fatigue strength at
545°C in compression/compression fatigue. They have reported that the mechanism of

failure in tension/tension fatigue is due to the initiation of cracks at the interface and
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their subsequent propagation in the matrix. The reaction zone is the controlling factor
in tension/tension fatigue whereas compression/compression fatigue is matrix

dependant.

Toughness and ductility are the other important properties in respect to
FMMCs. Although they are different, but related to each other in the sense that
composites having low toughness also show lower ductility and vice a versa. The
toughness and ductility of FMMCs containing high strength brittle fibres generally
depend on the fracture strain of the fibres but Crowe et al. (203) have pointed out the
negative effect of fibre orientation, nonuniform fibre distribution, second phase
particles and inhomogeneous internal stress on the fracture toughness of the
composites. Wang et al. (88) have pointed out the importance of interfacial bonding in
this regard. They have shown that an intermediate strong interface in Al/CF
composites results in improved toughness and ductility by enabling the fibres to
pullout during loading whereas strong interface in these composite results in inferior

toughness and ductility due to negligible fibre pull out.

Another important property, which is considered for use of FMMCs in
aerospace and military applications, is the coefficient of thermal expansion (CTE).
AVCF composites show very low thermal expansion, which continuously decreases
with increasing fibre volume fraction due to the almost zero longitudinal expansion
coefficient of carbon fibre (104). The thermal expansion of these composites is larger
in transverse direction than in axial direction as carbon fibres have axial coefficient of
thermal expansion nearly equal to zero while radial coefficient of thermal expansion

has a value of 8x10° K (166).

Among the greatest profits with continuous fibre reinforced aluminium matrix
composites are their superior high temperature properties as compared to unreinforced
metal matrix and polymer composites. These composites have been considered for
applications at temperatures below 400°C (5). Davis and Sullivan (192) have studied
the tensile strength of AI/CF composites at high temperatures (250°C to 350°C), They
have observed that longitudinal tensile strength of the composites is approximately

10% lower than the tensile strength of the same composites at room temperature.

62



Elastic modulus and tensile strength of FMMCs have been found to decrease
with increase in temperature, in most of the composite systems. It has been shown that
modulus values of fibre reinforced aluminium matrix composites are retained above
that of unreinforced matrix up to 400°C (204) whereas strength values are found to be
superior to that of unreinforced matrix up to 350°C (205). Vessel (20) has mentioned
that AI/CF MMCs possess better specific strength than that of Ti based MMCs up to
350°C. The fatigue strength of Al based FMMCs is also found to decrease with
temperature (206). However, the decrease is relatively gradual with high fibre volume

fraction whereas it is quite sharp in composites having low fibre volume fraction.
2.9  INTERFACIAL PROPERTIES OF Al/CF COMPOSITES

The fibre-matrix interfacial mechanical properties, especially the interfacial
shear strain, a root cause for interfacial shear strength and fracture toughness,
influences the macroscopic properties of composite materials and they have attracted
much attention in recent years. Simple approach to evaluate the interfacial shear
strength and fracture toughness has been studied by several workers (207). In 1993, 2
round-robin program (208) was undertaken to investigate the testing methods for
" measuring the interfacial shear strength., Four commonly used methods are: single
fibre pullout, microdebonding, fragmentation, and micro-indentation tests. There are
several test methods for evaluating the interfacial fracture toughness of the bi-material
interface (209). To evaluate the interfacial fracture properties of the fibre-matrix
interface, the most pertinent method is the single fibre pullout test of the concentrated
axisymmetric model (210). This method is simple in principle but due to small
diameter of the fibre, many factors affect the accuracy of the results. The embedded
length and the free length of the fibre are difficult to measure exactly, so the results

show a large scatter (211).

On the basis of microscopical analysis of the fibre distribution in
unidirectional fibre composites, the relation between average and maximum
interfacial strain can be obtained with the help of microstructure. Assuming the fibres
are distributed hexagonally, through a simple geomeirical analysis (207), the

interspacing between two fibres is obtained as,
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where, Vs the volume fraction of the fibre, s is the distance between two fibres, and

rris fibre radius. For square distribution of the fibres, Eqn. (2.36) is expressed as,

172
T
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and the distance between the centers of two fibres is given as,
S=2r+s (2.38)

When the composite undergoes a longitudinal shear deformation, the fibre
modulus can be assumed to be large as compared to the matrix and hence, the shear

deformation is all caused by the matrix, Thus, the average shear strain is given as,

_ du
2r +5

(2.39)

av

where, 4u is the difference between the longitudinal displacement of the centers of
the two adjacent fibres in the through-thickness direction, i.e, Au =w, —u, as shown
in Fig2.5. In the matrix, the maximum shear strain takes place at the location where
the separation distance of the two fibres is minimum. Thus the maximum shear strain

in the matrix is given as,

L (2.40)
N

max

Consequently, the relationship between the average shear strain of the composite and

the maximum strain in matrix is derived as,
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Fig. 2.5 Schematic diagram showing the longitudinal displacement
of the centres of two adjacent fibres.
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From the compressive performance of carbon fibres, Vin Con et al. (212) have
analyzed that the high strength fibres present a very high failure strain (greater than
1.7% for T300) as compared to high modulus fibres (about 1%). They have concluded
that compressive failure strain is higher than tensile failure strain. The ‘single fibre
composite’ (SFC) test originally proposed by Kelly and Tyson (213) for MMCs
provides abundant statistical information from only a few specimens having different
interfacial failure modes and ‘interfacial shear strength’, (IFSS). On the basis of an
equilibrium condition in an axial fibre stress and matrix shear stress, they have shown
that the IFSS ‘ 7 » is given by,

= C’; i (2.42)

3

where, & ', is fibre fracture strength, rr is the fibre radius and I, is the average critical

fragment length. Since the actual fragment length and the strength are not constant but

are strongly dependent on the gauge length, Eqn. (2.42) can be modified as,

gt
r= 22l e4)

3

where, o, is the fibre tensile strength at a gauge length equal to the mean fragment

length and X is a coefficient, which depends on the variation of the fragment length. If

the fragment length varies between /,/2 and /., K = 0.75 can be taken as a mean value.
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Chapter-3

EXPERIMENTAL WORK

This chapter describes the experimental procedures followed in the present
investigation to carry out wettébility studies, solidification processing, microstructural

characterization and properties determination of the different composites investigated.
3.1  WETTABILITY STUDIES
3.1.1 Synthesis of the Alloys

Master . alloys of Al-15wt.%Zr and Al-2.3wt.%Li have been received from
BARC, Bombay and DMRL, Hyderabad respectively. These alloys are diluted by
adding pure aluminiuvm to get three Al-Li alloys and three Al-Zr alloys each having
different concentration of primary alloying elements in following steps: Small pieces
of master alloy and of pure aluminium are taken in proportion of weights to get the
required concentration of alloying element and are sealed in a silica quartz tube of 15
mm dia at a vacuum of 10" mm of Hg. The quartz tube is heated in a furnace to a
temperature above the liquidus of the master alloy and kept for some time at this
temperature for homogenization. The silica quartz tube is taken out of the furnace and
air cooled to the room temperature. Al-Cu alloy has also been prepared following the
same procedure by melting pure Al and pure Cu. Table 3.1 lists the various aluminium

alloys investigated for wettability with vitreous carbon in the present study.

Table-3.1
Aluminium alloys investigated for wettability in the present study
SNo. Alloy S.No. Alloy
1. Al-4.5 wt. % Cu 5. Al-2.1 wt. % Zr
2. Al-L1 wt. % Li 6. Al-3.4 wt. % Zr
3. AlJ-1.6 wt. % Li 7. Al-5.2 wt. % Zr
4. Al23 wt. % Li

67



3.1.2 Experimental Apparatus and Procedure

Sessile drop experiments are carried out in the setup shown in Fig.3.1. The
schematic diagram of sessile drop apparatus, shown in Fig. 3.2, consists of a high
frequency induction coil rated at 10 kW and 400 kHz, surrounded by molybdenum
radiation shields. It is located in a stainless-steel chamber having two windows,
enabling the sessile drop on the substrate to be illuminated and photographed. The
stainless-steel chamber is connected to argon gas (oxygen free grade) supply. All the
experiments are carried out under argon atmosphere at a gas flow rate of 1.0 litre/min.
The temperature is measured by a Pi-Rh thermocouple, attached just below the carbon

substrate and is kept constant by controlling the current to induction coil.

The experimental procedure involves placing a piece of aluminium alloy on
the carbon substrate just below the induction coil and heating rapidly to the desired
temperature so as to provide minimum time for diffusion to occur at the interface. The
drop is kept for 10 minutes at a constant temperature after complete melting of the
alloy piece. The drop is observed through the window and the optical axis of the
camera is made to coincide with the upper surface edge of the carbon substrate. The
photograph of the drop is taken on 35 mm film that is enlarged to measure the contact

angle.

The geometrical process to obtain the contact angle from the photographed
sithouette of a drop is shown in Fig. 3.3. The angle 6 between line BC and the tangent
line at B of the silhouette is taken as the contact angle. By drawing a circle through B
and C with centre O and the line AB perpendicular to the line OB, the angle 8 is
measured using a protractor. Takahashi et al. {48) have successfully used this process

with an accuracy of +2°,

In order to determine the surface tension ‘y,’ from the photographic
enlargements, it is necessary to determine the shape factor ‘B’ of the drop and the
radius of curvature at the origin ‘b’ as shown in Fig. 2.2. The parameters  and b are

related to ), according to Eqn. (2.5) and are calculated using the method discussed
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Fig. 3.1 Sessile drop setup used in the present study.
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Fig. 3.2 Schematic drawing of the sessile drop setup.
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SILHOUETTE OF THE DROP

Fig. 3.3 Geometrical process to obtain the contact angle from drop profile.
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in section 2.2 of chapter 2. The density of various alloys used for calculating the
surface tension at various temperatures, are those given by Lucas (212) lor pure

aluminium as,
p=2369-3.11 X107 (T-T,) gmicns’ (3.1)

where, p is the density, 7" is the test temperature and 7, is the melting point of the
aluminium alloys. Although, the density of the alloys is different but the difference at
high temperatures is negligible and hence, density of aluminum can be used for that of

alloys.

After the experiments, interfacial reactivity is characterized for the specimens,
sectioned and detached from the substrates after cooling, by scanning electron
microscopy (SEM), electron probe micro-analysis (EPMA) and X-ray diffraction
analysis (XRD). I

3.2  SOLIDIFICATION PROCESSING OF COMPOSITES
3.2.1 Matrix Selection

In spite of being expensive, continuous fibre reinforced MMCs are widely
used in acrospace and military industries as ‘weight saving’ is of great importance and
material price is less as compared to development cost. Weight saving, which can be
achieved, depends mainly upon the matrix material of the composite. So, low density
metals like Al, Mg and Ti are preferred over other metals to reinforce contintious
fibres. Due to problems of oxidation/burning associated with the melting of
magnesium/magnesium alloys and problems associated with the high melting point of
titanium/titanium alloys, they are not used as matrices for reinforcing the continuous
fibres by liquid phase fabrication methods. Further, magnesium and its alloys do not

wet most of the fibre reinforcements available today.

Aluminium, having a low density (2.7 gm/em’) and ease of fabrication due to

low melting point (660°C), is the cheapest metal matrix to reinforce the continuous
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fibres by liquid phase fabrication methods. It has a unique combination of good
corrosion resistance, fow electrical resistance and excellent mechanical propertics.
Since aluminium also does not wet most of the fibre reinforcements, aluminium alloys
are used as the matrices for good bonding and strength in the composite. Alloying
addition of Li and Zr improve wettability and interfacial bonding of aluminium with
most of the fibre reinforcements, by disrupting the oxide layer on molten aluminium
and promoting the reaction between reinforcement and molten aluminium
respectively. Addition of Cu to aluminium, besides improving its strength, also
reduces the thermal expansion coefficient of metal matrix and thus, helps in
minimizing the stresses, developed after solidification due to difference in thermal
expansion coefficients of both the constituents. So, aluminium and its alloys cxhibit
high potential for their selection as metal matrices in the solidification processing of
continuous fibre reinforced metal matrix composites. Table 3.2 shows the
composition of different aluminium alloys selected as matrices for reinforcing the

carbon fibres.in the present study.

Table-3.2

Chemical composition of the matrix alloys

S. | Matrix Li Cu Fe Si Mg Zr Al
No. | alloy | (wt.%) | (wt.%) | (wt.%) | (wt.%) | (wt.%) | (wt.%) | (wt.%)
1. | Al-Cu - 449 .09 1.7 1.26 - Balance
2. | AL} 234 2.15 - - 1.59 0.14 | Balance
(3. | Alzr - 2.76 0.72 - - | 532 |Balance

3.2.2 Reinforcement Selection

The selection of continuous fibre reinforcement largely depends upon its
density and mechanical properties and marginally on its cost and availability. Carbon
fibre (T300) is the cheapest (except AlO; fibre) reinforcement having good
mechanical properties and lowest density (~1.76 gm/em’) so as to fulfill the prime
motive of weight saving which, to a large extent, depends upon the density of the

reinforcement.
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The solubility of carbon in molten aluminium is 0.10 wt. % - 0.14wt. % in the
temperature range of 800°C - 1000°C and 0.015wt.% in solid aluminium, which is
beneficial in preventing the degradation of carbon fibres due to dissolution. Though,
aluminium does not wet carbon in this temperature range but reacts with a high degree
to form aluminium carbide at the interface in this temperature range. The alloying
additions of Li and Zr to aluminium improve its wettability with carbon. The
degradation of carbon fibres due to the reaction at the interface can be controlled in
solidification processing of AVCF composites by squeeze casting in the temperature

range of 700°C to 850°C.

The choice of carbon fibre as the reinforcement in aluminium and its alloys is
made in the context of the reaction at the interface so as to produce necessary bonding
required for good mechanical properties. Table 3.3 shows the characteristics of the

carbon fibres used in the present study.

Table-3.3

Characteristics of the carbon fibres used in the present study

Make | Trade name | Fibre | Filament | Mean | Tensile | Tensile | Fracture
type | count | diameter | strength | modulus | strain
Toray { Torayla HS | 12000 | 7.0pm |35GPa{230GPa| 1.7%
Japan (PAN) T300

3.2.3  Design of Dic and Plunger

The die and plunger used in this study to forge the molten metal into the fibre
preform are made up of hot die steel material having a composition as 0.4% carbon,
1.0% silicon, 0.4% manganese, 5.0% chromium 1.5% molybdenum and 1.0%

vanadium,
The die mainly consists of a mould made up of hot die steel material and

having the dimensions as shown in Fig. 3.4. It is fabricated by drilling a hole of 75

mm in a block of hot die steel having dimensions 220 x 180 x 200 mm’. After
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Fig. 3.4 Detailed drawing of the die and plunger used for squeeze casting in the present study
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drilling, the hole is machined under a vertical slotter to produce inner dimensions as
136 X 96 mm?, i.e., 2.0 mm off the required dimensions. After rough machining, it is
stress relieved as removal of large amounts of material induces stresses, which may
cause distortion or warpage during heat treatment. Stress relieving is carried out by
heating the die between 600°C - 700°C for two hours followed by air-cooling to the
room temperature. The tolerance of 2.0 mm over finished size is provided to
accommodate any distortion resulting from the release of stresses. Final machining of
the die is carried out on a horizontal shaper machine to produce the final dimensions

of inner cavity as 140 x 100 mm?,

For hardening trcatment, the die is prehcated in stages in a furnace to a
temperature of approx. 850°C, just below the austenitic transformation region. The
dilatometric curve in Fig.3.5 shows the volume changes, which occur during the full
heat-treatment cycle of die steel. Following a controlled préheating cycle, the die is
heated to 1000°C into the austenitic region to take carbon and other alloying additions
into the solid solution. It is then quenched in water to cool down up to 50°C.
Tempering (reatment is given by heating the die from 50°C to 600°C and keeping it
for half an hour at this temperature. Finally, the dic is air cooled to the room

temperature to acquire a hardness of 500 BHN.

Aller the hardening treatment, the inner sides of the dic cavity are polished
with silicon carbide rods of triangular cross section to produce smooth surfaces.
Plunger is fabricated from a block of same material having dimensions 150 x 110 x
200 mm’, by removing the excess material on a shaper machine to get the final
dimensions as shown in Fig. 3.4. It is also given the same hardening treatment that is

given to the mould.

The last component of the die is mild steel base plate, which is fixed with the
mould by two screws, one on each side of the mould, as shown in Fig.3.4. The
purpose of this plate is to keep the supporting plate inside the mould during lifting of
the die up to the platform of the hydraulic press and obviously to close the bottom of
the die.
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3.2.4 Preform Preparation

Carbon fibres without coating and without any binder have been used in
preform fabrication. Figure 3.6 (a) shows various steps involved in preform
fabrication. Carbon fibre tows containing 12,000 individual fibres are passed through
a bath of ethy} alcohol. The fibres are cut to 65.0 mm length and are longitudinally
inserted into a rectangular steel pipe, open at both ends and having an inner cross-
section of 70 x 10 mm” as shown in Fig. 3.6 (b). The rectangular steel pipe has a cut

of 5.0 mm width on its upper side so as to insert the fibre tows easily.

3.2.5 Selidification Processing

In the present study, continuous carbon fibre reinforced aluminium metal
matrix composites are processed by solidification synthesis. Threc different
aluminium alloys are used as metal matrices and each of these is reinforced with three
different volume fraction of carbon fibre reinforcement, Table 3.4 shows the different

composite systems with processing routes for their synthesis.

Table-3.4

Composite systems and their processing routes

S.No. Composite system Processing route
1. Al-Cu/CF composite Squeeze casting
2. Al-Li/CF composite Squecze casting
3 Al-Zr/CF composite Squeeze casting

3.2.6 Experimental Setup and Procedure

Squeeze casting is carried out using the set up shown in Fig.3.7. It mainly
consists of two resistance wound vertical muffle furnaces (one for melting the
aluminium alloy and other for preheating the die and fibre preform), die containing the
fibre preform, a hydraulic press for applying the desired pressure and an argon

cylinder. The schematic diagram of the squeeze casting process is shown in Fig. 3.8.
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Fig. 3.7 Squeeze casting setup used in the present study.
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A thoroughly cleaned graphite crucible is placed inside the melting furnace
and a Pt-Rh thermocouple, atlached 1o a digital temperature controbler is placed in the
centre of the crucible at a sufficient depth. Another Pt-Rh thermocouple, coupled with
a second temperature controlicr is placed in the centre of the preheating furnace at an
appropriate depth and both the furnaces are switched on. The temperature of the
melting furnace is set at 800°C, 750°C, and 850°C for Al-Cu, Al-Li, and Al-Zr alloys
respectively while that of preheating furnace is set at 650°C in all the castings. These
temperatures have been selected by hit and trial method, based on the complete

infiltration and minimum degradation of the fibres.

The inner cavity of the die and sides of the plunger are sprayed with graphite
powder dispersed in water and both are left for air-drying. It is necessary because
graphite is a good solid lubricant and it provides sufficient lubrication between the
contacting surfaces of the die cavity and plunger. The rectangular steel pipe containing
fibres is welded to preform support plate to restrict its horizontal movement. This
whole assembly is inserted in the die cavity from the bottom. The base plate is then
fixed up with the die, to close the die cavity, by tightening the screws. Two cylindrical
steel pipes of 8.0 mm diameter are inserted into the holes provided at the upper side of

the die. These pipes are connected to the argon supply.

As the desired temperature is reached in the melting furnaces, about 1.0 kg of
the aluminium alloy in the form of small pieces is placed inside the graphite crucible.
The top of the furnace is covered by an asbestos sheet. As the required temperature is
eached in the preheating furnace, the die is placed inside the muffle. Argon gas
supply is started at a constant flow rate of 1.0 lit/min. The open end of the die cavity is
covered by a steel plate, specially fabricated for this purpose. Preheating is carried out

for half an hour at this temperature to remove the sizing resin.

The graphite crucible is taken out with the help of a tong after confirming the
complete melting of the alloy. At the same time, argon gas supply is closed and the die
cavity cover is removed. After skimming the melt with the help of a heated mild steel
rod having spoon end, the molten metal is poured in the die cavity. Precaution is taken

to keep the surface level of the molten metal in the die cavity at least 20mm below the
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holes provided for argon gas supply. The temperature range of 725°C ta 775°C and
800°C to 850°C is used as the pouring temperature of the molien metal in case of Al-
Cu/CF and Al-Zr/CF composites respectively. In case of Al-Li/CF composite casting,
the alloy is melted inside the die itself at a temperature of 675°C to 725°C under argon
atmosphere. A mixture of LiCl and LiF is added time to time during melting of the
alloy to provide a cover on the surface of the molten alloy for reducing the loss of

lithium due to oxidation.

The plunger is inserted into the die cavity up to a sufficient depth and the
whole unit is centrally placed on the platform plates of the hydraulic press, just below
the ram. The press is then switched on and a pressure of 75 MPa is applied for about

60 secs, by lowering the ram. The ram speed is recorded as 5 mm/sec.
3.2.7  Determination of Chemical Composition of Matrix Alloys

The chemical composition of the matrix alloys in the composites is determined
by inductively coupled plasma (ICP). The solutions of matrix alloys are prepared by
dissolving 1.0 gm of the powder, obtained by filing the unreinforced alloys, in HCI
and HNO;. Distilled water is added to make 1.0 litre solution of each alloy. The
standard solution of copper is prepared by dissolving 1.0 gm of electrolytic copper
while those of Li and Zr are prepared by dissolving 1.0 gm powder of their respective
master alloys. The wt. % of Cu is determined by dividing the reading of alloy solution
to that of standard solution multiplied by 100. The wt. % of Li and Zr is calculated by
dividing the readings of ‘alloy solutions to that of their respective standard solutions

and multiplied by the Li and Zr wt. % in their master alloys.
3.2.8 Optical Microscopy and Estimation of Fibre Volume Fraction

The cast composites are examined under optical microscope after preparing
the specimens by standard procedure. The specimens are polished up to 4/0 grade
emery paper. These specimens are cloth polished by using polishing grade alumina
suspension. After polishing, the specimens are thoroughly cleaned with water: Afier

drying, they are etched for 20 to 30 secs with Keller’s reagent followed by washing
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and drying again. Etched and polished specimens are examined under optical
microscope (modet MEF 3) for observing the distribution of fibres in aluminium alloy
matrices. The specimens are viewed at different locations and micrographs are taken

at different magnifications.

The fibre volume fraction in the composites is determined by quantitative
metallography, i.e., by point counting technique. The magnification in the microscope
is so adjusted that a maximum resolution could be obtained and at the same time, the
condition of not more than one grid point falling on one dark spot is satisfied because
fibres present in the composites are observed as dark spots under optical microscope.
For each sample, 10 such observations are made at random locations. The fibre
volume fraction of dark spots is calculated by dividing the average value of the
number of grid points in dark spots to the total number of grid points. In order to cross
check, the number of dark spots is counted in an area of 72 x 48 mm? at a
magnification of 1000 X. The fibre volume fraction is then calculated by dividing the

area occupied by dark spots to the total area.
3.3 CHARACTERIZATION OF COMPOSITES
3.3.1 Scanning Electron Microscopy

All the continuous fibre reinforced metal matrix composites in as cast
condition are examined under scanning electron microscope (model LEO 435VP) to
observe the distribution of carbon fibres in different aluminium matrices. The etched
specimens of these composites, which were used for optical microscopy earlier, are
also used for SEM study. These specimens are mounted on specimen holders with the
_ help of adhesive. A silver paint coating is applied on the side surface of the specimens
from top to bottom, in order to provide better electrical conduction. The distribution
patterns of the composites are viewed on the screen and micrographs are taken at

different locations and at different magnifications.
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3.3.2 Epergy Dispersive Spectroscopy (EDS) and Electron Probe MicroAnalysis
(EPMA)

After scanning electron microscopy, same specimens are examined for energy
dispersive spectroscopy and electron probe micro analysis (model JXA 8600M), to
observe the distribution of alloying elements in various composites. The composite
specimens are mounted on specimen holders by using adhesive and carbon coating is
applied on the specimen surface for better conduction, before introducing the
specimens in the electron beam chamber. An acceleration voltage of 20 kV is

employed for these studies.

EDS and EPMA micrographs are taken, for Al-Cw/CF and AIl-Li/CF
composites, to observe the distribution of alloying elements in the alloy matrix of the
composites. EDS point analysis and line analysis of selected regions are carried out
for AI-Cu/CF composite having 66% fibre volume fraction. EPMA Line analysis
across the interfibre region is carried out for Al-Zr/CF composite to observe the
distribution of alloying elements in the composite and to find out the presence of the

elements at the interface.
3.3.3  Transmission Electron Microscopy

TEM studies are also carried out to characterize the microstructure of the cast
composites by analysing the interface regions as macroscopic behaviour often depends

upon the structure at the interface. TEM study of Al-Cu/CF composite is carried out.

(a)  Specimen preparation: A thin sheet of approx. 10 x 15 x 0.1 mm?® size is cut
from Al-Cu/CF composite plate using a diamond cutter (mode! Isomet 1000).
The thin foil is subjecied to ion thinning for electron transparency. lon beam
thinning enables electron transparent foils of the composite materials to be
prepared reproducibly. A beam of 5 kV ions is direcled to the specimen, which
causes ejection of atoms or molecuies from the specimen at the point of ion
impingement. In order to get high thinning rate, argon gas is used as the

bombarding specie as it is the heaviest inert atom,
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b)

B)

(ii)

The specimen is mounted on a special holder and is rotated in such a
way that two beams impinge on opposite sides of the specimen at a low angle
of approx. 30° initially and approx. at 15° in the later stage of thinning, The
rate of thinning is calculated to be 0.10 pm/h as it takes 12 h to get an electron
transparent thickness of about 10 pum. A short pericd of about half an hour of

ion beam thinning is used to clean oxide from the surface of the specimen.

Structural measurements: TEM study of the Al-Cw/CF composite having
66% fibre volume fraction is carried out on transmission electron microscope
(model Philips EM 400T/ST), to identify the phases present at the interface.
The specimens are mounted on the specimen holders and are placed inside the
electron beam chamber. Different regions are viewed on the screen and TEM
micrographs are taken alongwith the selected area diffraction patterns (SAD)

using different camera constants.

Indexing of diffraction patterns: Two types of SAD patterns, i.e., spot
patterns and ring patterns are obtained for Al-Cu/CF composite specimens

when examined by selected area electron diffraction.

Camera constant method: If the camera constant ‘LA’ is known accurately
after calibrating with the gold/silver specimen, d vaiues are calculated by
measuring Ry, Ry and R; values and by substituting for R in Rd=LA, where, 1
is the wavelength of the electron beam and L is the distance between the
specimen and the screen. The d values are checked with the likely ASTM data
cards and the angles between the reflecting planes are checked for equality, to
provide a cross check. The beam direction B, i.e., approximately zonal axis (u
v w) of the planes (h; ki 1\) and (hz k; k) isgivenasu=k L-ko l,, v=1 hz -
Iohyand w=hy ky —k; hy.

Indexing spot patterns: The distances R, Rz, R; are the distances ol the

diffracted spots of the transmitted beam, measured from the centre spot (000)

as shown in Fig.5.11 (b) of Chapter-5. The parameter R is the characteristic of
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(i)

interplanar spacing ‘dyq’ of the reflecting plane and the magnification due to
the lens settings, i.e, camera constant. The d values are calculated by

substituting Ry, Ry and R; for R in Rd&=LA.

From Fig.5.11, Ry, Rz and R; are measured as 3.46 mm, 8.61 mm and

9.67 mm respectively. The d;.d; and d; values are calculated as 2.338, 0.929

and 0.827 A respectively. These values correspond to the d values of Al-FCC.
The reflecting planes corresponding to these d values are (25 4), (111) and
(133). The angles between R; and R and between R; and Rs are 53° and 81°
respectively. The calculated ¢; and ¢, values as 53° and 81° further confirm the

indexing. The beam direction is found to be [3 2]

Indexing ring patterns: The radius of each ring, as shown in Fig.5.12 (b) of
Chapter-5, is characteristic of the spacing of the reflecting planes in the crystal
and setting of microscope lenses. This is calibrated using silver specimen in

the present study.

The diameter of rings R;, R, and R are measured. These distances are
LA

; .
From the ASTM data cards, starting with the most likely phase present on the

converted into interplanar spacings using the camera constant as d,=

basis of the known constituents of the composite, the phases present in the

interface near the fibre and near the alloy matrix are identified.

The Ri, Ry, and Ry are measured in Fig.5.12 (b) as 3.65 mm, 6.84 mm

and 9.36 mm respectively. The corresponding d values obtained are 2.19, 1.17

and 0,686/;‘. From the ASTM data card, it is observed that these d values

correspond to the planes (100), (20§) and (103) for amorphous carbon.
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3.3.4 X-ray Diffraction Analysis of Cast Composites

The X-ray diffraction analysis of cast composites has been conducted to
identify the various phases and reaction products (due to chemical interaction between

carbon fibres and matrix during squeeze casting) present in the composites.

The powder samples of the cast composites are taken by filing the composite
surfaces with hard jeweller’s file. The specimens for X-ray diffraction analysis are
prepared by placing these powder samples on a glass plate for making the slides. The
X-ray diffraction study is carried out for the specimens under an automatically
scanned Phillips X-ray diffractometer (model PW1140/90) in the angle range between
5° - 120° using a copper target and nickel filter with a current 0f 20 mA at 35 kV.

The intensity of diffracted beam against 26 is plotted on a graphical chart at a
chart speed of 1 em/min and at the goniometer speed of 1°/cm. For all the intensity
peaks and their corresponding values of 26, the inter planner spacing d is calculated

using Bragg’s law,
A =2dsinf 3.2

where , A is the wave length of CuK, radiation used for diffraction and is taken as

1.5405 A in the present work. From the calculated d values, the different phases
present in the composites are identified with the help of ASTM X-ray diffraction data

card.
34  PROPERTIES OF CAST COMPOSITES
3.4.1 Density of Cast Composites
The density of the composites has been determined by weight loss method.

Three specimens of each composite, which were used for microstructural analysis

carlier, have also been used for the determination of the density of cast composites.
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According to weight loss method, if w is the weight of the specimen in air and wa is

the weight in liquid, the density of the specimen is given as,

AT 63
Wy =W,

where, py is the density of the liquid.

In the present study, pure methanol has been used for measuring the weight
loss because it is inert to the interfacial carbides, formed due to chemical interaction
between carbon fibres and aluminium matrix during squeeze casting of the
composites. The density, py, of pure methanol is taken as 0.790 gm/em’ at 25°C. A
very thin stainless steel fibre having a diameter of approx. 0.080 mm is used to hang

the composite specimen while dipping in absolute methanol.

Three specimens of each unreinforced alloy (one specimen is taken from each
unreinforced alloy plate obtained during squeeze casting of composites having same
matrix but different volume fraction of carbon fibres) arc prepared with final
dimensions as 15 x 7.5 x 7.5 mm’, by polishing all the surfaces of the specimens up to
4/0 grade emery paper. The density of each specimen is determined by using the same
procedure as for composite specimens. The density of each composite and each

unreinforced alloy is determined by taking the average of three density values.
Density of the composites have also been calculated by ‘Law of Mixtures’ as,
Pe=pVy + (1-V)pn (34

Where, o, pr and p,, are the density of composile, fibre and matrix respectively and ¥y
is the fibre volume fraction in the composite. The fiber density g is taken as 1.76
gm/cm3 whereas the experimentally determined density of unreinforced alloys (by

weight loss method) is used for matrix density p,.
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3.4.2 Mcchanical Properties of Cast Composites and Unreinforced Alloys

(a)  Hardness: [n metal matrix composites, bulk hardness is generally preferred
over micro hardness because bulk hardness measurement utilizes large size
indentor so as to take the contribution of all the constituents proportionally at a
particular location. In micro-hardness measurements due to small size of the
indentor, the values obtained show large scattering depending upon the

location of the indentation.

The Brinell test is a simple indentation test for determining the
hardness of a wide variety of materials and is particularly preferred for
composites. The same three specimens of each composite, which were used for
density determination earlier, are also used for Brinell hardness testing. Both
the faces (perpendicular to the fibre axis) of each specimen have been used for
the measurement of hardness. So in total six hardness values (one on each
face) are obtained for each composite and for each unreinforced alloy. The
reported Brinell hardness value is calculated by taking the average of six

hardness values.

The Brinell hardness measurements have been carried out on a Brinell
cum Vickers hardness tester (WPM) made in the German Democratic
Republic. The test consists of applying a load of 62.5 kg for a specified time of
30 secs using a 2.5 mm diameter hardened stec! ball indentor on thoroughly
cleaned and polished surface of the specimen. Time for the application of load
is selected s0 as to ensure that the plastic flow of the metal matrix composite
in the indentation area is ceased. The load is removed slowly to allow elastic
recovery. The diameter of the circular impression is measured in millimeters
nearest to 0.01 mm by using a low power microscope attached with the testing
machine. To eliminate any error in the measurements due to deviation from
sphericity, measurements are taken along two mutually perpendicular
diameters. The average value of these diameters is used as the diameter of the

indentation. The Brinell hardness is calculated as,
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(b)

1B = 4P

DD -D?

kg / mm® (34)

where, P is the applied load and D and D; are the diameters of the indentor and

indentation respectively.

Tensile properties: The round specimens for unreinforced alloys are prepared
after cutting the rectangular bars of dimensions 10 x 10 x 50 mm® from
unreinforced alloy plates. These bars are machined on the lathe machine to
remove excess material for getting the final dimensions to confirm ASTM

specifications as shown in Fig. 3.9 (a).

Dog bone shaped specimens have been used for tensile testing of
composites. Composite strips having dimensions 65 x 20 x 4 mm” are taken by
cutting the composite plates on a diamond cutter (modet Isomet 1000). These
strips are machined on a milling machine in the dog bone shape, approx. Imm

off the final dimensions. These strips are polished on emery papers up to 4/0

. grade for getting the final dimensions of the polished specimen to confirm

ASTM specifications as shown in Fig.3.9 (b).

Three specimens of each composite have been prepared from a
composite plate whereas three specimens of each unreinforced alloy have been
prepared from three different unreinforced alloy plates, obtained during
squeeze casting of three composites having same aluminium alloy matrix but

different volume fractions of carbon fibres.

The tensile tests have been carried out at ambient temperature for as
cast composites and for as cast unreinforced alloys. These tensile tests are
performed on a pneumatically operated Hounsfield Tensile Testing Machine
equipped with a computer for printing out the load vs. extension curves. All
the tests are carried out on a load scale of 0-10,000 N and at a speed of

Imm/min, i.e., 16.6 pm/sec. The gauge thickness, gauge diameter and gauge
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length of dog bone shaped and round specimens are measured with the help of

a Vernier Callipers before and after the test.

The ultimate tensile strength (UTS) of the composite specimens is
evaluated by dividing the maximum force to the initial cross sectional area of
the specimens in units of MN/m? or MPa. The engineering fracture strain is
calculated by dividing the extension at the fracture to the initial gauge length.
As there are three specimens of each composite and unreinforced alloy, three
values of UTS and three values of engineering fracture strain are obtained. The
values of UTS and fracture strain reported here are obtained by taking the
average of these three values evaluated for three specimens of each composite

and unreinforced alloy.

The law of mixtures predictions for ultimate tensile strength of

composites ‘o’ are made as,

o= Vigp+ (1-V) om (3.5)
where, o and V stands for strength and volume fraction respectively and
subscripts ¢, f and m correspond to composite, fibre and matrix respectively.

The values of oy, used for these predictions are those evaluated experimentally

for unreinforced alloys whereas the value of oris taken as 3.5 GPa.
Single Fibre Tensile Test

Single fibre tensile tests have been carried out for preheated and extracted

(from composites) fibres. The extraction of carbon fibres from AVCF composites is

accomplished with dipping the composite pieces in a 10wt.% NaOH aqueous solution,

in order to dissolve the matrix alloy, followed by a gentle removal of the separated

fibres. The preheated fibres are already separated. Adhesive tape is used to remove a

single fibre from the fibre tows,
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Single fibre is stretched slightly and is stuck to a sheet of paper by using epoxy
adhesive as shown in Fig.3.10. The paper sheet is then clamped in the grips of a
Instron make mini universal testing machine (model 4411) having a load cell of 5.0
mg. The paper support is cut at the middle afler clamping in the grips. Total 50 fibres
of gauge length of 25 mm are tested for each composite at a crosshead speed of 8.3
wm/sec to obtain Weibull distribution of fibre strength. Single fibre diameter is not

measured and the nominal value is used to calculate the fibre strength.

The most appropriately used estimator of F(o) is I_'S;S
n+

, where, i is the serial

number of the fibre and 7 is the total number of fibres. The mechanics of the process
is simple. On the special Weibull paper, o is plotted on the logarithmic x-axis and

375

! % x 100 is plotted on the y-axis (often labelled as % failure).

F(o), i.e., —

The degree to which the plotted data fall on a straight line determines the
conformance of the data to a Weibull distribution. If the data reasonably plot as a
straight line, the Weibull distribution is a reasbnable fit, and the shape parameter ‘5’
and the scale parameter ‘e’ can be obtained. If a line is drawn parallel to the plotted
straight line from the center of a small circle @ (in the TEAM paper called ORIGIN)
until it crosses the SMALL BETA ESTIMATOR on the TEAM paper, the value of
is obtained. To find o, draw a line from the 63.2 (0.0 level at the right vertical line of
the TEAM paper) until it intersects with the fitted straight line. From this intersection,
draw a vertical line until it intersects with the x-axis, and read off the x-axis value at
this intersection. This value represents the scale paramecter o. The average fibre

strength can be calculated from Eqn. (2.33).
3.4.4  Fractography and Interfacial Properties

In order to have an understanding about the mode of fracture and measuring
the fibre pull out lengths, fractured surfaces of tensile specimens have been examined
under a scanning electron microscope (model LEO 435 VP). Sinall samples from the

fractured side of the broken tensile specimens are cut out of their lengths without any

94



1 75 -

! 25 !
¥
10
4+

T | O
| CARBON
o FIBRE
"

- EPOXY

ADHESIVE

ALL DIMENSIONS ARE IN mm
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damage to the fractured surface. These samples are then fixed by quickfix carefully on
the specimen holder of the SEM. In order to improve the electric conduction, silver
paint is applied on the side surface of the specimen. The SEM micrographs of the

fracture surfaces of each composite are photographed at different magnifications.

The interfacial properties of cast composites are calculated by using Eqns.
(2.40) and (2.43) as given in chapter 2. For calculating the interfacial properties, the
fibre pullout length is measured experimentally and is taken equal to longitudinal

displacement between two adjacent fibres and average fragment length respectively.
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Chapter-4
RESULTS AND DISCUSSION: WETTABILITY STUDIES

This chapter describes the resuits of wettability studies carried out for different
aluminium alloys on vitreous catbon substrate. The results have been discussed to
develop a coherent understanding of the phenomena involved for the observed
improvement in the wettability. Finally, these results have been compared with the
results of other workers to sort out the reasons responsible for the observed

discrepancy.
41 RESULTS

The wettability characteristics of aluminium on a ceramic substrate are very
much dependent on the presence of oxygen during experiments. 1t has been reported
by several workers that the oxygen present in the atmosphere reacts with molten
aluminium to form an oxide layer, which prevents the actual contact with the ceramic
substrate, and hence, alter the wettability of the aluminium with that substrate. So, it is
necessary to examine the deoxidation of molten aluminium before conducting the
wettability studies. It has also been observed by several investigators, that deoxidation

of aluminium is a kinetic issue which depends upon time and temperature.

In the present investigation, the deoxidation of aluminium is verified by
conducting two separate sessile drop experiments on Al/A1;O; system, as it is non-
reactive at low temperatures ie. < 900°C and solubility of oxygen is very low in
aluminium ie. <107 at% at 927°C (51). These test experiments are conducted in
argon atmosphere at 850°C, which lies in between the investigated temperature range
for AI/C system in the present study. Figure 4.1 shows the contact angle kinetics
obtained at 850°C for AI/C system in two different experiments. It is observed from
Fig. 4.1 that contact angle is initially very large, i.e., more than 160° and decreases
rapidly to 110° in about 400 secs. Afterwards, it decreases slowly up to 100° in about
600 secs. So in both the experiments only small changes in contact angle are observed

after 400 secs.
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These two separate experiments confirm the deoxidation of aluminium after
400 secs as contact angle becomes steady afier this time. The two separate
experiments form the basis for reproducibility of contact angle within +5° in the
investigated temperature range selected for the wettability study of Al-X/C, system.
These experiments also explain the basis to select a contact angle reported time of

about 10 mins after the melting of the aluminium alloy, in the present study.

4,1.1 Contact Angle and Work of Adhesion

The contact angle and work of adhesion for different Al alloys are given in

Table-4.1 and Table A4 in Appendix A respectively.

Table-4.1

Contact angle of aluminium alloys on vitreous carbon at different temperatures
S. Aluminium . Contact angle (Degree)

No. Alloy 700°C [ 775°C | 850°C | 925°C | 1000°C | 1075°C
L. Al-4.5 wt.% Cu 154 147 135 115 105 86
2. Al-1.1 wt.% Li 147 136 120 93 82 78
3. Al-1.6 wt.% Li 132 124 111 90 79 76
4, Al-2.3 wt.% Li 118 112 100 81 75 72
5. Al2.1 wt.% Zr 160 143 128 109 94 84
6. Al3.4 wt% Zr 161 145 125 103 82 69
7. Al52 wt% Zr 163 149 121 99 72 55

(a)  Al-4.5wt%Cu alloy: Figure 4.2 shows the variation of contact angle with
temperature for Al-4.5wt.%Cu/C, system. The same effect is depicted by
change in sessile drop profile with temperature as shown in Fig. 4.3. This

system features three regions in which the wetting differs significantly.
The first temperature region ranging from 700°C to 850°C shows very

large contact angles of 155°to 135°, Above 850°C, the contact angle reduces

rather rapidly and approaches about 115° at 925°C. Further, a very little change
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(b)

Fig. 4.3 The change in scssile drop profile with temperature for Al-4.5wt.%Cw/C.
system (2) 775'C (b) 1075°C.
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{©)

is observed for contact angle up to 1000°C. Above 1000°C, the alloy wets the

carbon substrate as the contact angle attains a value ~ 86° at 1075°C.

Figure 4.4 illustrates the variation of work of adhesion with
temperature for Al-4.5 wt.%Cu/C, system. It is observed from the figure that
the work of adhesion, increases slowly in the temperature range of 775°C to
925°C and rapidly afierwards, to obtain a value by almost one order of

magnitude higher at 1075°C than the value at 775°C.

Al-Li alloys: Figure 4.5 illustrates the variation of contact angle with
temperature for different Al-Li alloys on vitreous carbon substrate. The same
effect is depicted through a series of photographs in Fig. 4.6, which shows the
drop profiles at different temperatures for Al-2.3wt.% Li alloy. It is observed
from Fig.4.5 that all the curves show a sharp decrease in the contact angle at
low temperatures (700°C to 850°C) above which, the contact angle decreases
rather slowly up to 925°C. Although, the contact angle lies in the non-wetting
range at low temperatures, there is a very significant decrease in the contact
angle at low temperatures depending upon the concentration of Li in the
alloys. This difference in the contact angle of different aluminium-lithium
alloys at a particular temperature reduces as one proceeds from low
temperatures to high temperatures. Finally, no significant reduction in the
contact angle is observed for different Al-Li alloys at a high temperature of
1075°C though, all the alloys wet carbon substrate at this temperature by

attaining a contact angle in between 72° to 78°.

The variation of work of adhesion with alloying concentration of
lithium at different temperatures has been shown in Fig. 4.7. It is observed
from this figure that work of adhesion increases rapidly with [ithium
concentration at low temperatures whereas it increases slowly with lithium

concentration at high temperatures.

AlL-Zr alloys: Figure 4.8 shows the variation of contact angle with temperature

for different aluminium-zirconium alloys. The same effect is depicted through
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Fig. 4.6 The change in sessile drop profile with temperature
for Al-2.3wt.%Li/C. system (8) 775 C (b) 1075 C. -
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a seties of photographs in Fig. 4.9, which shows the drop profiles at different
temperatures. It is observed from Fig. 4.8 that all the curves, which correspond
to different afloys, follow the same trend in lower temperature range of 700°C
to 850°C and are associated with large contact angles of the order of 160° to
125°. Above 850°C, a sharp decrease in contact angle is observed for all the
alloys as the contact angles approaches to nonwetting to wetting transition
range for all the alloys at about 1000°C. All the atloys then wet the carbon
substrate by showing a contact angle of less than 90° at about 1075°C.

Figure 4.10 shows the variation of work of adhesion with the
concentration of zirconium in the aluminium-zirconium alloy, measured at
different temperatures. It has been observed that the work of adhesion remains
nearly constant with increase in zirconium content at lower temperatures i.e.
from 775°C to 925°C. Above 925°C, the work of adhesion increases with
zirconium content in the alloy to attain the highest value at 1075°C, for Al-

5.2wt.%Zr/C, system.

4.1.2 SEM and EPMA Studies

SEM and EPMA studies have been conducted on the sessile drops of different
aluminium alloys to investigate the various phases present at the interface. At low
temperatures, it is observed that there is no reaction at the interface as sessile drops
are easily detached from the substrate. However, at high temperatures, interfacial
reaction might have taken place as it becomes very difficult to detach the drops from
the substrate. The detachment is associated with a large fragment of carbon substrate,

which comes out alongwith the drop specimens.

Figures 4.11 to 4.13 show the SEM micrographs of the interface between
carbon substrate and different aluminium alloys at high temperature. These
micrographs also show the surface of the alloy drops investigated at low temperature
It is clearly visible from these SEM micrographs that a reaction layer is present at the

interface of Al-Cu/C, and Al-Zt/C, systems whereas there is no sign of reaction layer
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Fig. 4.9 The change in sessile drop profile with temperature for
Al-5.2wt.%Zr/C, system (2)775°C (b)1075°C.
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Fig. 4.11 SEM micrographs showing the interface in Al-4,5wt.%Cw/C. system(n)
drop surface at 850°C (b)back scattered image (c) interface at1075°C.



Fig. 4.12 SEM micrographs showing the interface in Al-2.3wt.%Li/Cs
system (a) drop surface at 850°C (b) back scaattered image
(¢) interface at 1075°C,
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Fig. 4.13 SEM micrographs showing the interface in Al-5.2wt.% Zr,

system (a) drop surface at 850°C (b} back scaftered image
interface at 1075°C.
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at the interface of Al-Li/C, system. In case of AI-Cu/C, system, the interface between
alloy and substrate mainly consists of a single layer, as showst in Fig. 4.11 (c) wheteas
in case of Al-Zt/C, system, it consists of two different layers, as shown in Fig.4.13 (c).
The EPMA - line analysis, as shown in Figs. 4.14 and 4.15, reveals the presence of
aluminium and zirconium at the interface of AI-Cu/C, and Al-Zt/C, systems

respectively.

4.1.3 X-ray Diffraction Analysis

The X-ray diffraction analysis of interface region shows the presence of ALOs
in all the samples, investigated at low temperatures. Besides Al,Os, the presence of
LiO, is also observed at the interface of AL-Li/C, system, investigated at low
temperatures. The X-ray analysis of all the specimens tested at higher temperature
reveals the presence of Al,C; at the interface whereas at the interface of Al-Zr/C,
system, ZrC phase is also detected. Table 4.2 shows the various phases identified at

the interface of different aluminium alloys and vitreous carbon.

Table-4.2
X-ray diffraction analysis of interface of different systems
Composite 26 Sine |V, | Vl, |[d(A) hkl Phase(s)
system (degree) ASTM
21 0179 | 16 | 100 | 4.30 100 CuAl,
32 0.275 | 13 60 2.80 012 ALC;
38 0328 | 10| 100 | 236 111,110 Al ALOs
ARy oA 28 | 100 [ 206 | 002 C
55 0.464 | 36 | 100 1.66 110 AlCs
25 0.212 | 16 100 3.63 - LiCye
34 0.289 | 30 | 100 | 2.66 - Li;O
ALLUC 38 0328 | 10| 100 | 236 114,110 Al, ALO,
! 40 0341 23] 100 | 226 220 AlLi
44 0374120 | 100 | 2.06 002 C
33 0.284 | 21 100 2.71 1t1 ZC
38 0.328 | 10 100 2.36 | 111,110,114 | AlLLALO3,AlZr
ALZIC, 44 0.374 | 23 100 2.06 002 C
55 0.464 | 12 50 1.66 220 ZiC
58 0481 | 26 80 1.60 116 AlO;
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42  DISCUSSION

The deoxidation of aluminium has been verified by examining the contact
angle kinetics of aluminium on ¢ -AlO;. The steady contact angle obtained in this
system is in good agreement with the contact angles of same system measured under
those experimental conditions which generally suppress the influence of the oxide
layer on wetting (51). This clearly shows that in the present investigation, the
deoxidation of aluminium is achieved in about 10 mins after melting at 850°C.
Although the deoxidation of aluminium, in the present study, is achieved in a longer
time duration after melting but can be attributed to different experimental conditions.
Deoxidation is mainly produced due to reduction of the oxide layer by liquid

aluminium with production of gaseous suboxide (51).

The contact angle of Al-Cu/C,, Al-Li/C, and Al-Zr/C, systems shows large
values at low temperatures, i.e., from 700°C to 850°C. Though there is a significant
decrease in contact angle for AI-Li/C, system as compared to other systems, they are
still greater than 100°, The work of adhesion of Al-Cu/C,, AI-L¥/C, and Al-Zr/C,
systems is about 150 mJ/m?, 250 mJ/m’ and 100 mJ/m’ respectively at 775°C, which
is equivalent to 10 to 20% of the work of cohesion of aluminium alloys. This shows
that the Al alloy/C, interface is energetically weak and the same effect is realized from
the fact that no force is required to detach the drop specimens from the carbon

substrate.

These values of contact angle and work of adhesion are comparable with those
measured in nonreactive metal/carbon systems like Cu/C, (98,99) or Ag/graphite (19)
in which, adhesion has been attributed to Vander Waal’s interaction (19). These
values of contact angle are greater than the values of contact angle measured for
Al/ALO; system, in the presented study, at 850°C. This difference may be attributed
to the fact that either the additions of Cu and Zr increase the surface tension of
aluminium alloy or the deoxidation of Al-Cu alloy drop and Al-Zr alloy drop is not
achieved in 10 mins of holding time as deoxidation also depends on the testing
temperature. So in the present study, large contact angles are observed in the low

temperature range of 700°C to 850°C.

117



The second factor, related to the deoxidation of alloy drop, is more relevant as
SEM study shows the presence of oxide at the surface of the alloy specimens tested at
these temperatures as shown in Figs. 4.11 (a), 4.12 (a) and 4.13 (a). At the same time,
the XRD analysis also shows the presence of Al;O; at the interface between vitreous
carbon substrate and these alloys at low temperatures as given in Table 4.2, The
temperature dependence of the deoxidation of aluminium have been observed by
Landry et al. (19) who shows experimentally that the deoxidation of aluminium is
achieved in less time depending upon the temperature, as it takes about 8000 secs at
750°C against 800 secs at 977°C to obtain the deoxidation conditions. Eustathopoulos
(29) has also pointed out that the rate of establishment of equilibrium is determined by
temperature itself as it takes 60 mins at 850°C to obtain a constant (steady) contact

angle as against 30 mins at 900°C.

In case of Al-Li/C, system, despite of decrease in surface tension, the large
contact angles and low work of adhesion are observed because the lithium present in
the alloy probably substitute for aluminium in the oxide layer as it is more

electropositive than aluminium and brings about weakening of the oxide layer. But at
‘ the same time, it seems that the concentration of lithium is not sufficient to reduce the
surface tension considerably or to react with the carbon substrate so as to form a
compound wettable by aluminium, The SEM study does not show the presence of
interface between the substrates and Al-Li alloys, however, X-ray analysis shows the
presence of Li,O at the interface which confirms that complete deoxidation of alloy
drop is not achieved. Although the formation of Li,C, crystals has been reported at
700°C in argon atmosphere by Secrist and Winsyl (213) but no Li,Cy has been
observed in the X-ray analysis. This may be either due to very less formation of Li;C,
or due to insufficient amount of lithium addition in the alloy, incapable of forming the
lithium carbide besides replacing the aluminium in the oxide layer at the surface of the

molten alloy.

The exact process of decreasing the contact angle in the present study is not
clear at low temperatures but these results confirms the predictions made by Manning
et al.(18) who have reported that wetting is not significantly affected by the addition

of small quantities (2 to 3wt.%) of surface active elements.
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At high temperatures, all the alloys show wettability with vitreous carbon
substrate as the observed contact angle is less than 90° for Al-Cw/C, and Al-Zt/C,
systems above 1000°C whereas Al-Li/C, system shows a contact angle of less than 90°
at 925°C for high Li content alloy. It is also observed from Fig.4.8 that at high
temperatures, there is large difference in contact angles for Al-Zt/Cy system depending
upon the Zr content in the alloy. High Zr containing alloy shows contact angle of 55°
while low Zr containing alloy shows contact angle of 84° at 1075°C which is close to
that observed for Al-4.5wt.%Cu alloy at this temperature. It is therefore concluded
that addition of small amount of reactive elements does not improve wettability of
aluminium with carbon. These results are in good agreement to that observed by other

workers (18).

On the other hand, the contact angles of Al-Li alloys on vitreous carbon
substrates at high temperatures are very close to each other. The low lithium content
alloy shows contact angle of 78° whereas high lithium content alloy shows contact
angle of about 72° Lithium addition to aluminium improves the wettability as the
contact angles of Al-4.5wt.%Cu/C, and Al-2.3wt.% Li/C, systems at 850°C are
around 135° and 100° respectively. It may be concluded that further addition of
lithium to aluminium does not produce a remarkable difference on the wettability of
carbon at high temperatures. The same effect has been observed by Eustathopolous et
al. (29) who observed a constant contact angle of 29° at all temperatures during the

wetting of vitreous carbon substrate by Al-6.0wt.% Li alloy.

The work of adhesion measured for these systems at high temperatures is
nearly one magnitude higher than the measured at low temperatures. The work of
adhesion of the interface is very high and equals, depending upon the temperature and
system, ~60% to 75% of the work of cohesion of the alloys. The interface is thus
energetically strong and adhesion can not be interpreted in terms of weak Vander

Waal’s interactions but in terms of chemical interactions.
It is well known that the deoxidation of aluminium depends upon time and
temperature. The holding time of 10 mins is sufficient to deoxidize the aluminium

alloys at 850°C, i.e., without any reaction between aluminium and Al,Os. So in view
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of the above fact, it is possible that at high temperatures, the deoxidation of
aluminium alloys might have been achieved in less than 10 mins and there might be

sufficient time for reaction to occur between the substrate and the liquid alloy.

The SEM analysis of Al-4.5wt.%Cu/C, system at 1075°C, reveals the presence
of a reaction layer having a uniform thickness throughout as shown in Fig. 4.11 (c).
The EPMA line analysis of this reaction layer shows the presence of aluminium in it
as shown in Fig.4.14. The SEM analysis of the interface between different Al-Zr
alloys and C, substrate shows the presence of two different layers at the interface as
shown in Fig. 4.13 (c). The EPMA analysis reveals the presence of aluminium in the
layer near to substrate whereas layer near to the alloy shows the presence of zirconium
as shown in Fig.4.15. The SEM analysis of the interface between Al-Li alloys and
vitreous carbon substrate does not reveal the presence of any reaction layer at the
interface, for high lithium content alloys at about 1075°C, as shown in Fig. 4.12 (c).
The EPMA analysis of the interface in Al-Li/C, system is not carried out by JEOL
8600M, as it is unable to detect the Li element.

The X-ray diffraction analysis of the samples taken from the interface region
of Al-4.5wt.%Cu/C, system shows the presence of CuAl, and AlyC; which formed
during reaction between aluminium copper alloy and the vitreous carbon substrate.
The X-ray analysis of the samples taken from the interface region of Al-Zr alloy/C,
system shows the presence of Al4Cs, ZrC and AlaZr at the interface. But as the EPMA
results suggest the presence of Al in the layer near the substrate and Zr in the layer
near the alloy drop, it may be concluded that these layers are of Al4C; and ZrC
respectively. The X-ray analysis of the interface of AL-Li/C, system teveals the

presence of Li>0, LiCys and AlLi as given in Table 4.2

The solubility of carbon in molten aluminium is very low i.e. 0.14wt.% at
1100°C (57) whereas the solubility of carbon in solid is estimated to be around
0.015wt.%, so upon cooling from the testing temperature, essentially all dissolved
carbon is precipitated out as Al,C;. In case of Al-4.5wt%Cu/C, system, the aluminium
reacts with carbon substrate to form aluminium carbide after the deoxidation of the

alloy drop. The copper addition does not play any role, as it is inert to carbon. This
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reaction between aluminium and carbon substrate depends upon temperature and time
of contact. Landry et al. (19), in a detailed analysis on the reactive wetting kinetics of
the AVC system, have mentioned that the reaction between Al and C is strictly
localized at the triple line and takes place by a nearly two-dimensional mechanism.
They have also pointed out that at the triple line, liquid aluminium has a direct access
to the solid carbon substrate and the reaction occurs rapidly without any need of
diffusion of carbon (or aluminium) atoms through the solid reaction product layer of
Al,Cy. The reaction rate observed at this particular point is two orders of magnitude
higher than the reaction rate at the interface far from the triple line where the reaction

occurs by slow diffusion through the solid carbide layer.

In another study, Landry et al. (99) have also pointed out that the reaction rate
at the triple line increases with temperature according to the Arrhenius law. The
activation energy is about 230 kJ/mole. This value is higher by an order of magnitude
than typical activation energies for diffusion in liquids but is of the same order of
magnitude as those for diffusion in solids. At the triple line it occurs without any need
of solid state diffusion. Therefore, while the thickening process is diffusion controlled,
lateral growth process is quite different, The activation energy of lateral growth is also
of the same order of magnitude as the cohesion energy of graphite per atom (214),
therefore, the formation of Al4C; is controlled by the rupturing of C-C bonds at the

substrate surface,

After the deoxidation of the aluminium alloy, the reaction between alloy and
substrate takes place and the substrate, at the solid/liquid interface, is covered by a
continuous layer of ALCs; which extends also on the substrate free surface near the
triple line. Consequently, the contact angle at high temperatures corresponds to the
wetting of aluminium carbide by aluminium alloy. Thus the contact angle and work of
adhesion measured for Al-4.5wt.%Cu/C, system in the present study, are in fact

related to AV/A1,Cs system at higher temperature.

The work of adhesion of the interface at high temperatures is very large (~70%
. of the work of cohesion of liquid aluminium alloy). It is interesting to note that the

results obtained in the Al/AL,C; system in the present study are comparable to those of
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Landry et al. (19) in AVALC; system at 977°C and those of Dervet et al. (216) in the
Si/SiC system at 1417°C. They both interpreted adhesion at the interface in terms of
covalent bonds, similar to the bonds in SiC and Al4C; substrates, established between
interfacial atoms of the substrate and atoms of the liquids. So the adhesion at the

AVALC; interface in the present study may also be attributed to covalent bonds.

In case of Al-Zr/C, system, the zirconium is a strong carbide-forming element.
The liquidus temperature of all the aluminium zirconium alloys, investigated in the
present study, lies between 800°C to 900°C hence they show semi-liquid state at low
temperatures. It may be thus possible that the Al;Zr crystals remain undissolved in the
liquid alloy at low temperatures. As a result, zirconium could not react with carbon to
form a metal like carbide, which is more wettable than Al4C; by aluminium. Also, the
surface tension of liquid alloy increases with increasing amount of zirconium. These
factors may be responsible for the large contact angle for Al-Zi/C, system, measured
at low temperatures. Jarfor’s et al. (217) have also pointed out that ALTi crystals
remain undissolved at 800°C, however, they observed a thin layer of Al,C; at this
temperature at the interface. The SEM examination of the interface in the present
study does not reveal the presence of any reaction layer at low temperatures whereas
the X-ray analysis shows the presence of Al;Zr verifying the fact that these crystals
remain undissolved at low temperatures. The work of adhesion for this system shows
higher values in absolute terms as compared to AI-Cu/C, system at low temperatures.
It may be attributed to the higher surface tension of Al-Zr alloys as compared to Al-Cu
alloy at these temperatures, however, this work of adhesion is also equal to 20% of the
work of cohesion of liquid Al-Zr alloys. So the interface of this system is also

energetically weak at low temperatures.

At high temperatures, zirconium strongly reacts with carbon substrate to form
zirconium carbide freely in liquid. In low zirconium containing alloys, aluminium
carbide is formed at the interface instead of ZrC initially. The depletion of Zr is
compensated by the dissolution of AlsZr crystals to the extent that their total volume
becomes smaller than the volume as per Al-Zr equilibrium phase diagram. The

zirconium then forms ZrC by reacting with the initially formed AlsCs.
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So, the lower zirconium content alloys show a double layer at the interface at
high temperatures, one of Al4Cs near to the substrate and one of ZrC near to the alloy
as observed in SEM and XRD analysis. The same behaviour has been observed by
Landry et al. (19) for Al-Ti/C, system at high temperatures. Sobczak et al. (64) have
observed the TiC phase inside the drop in the form of fine particles whose content
increases with temperature and time of contact. These particles may form freely in the
liquid due to dissolution of the carbon substrate at the very start of the reaction,
however, they have suggested the formation of these TiC particles due to solution

reprecipitation process.

In case of high zirconium content alloy, the depletion of zirconium in the‘ alloy
drop never occurs, It results in the formation of a continuous layer of ZrC on the
substrate. It may be possible that Al,C; forms at the places where ZrC layer is
discontinuous but due to high zirconium content, it is also converted to ZrC by
reacting with Zr. So a continuous layer of ZtC is observed at the interface between -
high zirconium containing aluminium alloy and vitreous carbon substrate as shown in
Fig.4.13(c) and detected by X-ray analysis. Sobczak et al. (64) have also observed a
TiC layer at the interface between Al-6wt.%Ti alloy and graphite substrate at high

temperatures.

The contact angle of low zirconium content alloy is nearly equal to the contact
angle of Al-4.5wt.%Cu/C, system at high temperatures as the difference of 2° is too
small to assert the effect of zirconium addition. It may be due to the fact that
formation of ZrC indeed occurs but Al,Cs also forms at the same time, hence ZrC
does not play any role in the wetting process. On the other hand, as the enthalpy of Zr-
C bond is quite large than the enthalpy of Al-C bond, the formation of ZrC at the
interface results in a considerable decrease in the contact angle for high zirconium
containing ailoys at high temperatures. Sobczak et al. (64) have also observed a
contact angle of less than 90° for high titanium content alloys at the same

temperatures.

The work of adhesion in this system is quite high and is equal to 60 to 80% of

the work of cohesion of liquid alloy at high temperatures, depending upon the amount
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of zirconium in the alloy. Neglecting the effect of the reaction product roughness, the
other parameters determining work of adhesion are the surface tension of the liquid,
and the contact angle of the alloy on the substrate. The surface tension increases with
increase in zirconium content of the alloy at a temperature and contact angle also
decreases with increase in zirconium content as the enthalpy of the Al-C bond in
Al4Cy layer is lower than the enthalpy of the Zr-C bond in ZrC layer at the interface
(19). As a result, work of adhesion increases with increase in zirconium content at
high temperatures. The work of adhesion, measured for low zirconium content alloys
at high temperature, is equal to 70% to the work of cohesion of liquid aluminium alloy
whereas it is equal to 85% of the work of cohesion of the alloy for high zirconium
conter;t alloys. The Al-Zt/ZrC interface is thus energetically strong and can be
attributed to the formation of metallic bonding across the interface as pointed out by

Naidich et al. (59) in an extensive review.

It has been reported that alkali metals like lithium react with graphite to form
intercalation compounds where positive ions of the metal are inserted between the
basal layers (59). The intercalation is achieved due to the diffusion of lithium between
the basal planes of the vitreous carbon substrate. At the same time, it reacts with
carbon substrate to form crystals of lithium carbide at about 700°C in argon
atmosphere (213). At low temperatures, the lithium present in the alloy replaces the
aluminium in the oxide layer to bring about a weakening of the oxide film. The
lithium addition thus leads to rapid dislocation of the oxide layer on the drop and
reacts strongly with the carbon substrate to bring about wetting (29).

In the present study, it may happen that instead of ALOs, lithium oxide(s)
(Li,0; or Li;O) are formed at the drop surface initially, which most probably have
high permeability than ALO; layer. It is then possible that the aluminium-lithium
alloys, which have relatively lower surface tension than aluminium, penetrate through
this oxide layer. So, the fast deoxidation of the drops may be achieved and the lithium

present in the alloy reacts with the substrate subsequently.
In case of Li-Al/C, system the disruptive effect of lithium on the oxide layer is
clearly observed at low temperatures as the contact angle is remarkably reduced in

comparison to that of Al-Cu/C, system. It may be attributed to the fast deoxidation of
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the alloy drop due to lithium and some extent of chemical interaction between alloy
and the substrate. But despite of a remarkable decrease in the contact angle, they are
still in non-wetting range. Therefore, it seems that the amount of lithium in the alloys
is not sufficient to disrupt the oxide layer as well as to react with the substrate at lower
temperatutes. The observed contact angles for different Al-Li alloys on C, substrate
are in good agreement with the results of Manning and Gurganus (18) who have
reported that the wetting is not significantly affected by the addition of small
quantities of surface active elements. From this discussion it appears that a possible
beneficial effect of lithium on wetting at low tempceratures can not be excluded and
indeed, it has been observed by Eustathopoulos et al. (29) with high lithium

containing aluminium alloy.

The work of adhesion of AI-Li/C, system interface, calculated by Eqn. (2.2), is
250 mJ/m’ to 775 mJ/m* depending upon the temperature and amount of lithium in
the alloy. It is equal to only 20% to 45% of the work of cohesion of the liquid alloy.
This shows that the AI-Li/C, interface is energetically weak though, stronger than Al-
Cu/C, system interface at the same temperature. It also shows some amount of
chemical interaction between the alloy and the substrate. Although, SEM studies do
not reveal the presence of any reaction layer but XRD analysis shows the presence of
LiCy6. The LiCys is formed due to intercalation reaction in which positive ions of

lithium are inserted between the basal layers of carbon substrate.

At high temperatures, besides the effect of lithium, the deoxidation of the alloy
drop is also accelerated by the effect of temperature. As a result, sufficient amount of
lithium is avatlable to react with the substrate after deoxidation of the drop at high
temperatures, The lithium then probably reacts with the substrate and diffuses in bulk
into the carbon substrate to form the intercalation compounds. Although it has been
reported (59) that the enthalpy of the intercalation is not high, the observed wettability

may be attributed to the low surface tension of aluminium-fithium alloys.
43  COMPARISON OF RESULTS

The observed contact angle of 86° at 1075°Cis very high as compared to 55°,
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measured for Al on sintered AlLCs by Ferro and Derby (71) at 1100°C, slightly higher
thanthat used in the present study whereas it is considerably less than the contact angle
of 104° of Al over Al4C; substrate measured by Belyaev and Zhemchungina (215) at
1000°C in vacuum. Eustathopolous et al. (29) have pointed out that the observed
contact angle is a dynamic angle in these circumstances hence depends upon the rate
of reaction. So apart from the experimental conditions, the high contact angle
observed for Al-Cu/Cy system in the present study, with respect of Ferro and Derby
(71}, may be attributed to the low temperature and less contact time whereas with
respect to Belyaev et al. (215), it may be attributed to the long contact time between

molten alloy drop and the substrate at a particular temperature.

The observed contact angle of AI-Li/C, system is higher than that observed by
Eustathopoulos et al. (29) for the same system. This difference may be attributed to
the high concentration of fithium in the alloy, long holding time and different
experimental atmosphere used by them. The observed contact angle of Al-Zr/C,
system is higher than that observed by Sobczek et al. (64) for Al-6wt.%Ti/graphite
system in relatively short holding time. The difference may be atiributed to the fact
that Ti is a stronger carbide forming element than Zr (68). The other reason may be
the use of high vacuum during sessile drop experiments as it has been reported that

the oxidation of alloy drops is favoured by high vacuum (19).
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Chapter-5

RESULTS AND DISCUSSION: SOLIDIFICATION PROCESSING
AND MICROSTRUCTURAL CHARACTERIZATION OF CAST

COMPOSITES

This chapter describes the results on solidification processing and

microstructrual characterization of carbon fibre reinforced aluminium alloy matrix

composites. In the end, the results have been discussed to develop a better

understanding of the phenomenon involved in the observed microstructure of the

composites.

51 RESULTS

5.1.1 Solidification Processing of the Composites

(a)  Casting details: The casting details of composite fabrication are given in

Table 5.1.
Table-5.1
Casting Details
Alloy | Volume | Pressure | Casting | Holdin | Preheating | Remarks
fraction { (Mpa) |temp.(’C)| gtime | temp. (°C)
Al-4.5Cu | 24% 75 750 1 min. 650 Good
AlH4.5Cu | 41 % 75 750 1 min. 650 Good
Al45Cu | 66% 75 750 1 min. 650 Fair
AlR23Li | 24% 75 700 1 min. 650 Good
AlR23Li | 41% 75 700 1 min. 650 Good
Al23Li | 66% 75 700 1 min. 650 Good
ALS2Zr | 24% 75 825 1 min. 650 Good
ALS2Zr ] 41% 75 825 1 min. 650 Good
Al-527Zr | 66 % 75 825 1 min. 650 Fair
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The thickness measured in all castings, lies in the range of 35.0 mm to
40.0 mm. Each casting contains about 15 mm to 20 mm thickness of
unreinforced alloy at the upper portion but the lower portion of 20.0 mm
thickness contains fibre ‘reinforced composites of 10.0 mm thickness inside the
rectangular steel pipe. The rectangular pipe is taken out from the cast ingot by
cutting the unreinforced alloy from its top and sides with the help of a saw
cutting machine. The surfaces of the rectangular pipe are then removed by the
same cutting operation to get the fibre reinforced composite plate. The
thickness of different composite plates is measured and lies in the range of 7.0

mm to 8.0 mim while the width lies in the range of 66.0 mm to 68.0 mm.

(b)  Chemical composition of matrix alloys: The chemical composition of
various matrix alloys in different composites is given in Table 5.2.
Table-5.2
Chenmical composition of the matrix alloys
S. | Matrix Li Cu Fe Si Mg Zr Al
No. alloy | (wt.%) | (Wt.%) | (Wwt.%) | (Wt.%) | (Wwt.%) | (wt.%) | (wi.%)
I Ai-Cu - 4.47 1.07 1.53 0.46 - Balance
2. Al-Li 2.13 2.09 - - 0.80 | 0.14 | Balance
3. Al-Zr - 2.71 0.32 - - 5.22 | Balance
It is clear from Table 3.1 and Table 5.2 that the concentration of major
alloying additions remains nearly unchanged in Al-Cu and Al-Zr matrix alloys
whereas it decreases considerably in Al-Li matrix alloy.
(c)  Optical microscopy and fibre volume fraction of composites: Figures 3.1 to

5.3 show the optical micrographs of AI-Cu/CF, Al-LiCF and Al-Zr/CF
composites respectively. It is revealed from Figs.5.1 (a) to (c) that carbon
fibres are uniformly distributed in Al-4.5wt.%Cu matrix alloy, however,
distribution varies with fibre volume fraction. Same behaviour is also
observed for AI-Li/CF and AI-Zi/CF composites having different fibre volume

fraction as shown in Figs.5.2 and 5.3 respectively. The fibre volume fraction
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Fig. 5.1 Optical micrographs showing the fibre distribution in different
AL-Cw/CF composites (a) 24% fibre volume fraction (b) 41% fibre
volume fraction (c) 66% fibre volume fraction; X400,
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Fig. 8.2 Optical micrographs showing the fibre distribution in different
Al-Li/CF composites (a) 24 % fibre volume fraction (b) 41 %
fibre volume fraction (c) 66 % fibre volume fraction; X400,
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Fig. 5.3 Optical micrographs showing the fibre distribution in different Al-Zr/CF
composites (8) 24 % fibre volume fraction (b) 41 % fibre volume fraction
() 66 % fibre volume fraction; X400,
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in different composites as determined by quantitative metallography is
reported in Table 5.3.

Table-5.3
Fibre volume fraction in the composites
S. Composite No. of fibres | No. of fibres in an | Fibre volume
No. falling on grid | area of 72x48 mm? |  fraction(%)
points at 100¢ X
1. | Al-4.5 wt.% Cu/CF 66 337 66
2. | Al-4.5 wt.% Cu/CF 4] 209 41
3. | Al4.5 wt.% Cu/CF 24 125 24
4. | Al-2.3 wt.% Li/CF 66 340 66
5. | Al2.3 wt.% Li/CF 4] 210 4]
6. | Al-2.3 wt.% LVCF 24 124 24
7. | Al-5.2 wt.% Zv/CF 66 339 66
8. | Al-5.2 wt.% Zr/CF 41 211 41
9. | Al-5.2 wt% Zi/CF 24 126 24

5.1.2  Microstructural Characterization of Cast Composites

(a)  Scanning electron microscopy: Figure 5.4 shows the SEM micrographs of
the cross-sections of Al-Cu/CF, AI-Zr/CF and Al-LI/CF composites each
having 66% fibre volume fraction. It is apparent from these micrographs that
satisfactory infiltration of aluminium alloy matrices into the carbon fibres has
been achieved. Negligible porosity and few unwetted regions can be observed
in AI-Cu/CF and Al-Zr/CF composites.

Figure 5.5 shows the SEM micrographs of the reaction interface in
A-CW/CF, AI-Li/CF and ALZt/CF composites having 66% fibre volume
fraction respectively. It is clear from these micrographs that a thick reaction
interface is present in Al-Cu/CF and Al-Zt/CF composites while there is no

trace of reaction interface in AI-Li/CF composite.
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Fig.5.4 SEM micrographs showing the fibre distribution in different composite
containing 66% fibre volume fraction (2) Al-Cu/CF composite (b) Al-Li/CF
composite (c) AI-Zr/CF compositc.
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Fig. 5.5 SEM micrographs showing the interface between carbon fibre and aluminium
alloy in different composites (a) Al-Cu/CF composite (b) Al-LI/CF composite
(c) Al-Zr/C¥ composite.
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EDS and EPMA analysis: Energy dispersive spectroscopic (EDS) point
analysis of AI-Cu/CF composite, in the region shown in Fig.5.6, is given in

Table A5, in Appendix A. It is apparent from Fig.5.6 and Table AS that the

concentration of Cu is high near the fibre surface and decreases towards the

matrix. Oxygen is also present near the fibre surface whereas nitrogen is
detected inside the fibres. The carbon concentration is found to increase
continuously from the interface towards matrix. The EDS line analysis across
a big particle existing between the two fibres is shown in Fig.5.7. 1t is
observed from the point analysis of this particle, as given in Table 5.4, that

sufficient amount of Al, Cu, O and C is present in this particle.

Table-5.4
EDS point analysis of big particle in AI-Cu/CF composite

K(ED) |[K(ED)| K(ED) | K(ED) | K(ED) L (ED)

N 0] Al Cu Zr Total

1428) | 6.3(10) [ 153(21.7) | 35.2(29.7) | 28.3(10.1) | -0.07(-0.02)* | 100

*<2 sigma

Figures 5.8 (a) to (¢) show the EDS micrographs of Al-Cu/CF
composites having 66% fibre volume fraction. These micrographs show the
distribution of oxygen, copper and aluminium present in the composite. 1t is
observed from Fig.5.8 (a) that there is very little oxygen present in the
composite due to oxidation of aluminium. It is also revealed from these
micrographs that oxygen and copper are uniformly distributed in the

composite.

Figs.5.9 (a) to (c) shows the EPMA micrographs of the Al-Li/CF
composite having 66% fibre volume fraction. These micrographs show the
distribution of various alloying additions in the matrix of the composite. It is
revealed from these micrographs that the alloying additions are
homogencously distributed in the composite. Figure 5.9 (a) shows the
presence of copper in the interfibre region of the composite. It is observed that

copper concentration is substantial in the interfibre region. The presence of
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Fig. 5.7 EDS line sanalysis across s big particle in the inter-fibre region of
Al-Cu/CF composite (a) micrograph showing the particle between
the fibres (b) line analysis across the particle,
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Fig. 5.8 EDS micrographs showing the distribution of alloying elements in .
Al-Cu/CF compositc (8) oxygen (b) copper (¢) aluminium,
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Fig. 5.9 EPMA micrographs showing the distribution of alloying elements in
ALLV/CF composite (a) copper (b) magnesium (c) zirconium,
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(d)

Cu, Mg and Zr is also observed at the interface, as shown in Figs.5.9 (a) to (¢)
respectively. It is also observed from these micrographs that inspite of some
segregation of these elements towards the interface, they are distributed

uniformly in the inter-fibre region and hence, in the composite.

Figure 5.10 shows the EPMA line scan for different alloying additions
in the interfibre region of Al-Zr/CF composite having 66% fibre volume
fraction. It is apparent from the line scan that all the alloying additions are
homogeneously distributed in the composite. However, this line analysis
shows that zirconium content is higher near the carbon fibre surface as

compared to matrix.

Transmission electron microscopy: Figures 5.11 to 5.15 show the TEM
micrographs alongwith SAD patterns, taken at different locations, for Al
Cu/CF composite having 66% fibre volume fraction. The various phases,
identified after indexing these SAD patterns, are listed in Table-A6 in
Appendix A. It is obvious from Table-A6 that AlLiC; crystals are present at the
interface of AFCu/CF composite. It is also clear from Table-A6 that CuAl is
also present as a precipitate at the interface of this composite, Other phascs

like AIFeSi, etc. are also present in the matrix of the composite.

X-ray diffraction analysis: The X-ray diffraction analysis of Al-Cu/CF, Al-
Zr/CF and Al-Li/CF composites having the same fibre volume fraction is
carried out to identify the various phases present at the interface and in the

inter-fibre region of the composites.

The X-ray diffraction analysis, carried out for 26 values ranging from
5% to 120° of Al-Cu/CF composite having 66% volume fraction of carbon
fibres is given in Table 5.5. All the peaks with /Iy values of 10 % and higher
have been considered to identify the various phases present in the composite.
The various phases, identified in Al-Cu/CF composite, are also listed in Table
5.5. It is observed that apart from the primary phase CuAl,, some other phases

tike Al4C5, FeSiAls, etc. are also present in the composile.
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(b)
Fig.5.11 TEM micrographs and SAD paitern of Al-Cu/CF composite showing

{a) micrograph containing dark and whitc regions (b) SAD pattern
of dark region showing base alloy of aluminium.
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(b)
Fig. 5.12 TEM micrograph and SAD pattern of Al-Cu/CF composite showing
(#) micrograph containing dark and white regions (b) SAD pattern
of white region showing carbon prescnt in the fibres,
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{b)
Fig. 5.13 TEM micrograph and SAD pattern of Al-Cu/CF composite showing ()
micrograph containing interfacial reaction preduct (b) SAD pattern of
dark crystal showing aluminium carbide present at the interface.
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(a)

()
Fig. 5.14 TEM micrograph and SAD psttern of Al-Cu/CF composite showing
{a) micrograph containing interfacial precipitate (b) SAD pattern of
dark precipitate showing CuAl, present at the interface.
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(b)
Fig. 5.15 TEM micrograph and SAD pattern of Al-Cu/CF composite showing(a) micrograph

containing white and dark regions alongwith dislocation network (b) SAD pattern
of white region showing AlFeSi and other microcrystalline phases.
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Table-5.5
X-ray diffraction analysis of AL.Cu/CF composite

Composite | 20 | Sin6 | Vo | Vi, ASTM | d(AY | hKi Phase
210179 | 16 100 430 | 100 | CuAl
320275 | 13 60 280 | o012 ALC,
380328 [ 100 | 100 | 236 | 111,110 | ALALO;
40374 | 25 100 | 206 | 002 C
52 0443 | 30 45 174 | 024 ALO;

Al-Cu/CF | 55 | 0.464 | 36 100 1.66 110 AlCs
58 | 0.481 | 42 80 160 | 116 ALO;
62105141 10 25 150 | 102 C
65 105391 10 b7} 143 | 220 Al
730598 | 10 21 129 | 402 | Cull
9410730 | 12 25 106 | 201 C

The X-ray diffraction analysis carried out for AILI/CF composites

having 66% fibre volume fraction.reveals that besides the primary phase, i.e.,

LiAl, other phases like Li,Cy, LiCis, ALiCs, and LizO are also present in the

composite. Table 5.6 shows the various phases present in the composite.

Table-5.6
X-ray diffraction analysis of Al-Li/CF composite
Composite | 20 | Sin® | I, | Vo ASTM | d (A) hkl Phase
24 10208 | 14 75 3.70 1 AlLi
2510216} 13 100 3.60 LiCys
3310284 | 29 100 2.71 023 Li;C;
3410289 | 40 100 2.66 Li;O
AL-LYCF | 38 | 0328 | 100 100 236 | 111,110 | AL, ALO;
40 | 0.341 | 33 100 226 220 AlLi
44 [ 0374 | 40 100 2.06 002 C
5210440 11 40 175 420 LixCy
58 10481 | 17 80 1.60 116 ALOs
65 (0.539 ) 10 22 1.43 402 Al
9410730 | 10 25 1.06 201 C
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The X-ray diffraction analysis of Al-Zr/CF composite having 66%
fibre volume fraction have been carried out for 20 values ranging from 5° to
120°. The various phases are identified from the diffraction pattern by
calculating the d values and comparing these d values to that given in the
ASTM data card for diffraction patterns of various compounds. 1t is observed
that besides the primary phase AlsZr, other phases like ZrC, AlCs and ALOs
are also present in the composite. Table 5.7 lists the various phases present in

Al-Zr/CF composite having 66% fibre volume fraction.

Table-5.7
X-ray diffraction analysis of Al-Zr/CF composite
Composite | 20 | Sin8 | VI, /i, d hkl Phase

ASTM | (&)
23] 0198 | 20 | 60 (390 ] 10l AlZr
32 (0275 | 10 | 60 | 280 200 ZC
33| 0284 | 27 | 100 | 271 | 11l ALC;

381 0328 | 100 [ 100 [236] 111,110 Al,
200 | ALOJZIC
Al-Zr/CF 401 0341 | 36 | 100 [2.06] o002 C

451 0385 27 | 100 {200 200 AhZr
5810481 37 | 80 [160] 116 ALO;
6510539 12 [ 22 [143] 220 Al
9410730 10 | 25 |106]| 201 C

52  DISCUSSION

The infiltration of fibre preform is expected to divide the molten aluminium
alloy stream pushed under high pressure. In absence of fibre preform, a single stream
is pushed in the rectangular steel pipe and the solidification takes place dendritically,
similar to that in normal castings. But in case of composites having low fibre volume
fraction, this forced stream has pushed the loose fibres away from its path leading to
inhomogeneous distribution of the fibres. In case of high volume fraction, the fibres

are tightly packed in the steel pipe and hence, could not be pushed away by the forced
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stream of aluminium alloy. Thus, fibre rich and fibre deficient zones are observed in
the composites having low fibre volume fraction whereas the carbon fibres are

uniformly distributed in high volume fraction composites.

The few unwetted regions and small porosity as observed in Al-Cu/CF and
AlZr/CF composites (Figs.5.1 and 5.3) may be due to the fact that the pressure drop at
the infiltration front during penetration is more in these composites (due to high
surface tension) as compared to Al-Li/CF composites according to Eqn. (2.9). Thus
infiltration front proceeds under relatively higher pressure in Al-L¥CF composites
than Al-Cu/CF and Al-Zr/CF composites, which subsequently results in porosity free
casting in case of Al-Li/CF composite and porosity containing casting in case of Al-
Cw/CF and Al-Zr/CF composites. The presence of unwetted regions as observed in
Al-Z/CF composite (Fig.5.3) may be due to the fact that no superheat has been given
during melting of Al-Zr alloy as the melting point/liquidus temperature of the alloy is
~850°C. Thus it is possible that the crystals of AlyZr are not dissolved completely and
have blocked the interfibre region at few places consequently, have restricted the
alloy stream to proceed further. Jarfors et al. (217) have also observed the same

behaviour during infiltration of carbon fibres by Al-Ti alloy at the same temperature.

The results of X-ray diffraction clearly show that in all the composites there is
a reaction between the carbon fibres and molten aluminium alloys during processing.

Jarfors et al. (217) have proposed the following reactions between carbon fibres and

Al-Ti alloy as,
4A1 (1) +3C (s) —>ALCs (5) (5.1)
Ti () +C (s) > TiC (s) (52)
and,
- ALCy (s)+ 3Ti (i) — 4Al (1) + 3TiC (s) (53)

All these reactions are peritectic and thermodynamically possible. Since Zr is

also a reactive carbide forming element like Ti, the same three reactions may also



occur during processing of Al-Zt/CF composites, The chemical reactions proposed for

the inferfacial bonding in Al-Li/CF composites are given as,

4Li+ 0, = 2Li0 (5.4
and,

These two reactions are also possible thermodynamically. The presence of
intercalation compound LiCy4 can also be explained on the basis of chemical reaction
as it has been reported that alkali metals react with carbon to form intercalation
compound where positive ions of the metals are inserted between the basal layers.
However, the reaction responsible for the formation of intercalation compound can
not be suggested in this study, as it requires a separate thorough investigation.
Although in carbon fibres the basal layers are relatively less parallel to the axis, but
sufficient enough to form some intercalation compound. The SEM micrographs
shown in Fig, 5.5(b) also confirm the absence of any interface in ALLi/CF composite
whereas the interface is quite visible in case of AI-Cu/CF and Al-Zr/CF composite.
The EPMA line scan (Fig.5.10) across the interfibre region of Al-Zt/CF composite,
too, confirm the presence of zirconium at the interface. Thus it may be concluded that
the interface consists of ZrC or ternary carbide of Al and Zr and LiCy4 in Al-Zt/CF
and AI-LI/CF composites respectively.

The TEM micrograph and the SAD pattern, shown in Fig.5.14, reveal the
presence of oblong shaped CuAl; particle near the fibre surface. The EDS point
analysis of the interfibre region, given in Table 5.4, also confirms the presence of Cu
near the fibre surface, as the concentration of Cu is quite high near the fibre as
compare to that away from the fibre surface. It may be therefore concluded that the
interface is rich in copper whereas the interfibre region is deficient in copper in Al-
Cu/CF composites. Tsai et al. (25) have also observed the same behaviour for AVCF
composites having Al-Cu alloy matrix. Mortenson et al. (2) have pointed out that the
reinforcement acts as a barrier to solute diffusion ahead of the liquid/solid interface
and the growing solid phase avoids the reinforcement in much the same way that two
growing dendrites avoid one another. Consequently, the last portion of the metal to

solidify is located either close to or at the fibre/matrix interface. So, in the fibre
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reinforced metal matrix composites, the fibre/matrix interface is enriched in solute

and in secondary phases.

The TEM mictograph and SAD pattern, shown in Fig.5.13, reveals the
presence of AlyC; at the interface. Sanctis et al. (36) have also observed the same
behaviour in AVCF composites. It is clear from this figure that this carbide is in
acicular form, which may have an orientation relationship with the matrix and the
reinforcement. But in the present study, orientation relationship could not be obtained

due the limitation of the TEM equipment for tilting the specimen.

The TEM micrograph shown in Fig.5.15 reveals the presence of dislocation
network near the interface and of a precipitate free zone (PFZ) away from the
interface. The low dislocation density in this composite may be due to addition of
copper in aluminium as it has been reported that the alloying addition of Cu in
aluminium lowers the thermal expansion coefficient of the matrix (25). PFZs in AVCF
composites are generally the result of the localized depletion of solute atoms and/or
vacancies through their migration to the incoherent fibre interface. An excess vacancy
concentration is normally frozen into the matrix during processing at high
temperatures. These excess vacancies enhance the homogeneous nucleation of

precipitate phases by facilitating the diffusion of solute during processing (160).
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Chapter-6

RESULTS AND DISCUSSION: PROPERTIES OF SQUEEZE
CAST AI/CF COMPOSITES

This chapter describes the results on the properties of different as cast AVCF
composites at ambient temperature. The results on single fibre tensile test are also
included in this chapter. The results on the interfacial properties as determined from
SEM fractography are also outlined. In the end, the results have been discussed to
develop a coherent understanding of these composites in terms of their properties as
have emerged from this study. Finally, the strength of the composites has been
compared with the reported strength of AI/CF composites by other investigators and

reasons responsible for the discrepancy are pointed out.
6.1 RESULTS
6.1.1 Density

Figures 6.1 to 6.3 show the variation of density with fibre volume fraction for
different composites. It is clear from these figures that density of the composites
decreases with increase in fibre volume fraction. It is also clear that for the same fibre
volume fraction, A-LI/CF composites have lower density as compared to Al-Cu/CF

and Al-Zr/CF composites.

It is clear from Figs. 6.1 to 6.3 that in all the composite systems, the density
values are more close to law of mixtures values for high fibre volume fraction

composites as compared to that for low fibre volume fraction composites.
The density of different as cast AI/CF composites having different volume

fraction of carbon fibres is given in the Table-6.1. The calculated values of density for

these composites by “Law of Mixtures™ are also given in the Table-6.1,
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Fig, 6.1 The variation of density with fibre volume fraction
" for different Al-Cu/CF composites.
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Fig. 6.2 The variation of density with fibre volume fraction
for different Al-Li/CF composites.
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Fig. 6.3 The variation of density with fibre volume fraction

for different Al-Zr/CF composites.
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Table-6.1

Density of the composites

S.No. Composite Volume Density (kg/m’) | LOM density
fraction (%) (kg/m%)
l. Al-4.5 wt.% Cu/CF 0 2789 2789
2. Al-4.5 wt.% Cu/CF 24 2669 2524
3 Al-4.5 wt.% Cu/CF 41 2471 2367
4. Al-4.5 wt.% Cu/CF 66 2203 2109
5. Al-2.3 wt.% Li/CF ] 2593 2593
6. Al-2.3 wt% Li/CF 24 2523 2393
7. Al2.3 wt.% Li/CF 41 2374 2252
8. © Al-2.3 wt.% Li/CF 66 2154 2043
9. Al-5.2 wt.% Zt/CF 0 2813 2813
10. Al-5.2 wt% Zt/CF 24 2723 2560
11. Al-5.2 wt.% Zi/CF 41 2533 2381 _
12. Al-5.2 wt.% Z1/CF 66 2262 2118

6.1.2 Hardness

Figures 6.4 to 6.6 show the variation of Brinell hardness for composites with

fibre volume fraction. The Brinell hardness values based on “Law of Mixtures” could

not be calculated for these composites due to unavailability of hardness data for the

fibres in the literature and also it was not possible to experimentally determine the

hardness values of carbon fibres due to large size of indentor.

It is observed from Figs. 6.4 to 6.6 that Brinell hardness increases with

increase in fibre volume fraction for all the composite systems. It is also revealed

from these figures that hardness of the composites varies with alloying addition in

aluminium alloy matrix as Al-Zr/CF composites show higher hardness value than Al-

Cu/CF and Al-LI/CF composites, all having the same fibre volume fraction.
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Fig. 6.4 The variation of hardness with fibre volume fraction
for Al-Cu/CF composites.
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Fig. 6.6 The variation of hardness with fibre volume fraction
for Al-Zr/CF composites.
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The Brinell hardness of different composites and unreinforced alloys in as cast

condition is given in Table 6.2.

Table-6.2
Hardness of composites
S.No. Composite Volume Brinell hardness
v fraction (%) (kg/mm?)
1. Al-4.5 wt.% Cu/CF 0 89
2. Al-4.5 wt.% Cu/CF 24 103
3. Al-4.5 wt.% Cu/CF 41 107
4 Al-4.5 wt.% Cu/CF 66 119
5 Al-2.3 wt.% Li/CF 0 97
6 Al-2.3 wt.% Li/CF 24 106
7. Al-2.3 wt.% L/CF 41 109
8 Al-2.3 wt.% Li/CF 66 114
9 Al-5.2 wt.% Zt/CF 0 84
10. Al-5.2 wt.% Zt/CF 24 106
11. Al-5.2 wt.% Zt/CF 41 12
12. Al-5.2 wt.% Zr/CF 66 127

6.1.3 Fracture Strain

The variation of fracture strain with fibre volume fraction for different
composites is shown in Figs. 6.7 to 6.9. It is obsetved from these ﬁgures that fracture
strain decreases with increase in fibre volume fraction in all composites. It is also
observed from these figures that fracture strain decreases very rapidly with the
addition of carbon fibres in the matrix and becomes nearly steady for further increase

of fibre volume fraction.
The experimentally determined fracture strain of different as cast composites

and unreinforced alloys is given in Table 6.3 which clearly indicates that for same

fibre volume fraction, ALLI/CF composites show higher fracture strain as compared
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Fig. 6.7 The variation of fracture strain with fibre volume
fraction for Al-Cu/CF composites.
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Fig. 6.8 The variation of fracture strain with fibre volume
fraction for Al-Li/CF composites.

162



Fracture Strain (%)

0 T T T T I T T
0 10 20 30 40 60 60 70

Fibre Volume Fraction (%)

Fig. 6.9 The variation of fracture strain with fibre volume
fraction for Al-Zr/CF composites.
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to Al-Cw/CF and Al-ZI/CF composites. It is also revealed from Table 6.3 that Al-
LI/CF composites having fow fibre volume fraction show ftactue steain greater than
that of fibres whereas Al-ZI/CF composites having low fibre volume fraction show
lower fracture strain than that of fibres. The Al-Cu/CF composites having low fibre

volume fraction show fracture strain nearly equal to that of fibres.

Table-6.3
Fracture strain of the composites
S.No. Composite Volume Fracture strain
fraction (%) (%)
1. Al-4.5 wt.% Cu/CF 0 ‘ 6.93
2. Al-4.5 wt.% Cu/CF 24 171
3. Al4.5 wt.% Cu/CF 41 1.56
4. Al-4.5 wt.% Cu/CF 66 1.23
5. . AlR2.3 wt.% Li/CF 0 4.34
Al-2.3 wt.% Li/CF 24 1.92
7. Al-2.3 wt.% Li/CF 41 1.74
8. Al-2.3 wt.% Li/CF 66 1.36
9. Al-5.2 wt.% Zi/CF 0 5.08
10. Al-5.2 wt.% Zi/CF 24 1.52
11. Al-5.2 wt.% Zr/CF 41 : 1.43
i 12. Al-5.2 wt.% Zt/CF 66 0.98

6.1.4 Ultimate Tensile Strength

The variation of experimentally determined ultimate tensile strength and
theoretically calculated ultimate tensile strength with fibre volume fraction for
different composites in as cast condition is shown in Figs. 6.10 to 6.12. It is observed
from these figures that tensile stength increases with increase in fibre volume fraction
for all the composites, however, strength values are more close to estimated strength
values for low fibre volume fraction composites as compared to high fibre volume

fraction composites.
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Fig. 6.11 The variation of tensile strength with fibre volume
fraction for Al-Li/CF composites.
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Fig, 6.12 The variation of tensile strength with fibre volume
fraction for Al-Zr/CF composites.
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The ultimate tensile strength of different composites and unreinforced alloys
as determined experimentally and calculated theoretically by “Law of Mixwres™ is
given in Table 6.4. It is also clear from Table 6.4 that for same fibre volume fraction,
Al-L/CF composites show higher strength as compared to Al-Cw/CF and Al-Zt/CF
composites in terms of absolute strength values. However, for low fibre volume
fraction, the strength of Al-Zr composite is more close to estimated strength as
compared to other composites whereas for high fibre volume fraction, the strength of

Al-Li composite is more close to estimated strength as compared to other composites.

Table-6.4
Tensile strength of the the composites
S.No. Composite Volume Tensile sl.rength LOM strength

fraction (%) (MPa) (MPa)

L. Al-4.5 wt.% Cu/CF 0 168.37 168.37
2. Al-4.5 wt.% Cu/CF 24 309.19 711.03
3. | A4S wt% CwCF - 385.7 1095.41
Al-4.5 wt.% Cu/CF 66 462.45 1660.68

5. Al-2.3 wt.% Li/CF 0 241.46 24146
6. Al-2.3 wt.% Li/CF 24 376.39 830.65
7. Al-2.3 wt.% Li/CF 41 448.03 1247.99
8. Al-2.3 wt.% Li/CF 66 561.90 1861.73
9. Al-5.2 wt.% Zr/CF 0 136.38 136.38
10, Al-5.2 wt.% Zr/CF 24 27793 631.32
I Al-5.2 wt.% Zr/CF 41 348.40 981.91
12. Al-5.2 wt.% Zr/CF 66 403.67 1497.47

6.2  Tensile Strength of Carbon Fibres

The Weibull distribution of the tensile strength of preheated carbon fibres is
shown in Fig.6.13. The Weibull distributions of tensile strength of carbon fibres
extracted from different composites are shown in Figs.6.14 to 6.16. The value of scal

parameter in the distribution indicates the degree of scattering in the distribution ar
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larger value of scale parameter represents less scattering. The value of shape

patameter gives probability of fracture at a stress level of 100 MPa and therefore, for

a low value of shape parameter, the strength is considered higher. The tensile strength

of various carbon fibres as determined from Weibull distribution is given in Table 6.5.

Table-6.5
Strength of carbon fibres

S. Fibres Scale parameter Shape [(1+1/B) | Fibre strength
No. o (MPa) parameter 3 or (MPa)

1. Preheated 3250 9.038 0.9474 3079.05

2. | A5 wt.% Cu 2600 6.846 0.9344 242544

3. | AlR23wt% Li 2900 6.250 0.9298 2696.42

4. | ALS2 wt% Zr 2400 4.801 0.9161 2198.64

The apparent and real transfer efficiency of fibre strength abbreviated as
ATEFS and RTEFS respectively and as defined by Cheng et al. (12) are calculated by

using the strength of the as received carbon fibres and of the fibres extracted from the

as cast composites. The apparent and real transfer efficiency of carbon fibres in

various composites are given in Table 6.6.

Table-6.6
Transfer efficiencies of the carbon fibres in the composites
Composite Volume | Fibre strength |  Composite | ATEFS | RTEFS
fraction (MPa) strength (MPa)
Al-4.5 wt.% Cu/CF 24 2429.44 309.19 0.300 | 0.431
Al-4.5 wt.% Cu/CF 41 2429.44 385.70 0287 | 0.413
Al-4.5 wt.% Cu/CF 66 2429.44 462 .45 0253 | 0.364
Al2.3 wt.% Li/CF 24 2696.42 376.39 0.310 | 0.402
Al-2.3 wt.% Li/CF 41 2696.42 448.03 0296 | 0.384
Al-2.3 wt.% Li /CF 66 2696.42 561.90 0292 | 0379
Al-5.2 wt.% Zi/CF 24 2198.64 277.93 0274 | 0.436
Al-5.2 wt.% Zr /CF 41 2198.64 348.40 0256 | 0.408
Al-5.2 wt.% Zr /CF 66 2198.64 403.67 0225 | 0.359
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6.1.6 Fractography and Interfacial Properties

The SEM micrographs of the fractured surfaces of tensile specimens
corresponding to different as cast composites are shown in Figs. 6.17 to 6.19. It is
observed from these fractographs that there are various fractographic patterns as
different composites have different fibre pull out lengths, which indicate different
interfacial bonding in these composites. The interfacial shear strength and shear strain
of different composites, as determined after measuring the fibre pullout length from

these fractographs, is given in Table 6.7.

Table-6.7
Interfacial shear strength and shear strain of composites
Composite |  Fibre Fibre Fibre Distance 1Shear | Ishear
volume pullout strength |  between strength | strain
fraction | length (um) | (MPa) | fibres (um)
Al-Cu/CF | 66% 3.62 2429.44 5.007 1762 MPa | (.72
Al-Li/CF 66% 13.32 2696.42 5.007 531 MPa | 2.66
Al-Z1/CF 66% 1.14 2198.64 5.007 5063 MPa [ 023

6.2  DISCUSSION

The density of composites having sarme aluminium alloy matrix is found to
decrease with increase in volume fraction of carbon fibres. It is in well agreement
with the fact that density of carbon fibres (1.76 g/em’) is significantly lower than the
density of the aluminium matrices (i.e., 2.59, 2.79 and 2.81 for Al-Li, Al-Cu and Al-
Zr respectively). The same explanation can be given for the observed increase in the
density of the composites as one proceeds from aluminium-lithium matrix composites

to aluminium-zirconium composites having same volume fraction of carbon fibres.

The density of unreinforced alloys as given in Table 6.1 is found to be fowest
for aluminium-lithium alloy (ie., 2.593 gm/em®) and highest for aluminium-
zirconium alloy (2.813 gm/em®) whereas aluminium-copper alloy has a density value

in between the two (2.789 gm/em®). 1t is very well in agreement with the earlier
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Fig. 6.17 SEM micrographs of the fractured surface in Al-Cu/CF composite
having 66% fibre volume fraction (a) specimen 1 (b) specimen 2.
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Fig. 6.18 SEM micrographs of the fractured surface in Al-Li/CF composites
having 66% fibre volume fraction (a) specimen 1 (b) specimen 2.

176




; d v .. iy
1+ SARK SRige 2l X
ko Ho,~¥i Botgstor- SE0

(b)

Fig. 6.19 SEM micrographs of the fracturcd surface in Al-Zr/CF composite
having 66% fibre volume fraction (a) specimen 1 (b) specimen 2.

177



reported data that density of aluminium (2.70 gm/cm®) decreases with the addition of
lithium whereas it increases with the additions of copper and zirconium equally with
each wt.% of these elements (218). Since addition of zirconium is more than copper,
aluminium-zirconium alloy shows higher density than aluminium-copper alloy. These
unreinforced alloys have been casted together with composites (processing parameters

are same), hence can be considered equivalent to composite matrices.

The experimentally determined density values for as cast composites are found
to be very close to the estimated density values based on law of mixtures. In most of
the cases, the experimental density values are slightly higher than the estimated
density values. This difference may be attributed to unavoidable incorporation of
foreign particles during solidification processing of the composites and not using the

precise method for density determination,

It is well understood that the mechanical properties of fibre reinforced
composites largely depend upon the chemical interaction between fibres and matrix.
So in the present study, it is necessary to know the extent of chemical interaction
between carbon fibres and aluminium matrices. The extent of chemical interaction
between fibres and different aluminium alloy matrices is evaluated in terms of the
fibre strength degradation, determined by single fibre tensile test of carbon fibres

extracted from composites having different matrices.

The strength of carbon fibres is found to decrease considerably by preheating
treatment and the degradation rate is very high (11%). This large degradation may be
attributed to the mechanical damage during preparation of fibre preform by hand and
the oxidation of high strength carbon fibres during preheating at 650°C in argon
atmosphere as even ultra pure argon gas contains some amount of oxygen. Krishan et
al. (15) have reported that graphite particles get oxidized above 400°C during -
preheating whereas Mercier et al. (219) have shown experimentally the evolution of
CO and CO, from carbon fibres at 650°C during heating. Cheng et al. (12) have
reported a degradation rate of 19% during preheating of carbon fibres at 375°C in air.
Therefore, it can be concluded that degradation of carbon fibres during preheating at
high temperatures can be reduced by using argon or inert gas atmosphere. Kimura at

al. (17) have also observed a degradation rate of 6.5% during preheating of high
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modulus carbon fibres at 800°C for 30 minutes. This lower degradation rate during
preheating may be attributed to the different microstructure of high modulus carbon
fibres with respect to high strength carbon fibres which generally contain more active

carbon atoms exposed to the atmosphere (19).

The carbon fibres extracted from Al-Zr/CF composites show lowest tensile
strength of 2198.64 MPa with a degradation rate of about-37% and carbon fibres
extracted from AL-LY/CF composites show highest tensile strength of 2696.42 MPa
with a degradation rate of about 23% whereas carbon fibres extracted from
composites having Al-Cu/CF composites show an intermediate tensile strength of
2429.44 MPa with a degradation rate of 31%. Because of high reactivity of high
strength carbon fibres with aluminium, the high strength degradation of the fibres

after squeeze casting has been marked.

The light degradation of fibre strength in AI-Li/CF composites is due to the
disruptive effect of lithium on the oxide layer of the aluminium metal jsurface.
Lithium, being more electropositive than aluminium, probably substitutes aluminium
in the oxide layer and brings about a weakening of the film (29). It is also reported
(59) that alkali metals like lithium react with carbon and diffuse in bulk to form
intercalation compounds. As the presence of intercalation compound is observed in
AL-Li/CF composites, it is possible that lithium present on the surface may have
diffused in carbon fibres and may have formed some intercalation compounds at the
fibre surface. Most probably, this layer of intercalation compound has restricted the

chemical interaction between aluminium and carbon fibres.

In case of aluminium-zirconium alloy matrix, the zirconium carbide initially
formed in the free liquid due to dissolution of carbon fibres at the entrance of the
preform. As the infiltration front proceeds further, the melt, which is depleted in
zirconium reacts with the carbon fibres to form aluminium carbide. This aluminium
carbide form a layer around the carbon fibres and due to plate like morphology grows
outwardly towards the matrix. The melt is again depleted in aluminium due to
formation of aluminium carbide. The zirconium present in melt then reacts with the

aluminium carbide layer to form zirconium carbide.
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Jarfors et al. (217) have also observed the same phenomenon during
infiltration of graphite fibres by molten Al-Ti alloy. However, in this case the
degradation is more than that with aluminium-lithium matrix, which may be atiributed
to the acceleration in the growth of zirconium carbide due to melt enrichment in

zirconium.

The medium degradation of carbon fibres in Al-Cu matrix may be attributed to
the fact that copper is neutral towards carbon fibres and aluminium is less reactive
than zirconium in context of carbon fibres. The fact of the heavy degradation of high
strength carbon fibres in aluminium alloy matrix composites is consistent with the

results reported by other workers {12).

The Brinell hardness of unreinforced alloys is found to be 89, 97 and 84
kg/mm? for Al-Cu alloy, Al-Li alloy and Al-Zr alloy respectively. The high hardness
value of aluminium-lithium alloy may be due to the presence of various intermetallic
phases as this alloy contains Cu, Mg and Zr as alloying addition whereas aluminium
copper alloy has CuAl (intermetallic) in the solution and Al-Zr alloy have AlyZr

(intermetallic) phase in the solution.

The Brinell hardness of carbon fibre-aluminium alloy matrix composites is
found to increase with increase in fibre volume fraction. However, the increase in
hardness is significantly higher than as one may estimate by the law of mixtures. It
may be due to the formation of carbide phase at the interface of carbon fibres and
aluminium alloy matrices. This hard carbide phase restricts the penetration of the
indentor in the composite, although relatively soft aluminium matrix surrounding the
fibres yields under the indentation load because of the pushing effect of hard carbide
phase to the soft aluminium alloy matrix. The flow in aluminium alloy matrix
adjacent to the carbide phase may get more restrained as the fibre volume fraction
increases. It is due to the reduction in the area of interfibre region, which finally

results in the increased hardness of the composites.

It is observed that for same fibre volume fraction, Al-Zt/CF composites show
highest hardness values whereas Al-Li/CF composites show lowest hardness and

aluminium zirconium alloy composites show hardness values in between these two. It
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may be due to different amount of carbide phase present in the composites as the
reactivity of carbon fibres varies with matrices. The degradation rate is a measure of
the reactivity between carbon fibres and aluminium alloy matrices. A high
degredation rate is indicative of high reactivity. As the carbon fibres extracted from
Al-Z1/CF composites show high degradation rate, the reactivity or carbide formation
will be more in these composites. On the other hand, the degradation of carbon fibres
in AL-L¥CF composites is lowest, the carbide formation will be less. Since the
degradation rate of carbon fibre in Al-Zr/CF composites is higher than that in Al-
Li/CF and Al-Cu/CF composites, Al-Zt/CF composites show highest hardness.

The fracture strain of the fibre reinforced composites depends upon the
interfacial bonding. A strong interface generally results in the planar fracture of the
composite while weak interface enables the debonding of the fibres and helps in the
crack blunting along the fibre axis. Thus the composites having debonded fractured

surface show high fracture strain (88).

The interfacial shear strain and shear strength of the compasites based on the
theoretical models also confirm the above predictions. The Al-Zr/CF composites
show lowest interfacial shear strain which may be responsible for the low fracture
strain of this composite whereas the Al-Cu/CF and AI-L/CF composites have
sufficient debonded fibres and relatively long fibre pull out resulting in the observed

higher fracture strain of these composites as compared to Al-Zt/CF composite.

The decrease in fracture strain of the composites with increasing fibre volume
fraction has also been observed by other workers (5). As pointed out by Lin (101) that
in a composite containing fibres of 10 pm diameter, a reaction zone of 1 um thickness
corresponds to a reaction zone to fibre volume ratio of 0.44. In other words, for a
composite having 20% fibre volume fraction, there will be roughly 9vol.% reaction
zone in the composite. This reaction zone is nothing but the brittle phase in the
composite. The amount of this brittle phase increases with increasing fibre volume
fraction, which makes the composite to be more brittle. Thus in the present

investigation also, the decrease in the fracture strain of the composite with increasing
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fibre volume fraction may be attributed to the increasing amount of brittle phase in the

composite with fibre volume fraction.

The tensile strength of unreinforced aluminium alloys is found to vary
considerably with alloying additions as unreinforced Al-Li alloy has a tensile strength
of 241 MPa whereas unreinforced Al-Zr alloy and Al-Cu alloy have a tensile strength
of 136 MPa and 168 MPa respectively. This variation may be attributed to the
presence and distribution of different phases in these alloys. The observed increase in
the tensile strength of the composites with increasing fibre volume fraction may be
attributed to the high strength of carbon fibres with respect to aluminium alloy

matrices.

1t is also observed that for same fibre volume fraction, AI-Li/CF composites
have highest strength while Al-Zi/CF composites have lowest strength. On the other
- hand, AL-Cu/CF composites have strength values in between these two. This
behaviour can be explained on the basis of the transfer efficiency of the carbon fibres
in different aluminium alloy matrix composites. The apparent and real transfer
efficiencies of fibre strength, abbreviated as ATEFS and RTEFS respectively, are
given in Table 6.6. The ATEFS values, as given in Table 6.6, are highest for AI-Li/CF
composites and lowest for AI-Zr/CF composites whereas for Al-Cu composites, these

values are slightly less than that of Ai-Li/CF éomposites.

It is apparent from these results that the carbon fibres in Al-Li/CF composites
have effectively strengthened the aluminium-lithium matrix by transferring their
excellent strength to the composites. But it is not true in real sense as in case of low
fibre volume fraction composites, the tensile strength of Al-Zt/CF composites is
found to be more close to the theoretically estimated strength values as compared to
Al-Cu/CF and Al-Li/CF composites. The real transfer efficiency (RTEFS), as given in
Table 6.6, presents the true strengthening of the matrices by carbon fibres. It is found
that carbon fibres have higher transfer efficiency in AI-Zr/CF composites having
lower fibre volume fraction whereas these have higher transfer efficiency in Al-Li/CF
composites for high fibre volume fraction. This behaviour can be explained on the

basis of fibre distribution in different matrices. As shown in Fig.5.4 the fibres are
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distributed more uniformly in ALY/CF composite as compared to Al-Cu/CF and Al-
Zr{CF composites.

As shown in Table 6.4, for same fibre volume fraction the longitudinal tensile
strength values vary considerably from the highest value for Al-Li/CF composites to
the lowest for AI-Zr/CF composites in accordance of the tensile strength of

unreinforced Al-Li which is much higher than that of Al-Zr alloy.

It is summarized so far from the above results that the reasons for the variation
in the strengthening behaviour of carbon fibres with different matrices appear to be
the following:

0] Carbon fibres have been degraded by oxidation during the preheat treatment of
fibre preforms.

(i)  The high strength fibres have been attacked heavily by Al-Cu and Al-Zr
matrices and lightly by Al-Li matrix.

These two reasons given above are consistent with the single fibre tensile
tests, however, they can not sufficiently explain the changes from the stand point of

apparent and real strength transfer efficiencies of carbon fibres.

Figs. 6.17 to 6.19 show the longitudinal tensile fracture surfaces of different
carbon fibre-aluminium alloy matrix composites. It can be seen that there are various
fractographic patterns indicating that these composites have different interfacial
bonding. On the fractured surface of AL-Li/CF composite (Fig.6.18), long and
numerous fibre pullouts are observed which is a characteristic of weak interface. This
long fibre pullout fracture pattern relates to a good transfer efficiency of fibre strength

into the composite.

As shown in Fig.6.17, the fibre pull out on the fractured surface of Al-Cu/CF
composites is much shorter than that of Al-Li/CF composite, which corresponds to a
very high transfer efficiency of fibre strength and a strong interfacial bonding. It can
be therefore concluded that the improvement in bonding can make a more efficient

strength transfer from carbon fibres to the composites.
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The fractured surface micrograph of Al-Zr/CF composites as shown in
Fig.6.19 has a relatively flat fracture surface with some short fibre pullout on it. This
suggests that the interfacial interactions are more pronounced between carbon fibres
and matrix in these composites as compared to A-L/CF and Al-Cu/CF composites,
discussed previously. This pattern with negligible pullout relates to a very strong
interface and a lower transfer efficiency of fibre strength. From these observations, it
is concluded that a very good longitudinal tensile strength corresponds to an

intermediate bonding that causes an intermediate pull out.

The high strength carbon fibre-aluminium system has a high reactivity
between the fibres and the aluminium matrix, which results in formation of a carbide
phase at the fibre-aluminium interface. It has been reported.that the reaction formed
carbide phase grows as acicular inclusions that embedded themselves both in the
matrix and in the fibres to make interfacial bonding very strong and cause surface
defects on the carbon fibres (88). It is therefore considered that the carbide phase and
the strong interfacial bonding not only result in premature fibre failure by a notch
effect but also cause the unexpected planar fracture of AI/CF composites with
negligible fibre pullout on the fracture surface. Fig. 6.17 is the longitudinal tensile
fracture morphology of AI-Cu/CF composite showing an approximately planar
fracture with little fibre pull out and partial debonding of the interface between the
fibres and Al-Cu matrix. From the same figure, it can be seen that cracks originated at
the brittle interfacial zone and propagated along the fibre matrix interface near the
fracture surface but the cracks could not completely debond the interface to let the
fibres pullout. Moreover, the notch effect of brittle products caused a high stress
concentration and consequently a premature fibre failure. This planar fracture mode
has made the carbon fibres unable to fully use their strength before final failure of the

composite.

Further, as shown in Fig. 6.19, the crack propagation in Al-Zr/CF composite is
through the carbon fibres. Because of the excess chemical interaction between fibres
and the matrix, cracks originating in the interface proceed through the fibres and split
them into two parts instead of debonding the interface. This implies that the interfacial
strength between the fibres and the matrix was even stronger than the shear strength

of the carbon fibres. The above observations indicate that cracks in Al-Zr/CF
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composites can not debond the interface between carbon fibres and aluminium
matrices to propagate along the fibre axis because of the strong interfacial bonding
produced by the probable formation of zirconium carbide but instead propagate

through the plane of fracture by breaking carbon fibres perpendicular to the fibre axis.

In general, the above results and discussion imply that the interface
characteristics of carbon fibres and aluminium matrices have an important bearing on
the transfer efficiency of fibre strength and the mechanical properties of Al/CF
composites. An intermediate fibre pullout on the fracture surface; i.c., an intermediate
interfacial bonding and no heavy interfacial reactions corresponds to a good transfer

efficiency of fibre strength.

The reported law of mixtures predictions are based on the fibre strength
evaluated in the present study. The flaw density of the fibre is proportional to its
length. Since fibre length of 25 mm is used to determine their strength in the
composites, which is less than the fibre length of 65 mm in the composite, it may be
possible that fibre strength evaluated in the present study is significantly higher than
the actual fibre strength in the composites. Thus, the law of mixtures predictions are
quite higher than the experimental strength values. As a result, the strength of the

composites is far lower than the estimated strength.
6.3 COMPARISON OF RESULTS

The strength of Al-Cu/CF and Al-Zr/CF composites having 41% fibre volume
fraction is lower than the strength of AVCF composites reported by Cheng et al. (12).
This difference may be attributed to the low processing temperature and pressure used
by Cheng et al. (12) as it has been reported that composite strength increases up to a
pressure of 45 MPa and decreases afterwards (220). The high strength of Al-Li/CF
composites in the present study may be attributed to the less degradation of carbon

fibres in Al-Li alloy matrix as compared to the matrices used by Cheng et al. (12).
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Chapter-7

A MODEL TO PREDICT THE COMPRESSIVE BEHAVIOUR OF
CARBON FIBRE IN THE SQUEEZE CAST AIFALLOY MMC.

7.1  INTRODUCTION

Squeeze casting technique, used to produce fibre reinforced metal matrix
composite (FMMC), can be described ag a two-step process: fibre preforming
followed by liquid alloy injection under pressure. While the preforming orients the
fibres into a skeleton of the actual part of the ingot, the final microstructure depends
to a great extent on the compaction of the preform to the desired thickness during
squeezing in the molten state. Here, the matrix is important for binding the fibres
together and enabling the composite to resist the effects of environment exposure thus
assuring the basic strength of the material. On the other hand, the type and amount of

reinforcement govern the strength and stiffness of the composite.

To facilitate the understanding of preform compaction, it is useful to review
the behaviour of fibre preform under compressive loading. The bending and tensile
deformations of fibres have been more extensively studied than the compressive
properties. The compaction of a preform flattens the fibre bundles, reduces the pores
and gaps among the fibres and results in elastic deformation and inter-layer packing.
All these factors enhance the overal! composite fibre volume fraction. The models
proposed by researchers for predicting the compaction behaviour of fibrous materials
can be divided into two categories, i.e., phenomenological and mechanistic. The
former is based on empirical relationships between compaction pressure and 5
parameter representing either thickness or volume fraction (221,222) while the latter

is based on the beam theory or analogies with the compressibility of gases (223-226).

Based on the beam theory, many theoretical compressibility models have been
proposed by several investigators. In 1946, Van Wyk (223) was perhaps the first to
treat the fibres as beams in Kirchhoff bending. The problem was simplified by

assuming the compaction process to be dominated by fibre bending and by ignoring
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the twisting, slipping and extension of fibres. Nearly four decades later, Gutowski
(225) developed a simple expression similar to that of Van Wyk (223) for the
compaction of lubricated aligned fibre rovings. The predictions based upon this model
showed good agreement with the results of compaction experiments. Gutowski and
co-workers (227-229) further developed the constitutive equation for a mass of pre-

impregnated aligned continuous fibres.

Gutowski’s mode] was also modified and extended to examine unlubricated
fibre bundles by other researchers (230,231). Hoffman and Beste (221) discussed
about an exponential thickness-pressure function for fibres under compressive
pressure. A hyperbolic function was considered later by Bogaty et al. (224). A typical
pressure-thickness curve is depicted in Fig.7.1. This curve can be divided into three
parts namely, two linear parts and a non-linear part. The initial linear region
cortesponds to the preform compaction, primarily due to the reduction of pores and
gaps among the fibres. The second non-linear region corresponds to the infiltration
rate at which the infiltration of Al-alloy liquid melt takes place into the carbon fibres.
Because of this effect, the initial diameter of the fibre is increased. This increase in
diameter is related to the infiltration rate by Arthenius type exponential rate equation.
The third stage is dominated by the bending deformation. Matsudaira and Qin (232)
used a linear equation, an exponential equation and a linear equation to regress the
three parts of the compaction curve and studied the compressive properties

experimentally.

The third linear relation between the preform thickness and the applied
pressure is attributed to the bending deformation of the preform. The modeling of this
linear portion of the curve initiates at the point (2r;p,), where the previously applied
pressure has brought the fibre diameter to 2ry. 1t should be noted that the linear elastic
deformation of the preform would no longer be recoverable once the compacted fibres
are impregnated within a matrix material, which then solidifies. Chen and Chou (233)
presented a theoretical study of elastic deformation during the compaction of woven

fabric preform in liquid composite moulding processes.

Present analysis focuses on ‘3D mode! of the unit cell’ of fibre preform. This

has been proposed with certain assumptions for predicting the compressive behaviour
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Fig. 7.1 Schematic diagram showing thickness and pressure relationship of the
fibres in the mould.
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of fibres. On the basis of this model, the relationship between composite fibre volume
fraction and preform thickness reduction has been established. A prediction of the

limiting fibre thickness reduction is also obtained.
7.2 ASSUMPTIONS AND DESCRIPTION OF COMPACTION PROCESS

A micro-mechanical model is proposed to develop the compaction behaviour of fibre
preform used in the squeeze casting process. The assumptions made for the analytical

study are,

(i) The unit cell repeats in the plane, which is infinite in extent.

(i)  The external compressive force is applied uniformiy on the preform surface.

(iif)  The elastic deformation of the fibres takes place only in its thickness direction,
i.e., neglecting its effect in plane deformation.

(iv)  No voids and gaps exist between the fibres in the start of the third region.

(v)  During the compaction process, the fibre shape deforms, but the original

cross-sectional area remains constant.

Figure 7.2 shows a schematic diagram of carbon fibre of radius, ¢, and length,
1, corresponding to pressure, P,. The fibre consists of two equal halves. The top
surface is designated by the subscript, ¢, i.e., z, the botl_om surface is designated by
subscript, b, i.e., z, and the contacting surface is denoted by subscript, ¢, i.e., z.. Here,
we see the sinusoidal cross-section shape of the fibre. Following lto and Chou (234),

the fibre surface can be defined as follows:

,
z, =—]~[sin27£x+sing£y] (7.1)
2 a a
¥,
z, = i(— sin—2—75x+siny-yj (7.2)
2 a a
¥,
- _A(smz_”mml” yj 3)
2 a a
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Fig. 7.2 Carbon fibre of unit length showing two distinct areas of study.

150



As far as the elastic deformation of the fibre is concerned, first, the
compressive force acts at the highest points of the top and bottom surface of the fibre.
As the compressive force increases, elastic deformation of the fibre extends and the
thickness of the fibre in the preform reduces while the fibre volume fraction increases.
The external force also gets distributed over the contacting area and this area expands
as the external force increases. It is noted that due to the assumptions made above, the
fibre cross-sectional area remains unchanged, ie., before infiltration and afier
complete infiltration of the fibres by liquid alloy but the shape of the fibre cross-
section changes with increasing compressive forces. When the force reaches a certain
value, the fibre cannot be further compressed. Ultimately, the fibre cross-section
approaches 0 a rectangle, which represents the well-known Mosaic model for
composites proposed by Ishikawa and Chou (235). Here, the maximum fibre volume
fraction attained in the limiting condition is equal to the ratio of fibre volume to the
unit cell volume, i.e. the packing fraction. The packing fraction is 0.785 for square
packing and (.907 for hexagonal packing. The square packing is comparatively an
open structure with respect to hexagonal packing. It should be noted that the limiting

case of broken fibres is not desirable in actual composite manufacturing.
7.3  FIBRE GEOMETRIC CHARACTERIZATION

7.3.1 Fibre Volume Fraction and Thickness Reduction

The fibre volume fraction, /7, before compaction, ¥ during compaction and the

limiting value, ¥ ™, can be expressed in the following general forms:

ylzy 2 74
Ty, 74
V.=V V” 7.5
I “Ta Vu (r:) ( . )
vV
V]'.’"”‘ =V, yﬂ (7.6)
V"(r‘ )

191



where, ¥, is the yarn packing fraction, r; is the thickness reduction, ¥, and Vi(r;)
represent the fibre volume and the volume of the wnit cell respectively. From the
assumptions in section 7.2, Eqn7.1) and Eqn.(7.3), fibre volume, ¥, and unit cell

volume, V,(r,) can be written as,

¥

(z, -z, )dxdy = %azrj (7.7

ErEe Y

:
V,:]ﬁj
0

Vu(rz)=a2(2rf—r,) (7.8)

Consequently, the fibre volume fractions are as follows:

yi=Zy 7.9

v, = 14 7.10
! fril—rz/(2rf))" (7.10)

Ve =y, (7.11)

a

and the maximum thickness reduction is,
. (1 _ 3)2,[ (7.12)
7

which is about 36% of the original thickness 2ry;
74  VERIFICATION BY MICROSTRUCTURAL ANALYSIS

Torayla 300, PAN based carbon fibres with filament count 12K are reinforced
into aluminium-copper alloy to produce a composite. To fabricate the fibre reinforced
MMC, liquid alloy has been poured into the steel die containing the fibre preform

prepared by placing the fibre tows paralle! to each other. The fibre tows have been
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immersed in ethy! alcohol before preparing the fibre preform. A pressure of 75 MPa
has been applied to squeeze the liquid alloy in order to allow the liquid melt to

infiltrate into the preform. The MMC has been allowed to solidify rapidly.

From the MMC thus obtained, SEM specimens have been prepared by slicing
the ingot in the transverse ditection of the fibres. The SEM micrograph obtained is
shown in Fig.7.3. The microstructure when closely observed, distinet fibre
arrangements in different region have been noticed. The schematic diagram revealing
the various fibre arrangements at different region is given in Fig.7.4. In the top
denoted as region 1, an open structure with square packing is observed. Hexagonal

packing with different shapes of fibres has been observed in the region 2 and 3.

Due to the pressure variation along the fibre preform thickness, the different
shapes and sizes of carbon fibres are observed at various regions. The increase in
pressure causes greater infiltration of liquid melts inte the fibres and the size of the
fibres increases. One such region where the pressure is applied vertically downwards
is the region marked 3 in Fig.7.1. In other regions, the turbulence of the liquid after
collision with the mould wall is shown in Fig.7.5. It is clearly seen that the region
marked 2 is under compression and the region marked 1 is under tension hence the
arrangements of the fibres are close packed and openly packed type respectively The
ratio a/b (where a is the minor axis and b is the major axis of the elliptical shaped
fibres) is more appropriate term for judging the height reduction due to compaction of
fibres. These ratios at different regions are determined by measuring a and b values of
the fibres randomly. The values of a and b alongwith standard deviations at different

regions are given in Table 7.1.

Table 7.1
Breadth to length ratio of the fibre

Region a/b ratio Standard deviation
1 0.55 : 0.015
2 0.51 0.012
3 0.39 0.019
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Fig. 7.4 Schematic diagram of the fibre arrangements at different regions.
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Fig. 7.5 Schematic diagram of the liquid flow inside the mould.
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As shown in Fig.7.6 (the SEM micrograph), at the extreme end of the region
marked 3, the ‘fibre fracture’ is observed in two fibres due to high reduction in height.
According to the theoretical analysis, we have seen that the maximum thickness

reduction is 36% and the actual experimental values, too, confirm these values.
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Fig. 7.6 SEM micrograph showing fibre fracture due fo compression.
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Chapter-8
CONCILUSIONS

The present investigation on AI/CF cast composites and their properties have
been presented in three segments as given in chapter 4, § and 6 outlining the results on
the wettability studies, solidification processing and microstructural characterization
and properties respectively. The study has led to the following conclusions pertaining

to the development of Al/CF composites.

1. The deoxidation of aluminium alloys occurs more rapidly at high temperatures
as compared to low temperatures. The deoxidation of alloys is mainly
produced by reduction of the oxide layer by liquid aluminium with production
of gaseous suboxide.

2. The contact angle of all the aluminium alloys on vitreous carbon decreases
with temperature as sufficient time is leftafter the deoxidation of the alloys for
reaction to occur at the interface between the alloy drop and the carbon
substrate.

3. The addition of copper to aluminium does not improve the wettability of
aluminium with vitreous carbon as contact angle decreases very slowly with
temperature and reached marginally in the wetting region at high temperature.

4. The addition of lithium to aluminium improves wettability with vitreous
carbon as contact angle decreases reapidly with temperature; however, the
decrease is more pronounced at low temperatures as compared to high
temperatures.

5. The wettability of aluminium-lithium alloy with vitreous carbon increases
marginally with increase in lithium content at high temperatures whereas it
increases considerably with lithium content at low temperatures,

6. The addition of zirconium to aluminium improves wettability with vitreous
carbon as contact angle decreases significantly with temperature, however, the
decrease is more pronounced at high temperatures as compared to low

temperatures.

199



11.

15.

The wettability of aluminium with vitreous carbon increases substantialty with
increase in zirconium contenl at high temperatures whereas it remains
ineffcétive with zirconium content at Jow temperatures.

The wettability of aluminium with vitreous carbon shows no improvement by
the addition of small quantity of lithium and zirconium as the contact angle at
high temperature is close to the contact angle of Al-Cu alloy at that

temperature.

" The improvement in the wettability of aluminium with vitreous carbon after

alloying additions of copper, lithium and zirconium is due to formation of
aluminium carbide, intercalation compound LiCis and zirconium carbide
respectively, hence chemical in nature.

The surface tension of all the alloys decreases with increase in temperature.
The surface tension of Al-Li alloys decreases with increase in lithium content
while that of Al-Zr alloys increases with increase in zirconium content.

The work of adhesion of all the alloys increases with increase in temperature.
The work of adhesion of Al-Li and Al-Zr alloys increases with increase in
lithium and zirconium content of the alloys respectively at high temperatures.
The increase in work of adhesion with increasing alloying additions and
temperature is due to the formation of covalent bonding, ionic bonding and
metallic bonding across the interface of Al-Cuw/C,, Al-Li/C, and Al-Zr/C,
systems respectively.

From a practical point of view, none of the alloys shows wettability with
vitreous carbon for a short holding time after melting of the alloy, even at a
temperature of 1075°C.

The concentration of lithium decreases significantly in AI-LI/CF composites
due to oxidation whereas the concentration of copper and zirconium vary
marginally in AI-Cu/CF and AIl-Zt/CF composites respectively.

Squeeze casting of composites having low fibre volume fraction results into
inhomogeneous distribution of fibres, creating fibre deficient and fibre rich
regions due to pushing effect of the forced molten aluminium alloy stream
during squeeze casting. However, the distribution of fibres is quite

homogeneous in high fibre volume fraction composites.
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16.

20.

21

22,

23.

24,

Squeeze casting of composites results in the porosity free casting in all the
composites, however, few unwetted regions are observed in Al-Z/CF
composites due to the fact that no super heat is given to melt Al-Zr alloy so
that AlsZr crystals remain undissolved in the alloy and have blocked the
interstices between the fibres.

The chemical interaction is more pronouned in Al-Cu/CF and Al-Zr/CF
composites than that in Al-Li/CF composites as thick reaction layer is present
at the interface between carbon fibre and aluminium alloy matrix in Al-Cu/CF
and Al-Zr/CF composites while there is no sign of rcaction layer at the
interface in Al-Li/CF composites.

Little oxygen is absorbed due to oxidation of aluminium during squeeze
casting of Al-Cu/CF composites, however, it is distributed homogeneously in
the composite.

The alloying additions are present in sufficient quantity in different
composites. Inspite of some segregation of copper and zirconium towards
fibre/matrix interface in Al-Cuw/CF and Al-Zt/CF composites respectively, they
are distributed homogeneously in their respective composites.

The concentration of copper decreases from fibre to matrix in Al-Cw/CF
composites resulting in copper rich interface and copper deficient matrix. In
case of Al-Zr/CF composites also, interface is enriched in zirconium while
matrix is deficient in zirconium.

Although the concentration of major alloying additions in Al-Li/CF
composiles is reduced significantly as compared to AL-Li alloy, they are
distributed homogeneously in AI-Li/CF composites.

Aluminium carbide is present at the interface of Al-Cu/CF composite in the
form of acicular inclusions due to the chemical reaction between aluminium
alloy matrix and carbon fibres.

CuAl, is present as a precipitate at the interface of AI-Cu/CF composite due to
uneven solute distribution in the composite. This precipitate is present in
oblong shape and results in a precipitate free zone away from the fibre.
Dislocation network is present alongwith AlFeSi phase in Al-Cu/CF
composite, however, the dislocation density is very.low as copper addition

reduces the thermal expansion coefficient of the aluminium matrix.
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23,

26.

27.

28,

29,

30.

31.

The density of all the composites decreases with increase in fibre volume
fraction due to difference in the relative density of the aluminium alioy
matrices and carbon fibres. Al-Zt/CF composites show highest density as
compared to AI-Cu/CF and Al-LI/CF composites as Al-Zr alloy has higher
density than other two alloys.

The density of the composites is higher than that estimated by law of mixtures,
however, the density of high fibre volume fraction composites is more close to
the estimated density than the density of low fibre volume fraction composites.
The Brinell hardness of the composites increases with increase in fibre volume
fraction as the flow in aluminium alloy matrices adjacent to the fibre gets more
restrained due to reduction in the area of interfibre region. For same fibre
volume fraction, Al-Zi/CF composites show highest hardness as compared to
that of other two composites due to different amount of hard carbide phase
present in the composites as the reactivity of carbon fibres varies with
matrices.

The engineering fracture strain of the composites decreases with increase in
fibre volume fraction as the amount of brittle phase increases with fibre
volume fraction. Al-Li/CF composites show higher fracture strain than Al-
Cu/CF and Al-Zr/CF composites as the interfacial bonding is weak in Al-
Li/CF composites resulting in debonding of the fibres at the interface and
hence crack blunting along the fibre axis.

The strength of preheated carbon fibres decreases signicantly due to handling
and oxidation. The strength of extracted fibres is highest in Al-Li/CI
composites as compared to Al-Cu/CF and AI-Zr/CF composites due to less
degradation of carbon fibres in Al-Li/CF composites.

The tensile strength of the composites increases with increase in fibre volume
fraction, as the strength of the fibres is very high in comparison to the
aluminum alloy matrices.

Al-LVCF composites show higher strength than Al-Cw/CF and Al-Zt/CF
composites as real transfer efficiency of fibre strength is high for AI-Li/CF
composites, however, for lower fibre volume fraction composites, RTEFS is

high for Al-Zr/CF composites.
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32.

The strength of the composites is far lower than that estimated by law of
mixtures as the estimation is carried out by using the strength of extracted
carbon fibres. The fibre strength is probably higher than the actual fibre
strength in the composites as flaw density is proportional to the fibre length
and a shorter length of fibre is used to get the Weibull distribution of fibre
strength.
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APPENDIX - A

Table-Al
The values of B corresponding to values of u for different values of ¢
B $=45° $=60° ¢=120° $=135°
0o=45° a=30° o=30° o=45°
u=h/r Au u=h/r Au u=h/r Au u=h/r Au

0.0 ]|.041421 1.00000 3.0000 24142

0.1 | 0.41922 | 0.00464 | 1.00905 | 0.00822 | 2.9586 [ -0.0335 | 2.3579 | -0.0437
0.2 | 0.42386 | 0.00429 | 1.01727 | 0.00747 | 2.9251 [ -0.0286 | 23142 | -0.0384
03 | 042815 | 0.00400 | 1.02474 | 0.00685 | 2.8965 [ -0.0247 2.2778 | -0.0305
0.4 | 043215 | 0.00372 | 1.03159 | 0.00635 | 2.8718 | -0.0213 | 2.2473 | -0.0264
0.5 | 043587 | 0.00350 | 1.03794 | 0.00590 | 2.8505 | -0.0190 | 2.2209 | -0.0233
0.6 | 043937 | 0.00330 | 1.04384 | 0.00551 | 2.8315 | -0.0171 2.1976 | -0.0208
0.7 | 044267 | 0.00313 | 1.04935 | 0.00515 | 2.8144 | -0.0156 | 2.1768 | -0.0186
0.8 | 0.44580 | 0.00297 | 1.05450 | 0.00487 | 2.7988 | -0.0141 2.1582 | -0.0169
0.9 | 044877 | 0.00283 | 1.05937 | 0.00460 | 2.7847 | -0.0131 2.1413 | -0.0154
1.0 ] 045160 [ 0.00271 | 1.06397 | 0.00436 | 2.7716 | -0.0121 2.1259 | -0.0141
1.1 | 0.45431 | 0.00258 | 1.06833 | 0.00415 | 2.7595 | -0.0110 | 2.1118 | -0.0132
1.2 | 045689 | 0.00247 | 1.07248 | 0.00394 | 2.7485 | -0.0105 | 2.0986 [ -0.0123
1.3 | 0.45936 | 0.00238 [ 1.07642 | 0.00376 | 2.7380 | -0.0097 | 2.0963 | -0.0113
1.4 | 046174 | 0.00230 | 1.08016 | 0.00355 | 2.7283 | -0.0092 | 2.0750 [ -0.0306
1.5 | 046404 | 0.00220 | 1.08373 | 0.00344 | 2.7191 | -0.0086 | 2.0644 | -0.0100
1.6 | 046624 | 0.00212 | 1.08717 | 0.00331 | 2.7105 | -0.0081 | 2.0544 | -0.0094
1.7 | 0.46836 | 0.00207 | 1.09048 | 0.00316 | 2.7024 | -0.0079 | 2.0450 | -0.0089
1.8 | 0.47043 | 0.00197 | 1.09364 | 0.00303 | 2.6945 | -0.0072 | 2.0361 [ -0.0084
1.9 | 047240 | 0.00193 | 1.09667 | 0.00293 | 2.6873 | -0.0069 | 2.0277 | -0.0081
2.0 | 0.47433 | 0.00186 | 1.09960 | 0.00282 | 2.68036 | -0.00664 | 2.01957 | -0.00764
2.1 | 047619 | 0.00181 { 1.10242 | 0.00273 | 2.67372 | -0.00636 | 2.01193 | -0.00725
2.2 1 047800 | 0.00176 | 1.10515 | 0.00264 [ 2.66736 | -0.00608 | 2.00468 | -0.00694
23 1047976 | 0.00170 | 1.10779 | 0.00257 | 2.66128 | -0.00580 | 1.99774 {-0.00663
24 | 048146 | 0.00164 | 1.11036 | 0.00247 | 2.65548 | -0.00557 | 1.99111 | -0.00634
2.5 0.48310 | 0.00161 [ 1.11283 [ 0.00239 | 2.64991 | -0.00536 | 1.98477 { -0.00610
2.6 | 048471 | 0.00157 | 1.11522 | 0.00233 | 2.64455 | -0.00512 | 1.97867 | -0.00585
2.7 | 048628 | 0.00151 | 1.11755 | 0.00223 | 2.63943 | -0.00497 | 1.97282 | -0.00566
2.8 1048779 | 0.00149 | 1.11978 | 0.00220 | 2.63446 | -0.00478 | 1.96716 | -0.00542
2.9 | 0.48928 | 0.00146 | 1.12198 | 0.00216 | 2.62968 { -0.00464 | 1.96174 | -0.00522
3.0 | 049074 | 0.00141 | 112414 | 0.00210 | 2.62504 { -0.00446 | 1.95652 | -0.00502
3.1 | 049215 | 0.00139 | 1.12624 | 0.00203 | 2.62058 | -0.00428 | 1.95150 | -0.00486
3.2 [ 049354 | 0.00134 | 1.12827 | 0.00197 | 2.61630 | -0.00418 | 1.94664 | -0.00470
3.3 | 049488 | 0.00132 | 1.13024 | 0.00190 | 2.61212 | -0.00408 | 1.94194 | -0.00458
34 | 049620 | 0.00130 | 1.13214 | 0.00188 | 2.60804 | -0.00391 | 1.93736 | -0.00441
3.5 1049750 | 0.00127 | 1.13402 | 0.00183 | 2.60413 | -0.00380 | 1.93295 | -0.00428
3.6 | 049877 { 0.00124 | 1.13585 | 0.00178 | 2.60033 | -0.00368 | 1.92867 | -0.00414
3.7 1050001 { 0.0012¢ | 1.13763 | 0.00172 | 2.59665 | -0.00359 | 1.92453 | -0.00403
3.8 1050121 | 0.00118 | 1.13935 | 0.00169 | 2.59306 | -0.00351 | 1.92050 | -0.00394
3.9 050239 | 0.00117 | 1.14104 | 0.00169 | 2.58955 | -0.00341 | 191656 | -0.00382
4.0 | 0.50356 | 0.00115 | 1.14273 | 0.00164 | 2.58614 | -0.00333 | 1.91274 | -0.00373
4.1 | 050471 { 0.00110 | 1.14437 | 0.00156 | 2.58281 { -0.00321 | 1.90901 | -0.00361
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4.2 [ 0.50581 | 0.00109 | 1.14593 § 0.00157 | 2,57960 | -0.00316 | 1.90540 | -0.00351
4.3 | 0.50690 | 0.00108 | 1.14750 | 0.00153 | 2.57644 | -0.00307 | 1.90189 | -0.00341
44 {0.50798 | 0.00105 { 1.14903 | 0.00148 [ 2.57337 | -0.00295 | 1.89848 | -0.00334
4.5 10.50903 [ 0.00103 | 1.15051 | 0.0014% | 2.57042 | -0.00287 | 1.89514 | -0.00324
4.6 | 0.51006 | 0.00102 | 1.15200 | 0.00145 | 2.56755 | -0.00284 | 1.89190 | -0.00317
4.7 [ 0.51108 | 0.00t01 | 1.15345 | 0.00140 | 2.56471 | -0.00281 | 1.88873 | -0.00310
4.8 | 0.51209 | 0.00100 | 1.15485 | 0.00139 | 2.56190 | -0.00270 | 1.88563 | -0.00302
4.9 1051309 | 0.00097 | 1.15624 | 0.00134 | 2.55920 | -0.00268 | 1.88261 | -0.00298
5.0 1051406 [ 0.00095 | 1.15758 | 0.00134 | 2.55652 | -0.00260 | 1.87963 | -0.00290
5.1 | 0.51501 | 0.00093 | 1.15892 [ 0.00134 | 2.55392 | -0.0253 | 1.87673 | -0.00281
5.2 | 0.51594 | 0.00092 | 1.16026 | 0.00130 | 2.55139 | -0.0249 | 1.87392 | -0.00275
5.3 | 0.51686 | 0.00092 | 1.16156 | 0.00127 | 2.54890 | -0.0243 | 1.87117 | -0.00271
54 | 0.51778 | 0.00088 | 1.16283 | 0.00123 | 2.54647 | -0.0240 | 1.86846 | -0.00269
5.5 | 0.51866 | 0.00088 | 1.16406 | 0.00122 | 2.54407 | -0.0235 | 1.86577 | -0.00261
5.6 1 0.51954 | 0.00087 | 1.16528 | 0.00121 | 2.54172 | -0.0230 | 1.86316 | -0.00256
5.7 ] 0.52041 | 0.00084 } 1.16649 | 0.00118 | 2.53942 | -0.0223 | 1.86060 | -0.00248
5.8 | 0.52125 | 0.00083 | 1.16767 | 0.00115 | 2.53719 | -0.0222 | 1.85812 | -0.00245
5.9 [ 052208 | 0.00083 | 1.16882 | 0.00112 | 2.53497 [ -0.0218 | 1.85567 | -0.00242
6.0 [ 0.52291 | 0.00082 | 1.16994 | 0.00113 | 2.53279 [ -0.0213 | 1.85325 | -0.00236
6.1 [ 052373 | 0.00080 | 1.17107 | 0.00108 | 2.53066 | -0.0210 | 1.85089 | -0.00233
6.2 | 0.52453 | 0.00079 | 1.17215 | 0.00109 | 2.52856 | -0.0206 | 1.84856 | -0.00226
6.3 | 052532 [ 0.00077 | 1.17324 | 0.00108 | 2.52650 | -0.0202 | 1.84630 | -0.00223
6.4 | 0.52609 | 0.00076 | 1.17432 | 0.00106 | 2.52448 | -0.0198 | 1.84407 | -0.00218
6.5 | 0.52685 | 0.00075 | 1.17538 | 0.00105 | 2.52250 | -0.0193 | 1.84189 | -0.00215
6.6 [ 0.52760 | 0.00074 | 1.17643 | 0.00104 | 2.52057 | -0.0190 | 1.83974 | -0.00210
6.7 | 0.52834 | 0.00074 | 1.17747 ] 0.00102 | 2.51867 | -0.0189 | 1.83764 | -0.00206
6.8 | 0.52910 | 0.00073 | 1.17849 | 0.00099 | 2.51678 | -0.0184 | 1.83558 ; -0.00205
6.9 | 0.52983 | 0.00072 | 1.17948 | 0.00097 | 2.51494 | -0.0180 | [.83353 | -0.00202
7.0 [ 0.53055 | 0.00070 | 1.18045 | 0.00096 | 2.51314 | -0.0178 | 1.83151 | -0.00197
7.1 [0.53125 | 0.00070 | 1.18141 | 0.00095 | 2.51136 | -0.0178 | 1.82954 | -0.00194
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Table-A2

Weightage factors K for Bvalues corresponding to different values of ¢

Weightage Factor K Weightage Factor K
B | ¢=45° | 9=60° [ 0=120° | 4=135° || B | ¢=45""] ¢=60° | 6=120° | ¢=135°
0.0 19 24 77 135 3.6 4 4 7 10
0.1 17 21 62 103 3.7 4 4 6 9
0.2 16 20 52 83 38 4 4 6 9
0.3 15 18 45 71 39 4 4 6 9
0.4 14 16 39 61 4.0 4 4 6 9
0.5 13 13 34 53 4.1 4 4 6 9
0.6 12 14 31 48 4.2 4 4 6 9
0.7 1 13 28 43 4.3 4 4 6 8
0.8 11 12 26 39 44 4 4 6 8
0.9 10 12 23 35 4.5 4 4 6 8
1.0 10 11 2 32 4.6 4 4 6 8
1.1 9 10 20 30 4.7 4 4 5 8
1.2 9 10 19 28 48 4 4 5 8
1.3 8 9 18 26 49 4 4 5 7
1.4 8 9 16 24 5.0 4 4 5 7
1.5 8 9 16 23 5.1 4 4 5 7
1.6 7 8 15 22 5.2 4 4 5 7
1.7 7 3 14 21 53 4 3 5 7
1.8 7 3 13 19 54 3 3 5 7
1.9 7 7 12 19 5.5 3 3 5 7
2.0 7 7 12 18 5.6 3 3 5 6
2.1 6 7 1 17 5.7 3 3 5 6
2.2 6 7 11 16 5.8 3 3 4 6
23 6 6 10 15 59 3 3 4 6
2.4 6 6 10 15 6.0 3 3 4 6
2.5 6 6 10 14 6.1 3 3 4 6
2.6 5 6 9 14 6.2 3 3 4 6
2.7 5 6 9 13 6.3 3 3 4 6
2.8 5 5 9 13 6.4 3 3 4 6
2.9 5 5 8 12 6.5 3 3 4 6
3.0 5 5 8 12 6.6 3 3 4 5
3.1 5 5 8 11 6.7 3 3 4 5
3.2 5 5 8 11 6.8 3 3 4 5
3.3 5 3 7 11 6.9 3 3 4 5
34 5 5 7 10 7.0 3 3 4 5
35 4 4 7 10 7.1 3 3 4 5
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Table-A3

Variation of p = 1/b with average §

_ =r/b A - | p=t/b A
B p p B p p
0.0 1,00000 -0.01579 3.6 0.74776 -0.00353
0.1 0.98421 -0.01445 3.7 0.74423 -0.00345
0.2 0.96976 -0.01328 3.8 0.74078 -0.00337
0.3 0.95648 -0.01226 3.9 0.73741 -0.00330
0.4 0.94422 -0.01139 4.0 0.73411 -0.00323
0.5 0.93283 -0.01066 4.1 0.73088 -0.00317
0.6 0.92217 -0.01002 4.2 0.72771 -0.00311
0.7 0.91215 -0.00944 43 0.72460 -0.00305
0.8 0.90271 -0.00894 4.4 0.72155 -0.00299
0.9 0.89377 -0.00848 4.5 0.71856 -0.00294
1.0 0.88529 -0.00807 4.6 0.71562 -0.00288
1.1 0.87722 -0.00769 4.7 0.71274 -0.00283
1.2 0.86953 -0.00735 4.8 0.70991 -0.00278
1.3 0.86218 -0.00705 4.9 0.70713 -0.00272
1.4 0.85513 -0.00675 5.0 0.7044 1 -0.00268
1.5 0.84838 -0.00649 5.1 0.70173 -0.00264
1.6 0.84189 -0.00625 5.2 0.69909 -0.00259
1.7 0.83564 -0.00601 5.3 0.69650 -0.00255
1.8 0.82963 -0.00580 5.4 0.69395 -0.00250
1.9 0.82383 -0.00561 5.5 0.69145 -0.00246
2.0 0.81822 -0.00542 5.6 (.68899 -0.00242
2.1 0.81280 -0.00525 5.7 0.68657 -0.00239
22 0.80755 -0.00508 5.8 0.68418 -0.00235
2.3 0.80247 -0.00493 5.9 0.68183 -0.00231
24 0.79754 -0.00479 6.0 0.67952 -0.00228
2.5 0.79275 -0.00465 0.1 0.67724 -0.00224
2.6 0.78810 -0.00452 6.2 0.67500 -0.00221
2.7 0.78358 -0.00439 6.3 0.67279 -0.00218
2.8 0.77919 -0.00428 64 0.67061 -0.00215
29 0.77491 -0.00417 6.5 0.66846 -0.00212
3.0 0.77074 -0.00407 6.6 0.66634 -0.00209
3.1 0.76667 -0.00397 6.7 0.66425 -0.00206
3.2 0.76270 -0.00387 6.8 0.66219 -0.00203
33 0.75883 -0.00377 69 |- 0.66016 -0.00201
34 0.75506 -0.00369 7.0 0.65815 -0.00198
3.5 0.75137 -0.00361 7.1 0.65617 -0.00195
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Table-AS

EDS point analysis of interfibre region in Al-Cw/CF composite

Standards ;

C K CaCOy

N K Not defined

O K 0

Al K ALO,

Cu K Cu

r L Ir

P C N 0 Al Cu Zr Total

No, K (ED) K(ED) K (ED} K (ED) K (ED) L (ED)
(N - - 6.8 (12.0) 78.5(81.7) 13.6 (6.0) L1(0.4)* | 100.0
2 13.3271.1) - 74 (11.3) 59.2 (53.8) 20.3(7.8) | -02(¢-0.1)* | 100.0
3. 17.5(33.3) - 3.5(5.00* 68.6 (58.1) 9.6 (3.4) 0.8 (0.2)* 100.0
4| 202(38.6) - C-12(-1.8)* 69.4(59.0) | 11.5(a1) | 02(0.0)* | 1000
5. 1.233414) - -0.8(¢-1.2* 67.4 (56.1) 10.6 (3.8) 0.1 (0.0)* | 1000
6. | 23.0(424) - 1.4 (2.0) 68.0(55.9) | 103 (3‘,6) 0.1 (0.0 | 100.0
1. ] 274(5LY) - 8.6 (-i2.0)“ 67.6(56.2) 2.9 (4.6) 0.7(0.2)* [ 100.0
8. | 274(51.6) - 1.6 (-10.8)* 62.4 (52.5) 18.8(6.7) | -1.0(-03)* | 1000
9. | 41.6(69.0) - -2 (-15.)* | 569 (42.1) l0.§ (3.4) 2.7(0.6)* | 100.0
10. ] 24.2(32.8) | 17.2 (20,0j 334(33.9) 200(12.00 4.8(1.2) 0.3(0.H)* | 1000

* = <2Sigma
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