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ABSTRACT
An investigation was carried out to introduce glass 

particles as a second phase into the steel matrix. The glass- 
metal matrix composite was studied with iron as the matrix and 
E-glass as the reinforcement. This work provides an 
opportunity to develop a steel matrix composite for special 
applications where the conventional high-strength alloy steels 
are susceptible to hydrogen damage and stress corrosion 
cracking. It is intended, subsequently, to use a low carbon 
steel matrix with second phase particles such as glass. The 
powder method of incorporating fibers in the pure iron metal 
matrix was favored as the preliminary method for producing the 
composite. The method consists of using a die to introduce the 
mixture of E-glass particles and iron powder. The cold 
pressing operation was carried out at room temperature with a 
subsequent sintering step at 1150 °C for 12 hours. The 
sintered samples were then hot rolled for preferred 
orientation of the glass fiber. Three different amounts of 
second phase particles, ie. E-glass, were used in this study 
at 10, 15,and 20 volume percents. The work includes a
preliminary exploratory research program to investigate the 
possibility of designing such a material and further 
establishing a fabrication procedure for second phase 
incorporation, powder metallurgy and hot rolling of the
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composites together with a study of the mechanical properties 
of the hot rolled composite product.
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1.INTRODUCTION

The term metal matrix composite (MMC) covers a wide range 
of materials scales and microstructure. Metal matrix 
composites, in general, consist of at least two different 
components : one is the metal matrix (in most cases, an alloy 
is the metal matrix), and the second element is a 
reinforcement (in general, an intermetallie compound, an 
oxide, a carbide or a nitride) [1-2].

There are three basic types of composite materials [3-4] 
as shown in Figure 1.1 . These are

1. Dispersion-Strengthened Composites
2. Particle-Reinforced Composites
3. Fiber (whisker)-Reinforced Composites

1. Dispersion-Strengthened Composites. This composite is 
classified by a microstructure consisting of a metal or alloy 
matrix within which fine particles are uniformly dispersed. 
The second phase particle diameter ranges typically from about
0.01 to 0.1 ftm, and the volume fraction of the second phase
particles typically ranges from about 1 to 15 pet.

2. Particle-Reinforced Composites. This composite is 
classified by dispersed particles greater than 1.0 ^m
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Monofilaments Whiskers/Staple Fibres Particulate

Figure 1.1 Schematic representation of the three
types of metal matrix composite, classified 
according to the type of reinforcement.
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diameter, and the volume fraction of the second phase 
particles ranges typically from 5 to 4 0 pet.

3. Fiber (Whisker)-Reinforced Composites. This composite 
is classified by the size of the reinforcing, second phase, 
which can range from 0.1 to 250 pm in length to continuous
fibers, with a volume fraction ranging from a few percent to 
greater than 7 0 pet. The aspect ratio, i.e., length : 
diameter, is also usually given, and can range from a low as 
1 to more than 100. The distinguishing microstructural 
feature of fiber-reinforced materials is that the reinforcing 
fiber has one long dimension, whereas the reinforcing 
particles of the other two types of composites do not.

Composite materials typically have a discontinuous fiber 
or particle phase that is stiffer and stronger than the 
continuous matrix phase. In order to provide reinforcement, in 
general, there must be a substantial volume fraction (about 10 
pet or more) of the discontinuous phase.

Metal matrix composite (MMC) materials [5] have been 
under development for more than twenty years. One of the 
initial objectives, however, was in the development of 
continuous filament MMCs [6], These materials were first 
developed for applications in aerospace, but have found 
applications in other industries. The growth into non
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aerospace and non-military applications came about slowly as 
the cost of MMC materials was reduced. This is due mainly to 
the development of new low cost fibers [3].

A reinforcement is considered to be a "particle" if all 
its dimensions are roughly equal, i.e., an aspect ratio of 
approximately one. As such particulate-reinforced composite 
include those reinforced by spheres, angular particles, and 
even flakes or plates.

Fiber-reinforced composites contain reinforcements having 
lengths much greater than their cross-sectional dimensions,
i.e., an aspect ratio >> 1. Such a composite is considered to 
be a discontinuous fiber or short fiber composite and its 
properties will vary with fiber orientation and , possibly, 
length. On the other hand, when the length of the fiber is 
such that any further increase in length does not, for 
example, further increase the elastic modulus of the 
composite, the composite is considered to be a continuous 
fiber reinforced material.

Continuous fiber-reinforced metals [7] are a special and 
sophisticated class of composite materials. Unlike most metals 
and alloys, fiber-reinforced metals are anisotropic materials. 
The degree of anisotropy depends primarily on the degree of 
fiber orientation. The major role of the fibers is to carry 
the load, which the metal matrix serves to transfer and 
distribute the load to fibers.
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Reinforcing materials provide the basic strength of the 
composite [5] . However, they can contribute much more than 
strength. For examples, they can conduct heat and/or resist 
chemical corrosion, they also can resist or conduct 
electricity, etc. If the reinforcement is to improve the 
strength of a given matrix, it has to be both stronger and 
stiffer than the matrix. The requirement of high strength and 
high stiffness implies little or no ductility and, also, a 
relatively brittle behavior.

The efficiency [8-9] with which the loads are 
transferred from the matrix to the fibers depends on the 
bonding interface between them. Assuming high interface 
efficiency, the mechanical properties of the composite depend 
more on the properties of the fiber than of the matrix. This 
means that the matrix can be selected on other property 
requirements such as oxidation and corrosion resistance.

In recent years, [10] low cost, or affordable, processing 
techniques for the production of discontinuous fiber- 
reinforced metal have been under investigation. One of the 
advantages of discontinuous composites is that they can be 
shaped by standard metal forming processes such as forging, 
rolling, extrusion, etc. Due to this ease of formability and 
relatively modest cost, discontinuous fiber composites have 
recently been used in various applications, for examples 
tennis rackets, head of golf clubs, etc. There are several
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advantages for using metal matrix composites as structural 
materials [11], These advantages include a combination of the 
following properties :

- High strength
- High toughness and impact properties
- Low thermal shock
- High surface durability and low sensitivity to surface 

flaws
- High electrical and thermal conductivity

The most obvious advantages of MMCs are their resistance 
to severe environments, increased toughness, and retention of 
strength at high temperatures. For a composite structure, it 
is possible to emphasize environmental stability of the matrix 
at elevated temperatures, since the required mechanical 
strength and stiffness can be obtained from the reinforcement. 
The shear strength requirements of the matrix are nominal 
since the matrix serves only to transfer the load to the 
filaments in continuous filament composites. However, the 
matrix strength is very important in discontinuous metal 
matrix composites.

Metal matrix composites (MMC) can be designed to provide 
new materials having higher temperature capabilities and 
higher-specific-strength properties compared with the 
conventional metals and alloys [12]. Many potential
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applications of MMCs have been developed in the automotive and 
general engineering fields with the development of low cost 
reinforcements and processing methods. The design and 
selection of a suitable MMC to replace a conventional material 
should be based on the following operational, cost and 
technical criteria [13] :

a. Operational and cost criteria :
- Repair and maintainability
- Machinability and weldability
- Performance and reliability
- Simplicity, inspection and safety
- Weight reduction saving

b. Technical criteria :
- Strength, stiffness and toughness
- Corrosion resistance
- Wear resistance
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1 - 1  Research Objectives
The primary objective of this research program was to 

investigate the fabrication and characterization of E-glass/ 
iron matrix composites as a prerequisite to the development of 
a range of low cost steel matrix composite materials. The 
following objectives of the research program were established.

1) Determine whether the E-glass/iron composite can be 
fabricated using powder metallurgy methods. (A spray 
deposition process could be used in industry).

2) Determine the optimized volume fraction of E-glass, 
green compaction load, sintering time and sintering 
temperature.

3) Determine the hot deformation regime, i.e., 
temperature, deformation, for the E- glass/iron matrix 
composite that produces substantial drawing 
(elongation) of the glass particulates in the iron 
matrix.

4) Determine the mechanical properties e.g. tensile 
strength, etc. of the E-glass/iron matrix composite.

5) Determine the corrosion behavior of E-glass/iron 
matrix composite.
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1.2 Location of Study Area
Ferrous metal matrix composites have been proposed as a 

possible alternative to the use of high strength steels 
subjected to hydrogen damage or stress corrosion cracking. The 
main concept is to investigate the use of a matrix of mild 
steel with sufficient second phase to achieve high strength 
but still have sufficient toughness, formability and 
weldability. These new ferrous composite materials will 
achieve potentially lower density, reduced corrosion 
resistance and excellent damping properties. The main 
challenge is to match the flow properties of the steel matrix 
with those of the reinforcement. E-glass fiber, so that the 
glass fiber can be "drawn" during the forming of the 
composite. The second challenge is to investigate fabrication 
processes that can produce these ferrous composite materials 
in commercial shapes.

As explained above, it is proposed to investigate the 
fabrication of a steel-matrix composite with reinforcements. 
E-glass fibers, that are deformable at the hot processing 
temperature of the steel matrix. The proposed application of 
the composite will be in areas requiring, initially, high 
strength to weight ratios associated with high toughness, 
formability, weldability, corrosion and wear resistance, 
improved hydrogen damage resistance and damping. The composite 
will be particularly useful for plates with high strength to
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weight ratios in transportation and off-shore structural 
applications, and other potential applications for near-net 
shape and net shape casting [7].

Due to the deterioration of certain mechanical properties 
of steel by non-metallic inclusions and second-phase particles 
[11-14], mechanical property evaluation of the composite was 
used to study the effect of size, shape, distribution, 
orientation and physical characteristics of the reinforce
ments. Therefore, the research program was particularly 
exploratory since the response of the fibers during rolling, 
their wetting characteristics with the matrix, the density 
difference between the metal and the particulates, and the 
effect of high processing temperatures needed to be thoroughly 
investigated. Expected properties of the composites are listed 
in Table 1.1.

It intended to experiment a concept for rolling the 
sintering composite materials. The glass particulates were 
introduced as the reinforcement and drawn into fibers during 
the hot rolling deformation stage of the overall fabrication 
process. This approach was used to prevent the surface 
degradation of glass fibers.

The processing steps used in the fabrication of the 
composites are as indicated below :

a. Selection of a suitable fabrication technique.
b. Selection of the matrix steel and the second phase
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particle, in terms of composition, size, shape and 
quantity.

c. Determination of the process parameters e.g. sintering 
temperature, rolling temperature, and sintering time.

d. Cold compaction of iron powder with E-glass particles 
of specific size.

e. Sinter at specific temperature for a given time.
f. Deform in specific temperature range in which there is 

acceptible metal and glass flow.
g. Produce oriented, drawn glass fibers in a steel 

matrix.
h. Produce a composite material with designable 

properties by varying the amount of glass fibers, and 
thermomechanical processing of the composite.
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1.3 Previous Work
There has been little or no research or any papers 

published concerned with the fabrication of glass reinforced 
iron matrix composites. However, some work has been conducted 
in related area, for example glass fiber reinforced cement 
[33]. The effect of reinforcement size on the fracture 
properties of an aluminum metal matrix composite [2 7] and 
effect of particle distribution on fracture of an aluminium 
metal matrix composite [28-29], etc,.
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2.LITERATURE REVIEW

2.1 Glass Fiber
Glass fiber is a unique material that exhibits the 

familiar bulk glass properties of transparency, hardness, 
corrosion, stability, and inertness as well as fiber 
properties [14]. Glass is produced by fusing silicates with 
soda or with potash, lime, or various metallic oxides. The 
molten mass [15] is then cooled rapidly to prevent 
crystallization.

Two basic processes are used to produce continuous glass 
filaments [16] : marble melt and direct melt. In the marble
melt process, glass marbles are first produced by melting the 
appropriate mixture of raw materials and forming marbles. 
These marbles are then remelted and formed into the glass 
fiber product. In the direct melt process, the raw materials 
are melted and formed directly into the glass fiber product. 
Direct melt is the main process used in continuous glass fiber 
manufacture today.

Commercial continuous glass fibers are formed by 
extruding molten glass through an orifice which is usually 0.8 
to 3.175 mm in diameter and then rapidly drawing this glass to 
a fine diameter.

2.1.1 Glass Fiber Types
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There are many types of glass fiber with different 
compositions that are produced to provide specific chemical 
and/or physical properties [16-17].

E-Glass is a family of glasses with a calcium-alumino- 
boro-silicate composition and 2 pet maximum alkali content. It 
exhibits much better electrical insulation than A-glass. 
E-glass fibers are used for general-purpose application when 
strength and high electrical resistivity are required because 
it has all around strength as a fiber, and it strongly resists 
attack by water. This is an important requirement for many 
glass fiber composites that require high performance under 
moist conditions.

E-Glass is a family of glasses with a magnesium-alumino- 
silicate composition that exhibits high strength. For example, 
its tensile strength is about 33 pet higher than that of E- 
glass. It also retains its strength better at high 
temperatures and resists fatigue well. Therefore, 8-glass is 
used in applications where very high tensile strength is 
required. 8-glass and 8-2 glass fibers have the same glass 
composition but frave different coatings applied to their 
surfaces.

C-Glass is a family of glasses with a soda-lime boro- 
silicate composition that exhibits good chemical stability in 
corrosive environments. Therefore, C-glass is generally used 
in composites that contact or contain acidic materials where
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A-glass would not be suitable.
A-Glass is a family of glasses with a soda-lime 

composition and has a high alkali content. A-glass offers very 
good resistance to chemical attack but exhibits low electrical 
properties because of the high alkali content.

Table 2.1 shows the oxide components and their ranges for 
the three types of glass fibers that have been produced and 
used in composites.

The glass fiber most commonly used in composite is E- 
glass, a calcium alumino-boro-silicate glass, since it 
exhibits a useful balance of mechanical, chemical, and 
electrical properties, and can be produced at a very moderate 
cost. As in the manufacture of all glass fibers. E-glass is 
drawn from a melt of the appropriate composition. Typical 
strength and stiffness levels for the individual
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filaments are about 3450 MPa (500 ksi), tensile strength, and 
72.4 GPa (10.5 x 106 psi), Young's modulus.

2.1.2 Glass Fiber Properties
There are some glass fiber properties that are measured 

directly by the fibers, e.g., tensile strength. Young's 
modulus, and chemical durability, other properties, such as 
relative permittivity, and thermal expansion, are measured on 
glass that has been formed into a bulk patty or block sample 
and annealed (heat treated) to relieve forming stress. Density 
is measured on both individual fibers and bulk samples, in 
annealed and unannealed form.

The most important physical properties of glass fiber are 
discussed below :

- Density of the glass fibers is most commonly presented 
as a bulk annealed value. The bulk annealed density is 
actually more than the fiber value; for E-glass, this 
difference is about 0.04 g/cm3 at room temperature. The bulk 
annealed densities for glass fiber used in composites range 
from approximately 2.50 g/cm3 for C-glass to 2.62 g/cm3 for E- 
glass.

- Tensile strength of glass fibers is normally presented 
as the pristine single-filament or the multifilament strand 
measured in air at room temperature. The respective strand
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strengths will normally be 20 to 4 0 pet lower than the 
strength presented in Table 2.2 because surface defects occur 
during the strand-forming process.

- Moisture has a detrimental effect on the pristine 
strength of glass. This can be done by measuring the pristine 
single-filament strength at liquid nitrogen temperature where 
moisture influence has been minimized. The result is an 
increase of 50 to 100 pet in strength over a measurement at 
room temperature in air of 50 pet relative humidity. The loss 
in strength of glass subjected to moisture while under an 
external load is known as static fatigue.

As the fibers are exposed to increasing temperature, the 
pristine strength of glass fiber will decrease. While there is 
no general rule for the magnitude of this decrease. E-glass 
and S-glass fibers have been formed to retain approximately 5 0 
pet of their pristine room temperature strength at 538 °C 
( 1000°F)

- The Young's modulus of elasticity of unannealed 
silicate glass fiber ranges from about 69 Gpa (10.0 x 106 psi) 
to 85 Gpa (12.4 x 106 psi). The Young 's modulus gradually 
increases as the fiber is heated. E-glass fibers will increase 
in Young's modulus from 72 Gpa (10.5 x 106 psi) to 84.7 Gpa 
(12.3 x 106 psi) when annealed to compact their atomic 
structure.
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- The Poisson ' s ratio does not change much with 
composition in silicate glasses. It falls, generally, between
0.15 and 0.2 6 for most glasses. For E-glass, the Poisson 's 
ratio is 0.22 + 0.02 and does not change with temperature up 
to 510 °C (950 °F) .

- The corrosion resistance of glass fibers to acids, 
bases and water is normally presented as percent weight loss 
data : the lower this value, the more resistant is the glass to 
the corrosive solution. The test procedure involves subjecting 
a given weight of 10 f i m  (390 pin) diameter bare glass fiber, 
without binders, to a known volume of corrosive solution held 
at 96 °C (205 °F) . The fibers are removed, washed, dried and 
weighed after being held in the solution for the time desired 
to calculate the weight loss. The results are presented in the 
terms of 2 4 hours (1 day) and 168 hours (1 week) exposures. 
The corrosion resistance, i.e., chemical resistance, of glass 
fibers depends on the composition of the fiber, the corrosive 
solution, and the exposure time.

The electrical properties in Table 2.2 were measured on 
annealed bulk glass samples. The important thermal properties 
of glass fiber are discussed below.

- The viscosity of a glass depends on the temperature, 
and increases as the temperature decreases.

- The softening temperature is the temperature at which
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a uniform diameter glass fiber elongates by its own weight 
when measured by the ASTM C338 method and procedure. The 
softening temperature is sometimes defined as the temperature 
at which glass will deform by its own weight and occurs at 
a viscosity of approximately 106-6 Pa. s ( 107*6 p) .

- The annealing temperature is the temperature at which 
a glass fiber either elongates at a specific rate when 
measured by ASTM C336 specification or deflects at a specific 
rate at midpoint of a glass beam when measured by ASTM C598. 
Internal stresses are substantially relieved at the annealing 
point of glass. The viscosity of glass at the annealing point 
is approximately 1012 Pa.s (1013 P) .

- The strain temperature is measured following ASTM C3 3 6 
or C598 as explained above for annealing temperature. Internal 
stresses are substantially relieved in a matter of hours at 
the strain temperature. The viscosity of glass at the strain 
temperature is approximately 10135 Pa.s (10145 P) .

- The mean coefficient of thermal expansion (GTE) is 
presented in Table 2.2 over the temperature range from -30 
to 250 0C (-22 to 482°F) .The GTE is presented in units of 10'6 
/K. and were measured on bulk annealed bars using ASTM D69 6 
method and procedure.
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2•2 Properties of pure Iron
Pure Iron is a common name for high purity iron (i.e., 

+99.99 pet). There are other names normally used for 
commercial purity iron such as ferrovac E, high purity iron, 
etc,. The compositions and properties of pure iron vary from 
batch to batch, as well as with the method of preparation. 
Because pure iron is easily contaminated by handling and by 
various components of the atmosphere, the properties listed 
may not be appropriate values for the element iron itself.

2.2.1 Physical Properties
- Density at room temperature of iron produced by the 

nitrate process is 7.874 g/cm3 [18]. The density of liquid 
iron at 1546 °C is 7.00 g/cm3. As the temperature increases, 
the density slowly decreases in the alpha Fe phase field, 
increases discontinuously at AC3, and decreases 
discontinuously at AC4. A decrease of 0.004 g/cm3 has been 
reported after severe cold working but there is a doubtful 
phenomena in high purity iron.

- Melting temperature ranges from 152 7 to 1537 °C. All 
impurities lower the melting point of iron.

- The Density of pure iron slowly decreases in the alpha 
Fe phase, increases discontinuously at AC3 and decreases 
discontinuously at AC4.
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- Specific volume at 25 °C is 0.12701 cm3/g.
- Recrystallization temperature range from 2 00 to 3 00 °C
- General Resistance to Corrosion: Irons of 99.9 pet 

purity or higher, in the annealed condition, exhibits 
considerably high resistance to corrosion. Corrosion 
frequently occurs at the impurity spots or in areas where the 
iron has been strained.

- Microstructure: Zone-melting of irons results in large 
grain structures which are essentially featureless except for 
very fine grain-boundary lines. Less pure irons present 
widened grain boundaries and scattered impurity particles, 
which are often more apparent under polarized light.

- Fracture Characteristics : Most nearly pure irons 
exhibit brittle fracture behavior at temperature below -150°C 
showing either cube-face cleavage or conchoidal grain boundary 
fracture, depending on grain size and impurities present.

2.2.2 Mechanical Properties
Very small traces of impurities can affect the mechanical 

properties of iron. Increasing the purity of irons, lowers the 
yield point and tensile strength continuously below that of 
ingot iron, while the ductility, especially the uniform 
elongation, is progressively increased. Some mechanical 
properties at room temperature are shown in Table 2.3.
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In generally, the ductility depends largely on grain 
size, which is normally very large in high purity irons.
At low temperature, the presence of traces of non-metallie 
impurities, especially oxygen and silicon, lowers the 
ductility of pure irons. By quenching irons containing small 
amounts of carbon or nitrogen, increases the yield point and 
tensile strength and lowers the ductility as of the 
interaction of impurities with dislocation sources.

Some of the more important mechanical properties of pure 
iron are given below :

- Modulus of elasticity (avg) is about 196.5 + 3.5 GPa 
for irons.

- Torsion or shear modulus (G) is about 80.3 + 1.4 GPa.
- Impact transition temperatures are -10 °c for air 

cooled; +4 0 °C for water quenched ; +60 °c for furnace
cooled. These values a show sharp transition with 
brittle fracture ascribed to carbide films.
- Fatigue strength for a life of the order of 106 cycles : 

at 90 °K (-183 °C) is 315 MPa (45,700 psi); at 293 °K 
(20 °C) is 182 MPa (26,400 psi).

- Iron, annealed 1/2 hr in Helium at 870 °c, furnace 
cooled, has 50 pet impact energy at -11 °C; 20.34 J (15 
ft-lb) at 26 °c.

There is no impact data available for the ductile zone-
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melted irons but it is expected that really pure iron would 
have a much lower transition temperature.

2.2.3 Corrosion Resistance
Iron and steel are fairly active metal and alloys with 

respect to corrosive media. They, therefore, require 
protection against gavalnic corrosion by coating with anodic 
metals or alloys. However, they are more noble than aluminum 
and aluminum alloys in chloride solutions. On the other hand, 
in low chloride waters, a reversal can occur that causes iron 
or steel to become more active than aluminum.
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2.3 Metal Matrix Composites
In composite materials [3-5], the matrix provides two 

major functions : (1) it holds the reinforcement phase in place 
and (2) it deforms and distributes the stress to the 
reinforcement under an applied force. In certain metal-matrix 
composites, the matrix, itself, is a main strengthening 
element. In other cases, the matrix may have to withstand 
extremes in heat or cold. It may conduct or resist 
electricity, keep out moisture, or protect against corrosion. 
It may be chosen for ease of handling or many other 
properties. One important consideration in composite materials 
is the contact area between matrix and reinforcement called 
the interface.

Metal matrix composites are currently a subject of 
interest even though not as widely used as polymeric matrix 
composites. Metal matrices offer greater strength and 
stiffness than those offered by polymers and also offer a 
superior fracture toughness.

The working temperature [19] of the composite depends 
mainly on the melting point of the matrix material, the 
mechanical and physical properties of the composite at various 
temperatures, and the reactivity between the fiber and matrix 
materials as a function of temperature.
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2.4 Fiber Strengthening
High strength materials, especially high strength-to- 

weight ratio, can be produced by incorporating fine fibers in 
a ductile matrix. The fibers should have high strength and 
high elastic modulus while the matrix should be ductile and 
nonreactive with the fibers. Fiber-reinforced materials are an 
important group of materials generally known as composite 
materials.

An important distinction between fiber-strengthened and 
dispersion-strengthened metals is that in fiber strengthening 
the high modulus fibers carry essentially all of the load. The 
matrix serves to transfer the load to the fibers, to protect 
fibers from surface damage, and to separate the individual 
fibers and cracks which are from fiber breakage.

To a reasonable approximation the strength of a fiber- 
reinforced composite is given by a rule of mixtures [20], as 
shown below :

Assume that the fiber and the matrix will strain equally,
i.e., ef = em = ec

P = af Af + am Am

where Af and Am are the cross-sectional areas of fiber 
and matrix. The average composite strength is
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ac = P/Ac where Ac = Af + Am.

<̂c = Z  = af A  + A  (2-1)A.. A,. A

But Af / Ac is the fraction of total cross section taken 
up by fibers, and if it is multiplied by the total length of 
composite this represents the volume fraction of fibers, ff. 
In a similar way Am/Ac represents fm, and ff + fm =1. Therefore

CTc = <7fff + <7mfm = CTfff + (l-ff) <Jm

where a f is the strength of fibers,
<7m is the strength of matrix,
a c is the strength of composite.
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2 .5 Method of Producing E-Glass Fiber-Iron Composite Materials
The problem is to produce a uniform distribution of 

fibers in the iron matrix. A number of methods have been 
investigated for making fiber-metal composites. They can be 
classified as follows :

(1). Casting Technique.
The fabrication methods of MMC by the casting or 

solidification route can be the most viable and least 
expensive of the methods available, particularly when large 
tonnage production is produced. Both liquid metallurgy and [7] 
semisolid casting or rheocasting or compocasting techniques 
are classified under this route. Techniques are also available 
to prepare non-metal composites containing metal particulates 
as well as metal composites with non-metallie reinforcements. 
Different fabrication techniques used to produce MMC, which 
fall under the casting route, are the following:

A. Liquid Metal Infiltration:
It is possible to make near-net-shape components 

contained large volume fractions of fiber i.e. up to 7 0 pet 
fiber volume, using this route. It is achieved by pressure or 
vacuum infiltration of liquid metal into a heated bed of 
fibers, whiskers or particulates [19,21]. However, this 
technique is unsuitable for large components.
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Other methods of forced infiltration have been used, for 
example, centrifugal casting, but in most cases some 
considerable porosity has been encountered. This is more 
detrimental if it results in interfacial gaps than if intra
matrix pores are formed.

However, one of the biggest problems with the molten 
metal infiltration process is the limitation it imposes on 
combinations of fiber and matrix because of molten metal-fiber 
interactions. The interaction zone can be limited by careful 
casting techniques and/or fiber coating (which is expensive).

B. Cospraying Method:
An example of this technique is the recently 

commercialized Osprey technique [22] for making MMC. This 
process is suitable for reinforcing a matrix alloy with short 
fibers, whiskers and/or particulates. The matrix is normally 
in the form of a wire and is fed to a spraying torch where an 
oxyacetylene flame melts the alloy. The molten metal comes 
into contact with the reinforcement, which is fed through 
another inlet with the help of a high-pressure inert gas and 
deposits as a slug inside the chamber. These slugs can be 
further thermo-mechanically processed and the volume fraction 
of the second phase can be closely controlled.

C. Liquid Metallurgy Technique
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The second phase (reinforcement) materials are 
introduced into the molten matrix alloy using one of the 
following methods[19,22] .

(a) Inert gas injection, [i] in melt and [ii] in stream.
(b) Pallet Method
(c) Vortex Method
(d) Ultrasonic dispersion
(e) Centrifugal dispersion
(f) Dispersion chemically oxidized within melt, e.g. 

additions of Si,Al,Ca,B,Mg, or elements of
ferroallys.

Intricate component casting can be produced with high 
dimensional tolerance, high surface quality, high yield and 
near-net shape by [a] squeeze casting, [b] centrifugal 
casting, [c] pressure die casting and [d] investment casting. 
The liquid metallurgy technique has specific advantages of 
easy adaptability, large throughput, comparatively easy 
castability, etc. However, it is associated with the problems 
of unwanted high temperature reactions, non-wettability of 
fiber and matrix leading to enhanced agglomeration and high 
gravity separation. These problems can be tackled to some 
extent by using increased solidification rates. Casting 
related problems of shrinkage, gas pickup, porosity, etc. also 
have to be solved to cast a sound composite. The second phase
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volume is typically limited to ten volume percent, since it 
appears to be a critical factor in controlling the 
agglomeration.

D. Semisolid Slurry Processing:
Also known as Rheocasting or Compocasting, this 

process used a melt of 10 - 30 percent by volume of solid 
precipitation, as a slurry. In this process, semisolid slurry 
of the matrix is first prepared by mechanically stirring the 
alloy within the freezing range, following which the melt is 
held isothermally. The required volume fraction of the second 
phase dispersoids are added to this semisolid non-dendritic 
slurry and then thoroughly mixed to obtain uniform 
distribution. These slurries are thixotropic in nature, and 
have good fluidity. The process has distinct advantages over 
the liquid metallurgy technique. The dispersoids are entrapped 
between the primary solid phase in the slurry, they are 
prevented from floating, settling or agglomerating. Also the 
increased mixing time at lower temperatures helps in promoting 
wetting and improved bond formation. Besides these technique 
of MMC fabrication, ladle metallurgy stations in casting shops 
can be used to adapt suitable mold and tundish metallurgical 
practices to incorporate the second phase in the liquid matrix 
and to induce sufficient mixing for preventing segregation of 
the dispersoids.
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Yet another material making process could involve self
propagation high temperature synthesis (SHS) of matrix and the 
second phase powders and promoting oxidation reactions.

(ii). Powder Metallurgy Methods
Fibers [23-26], particulates and composites have 

been prepared by powder metallurgy techniques. The typical 
method is to use a die and introduce the mixture of fibers and 
matrix powders. The pressing operation may be carried out hot 
or at room temperature with a subsequent sintering process. 
The sintering process can be achieved in a vacuum or hydrogen 
atmosphere to attain approximately 90 pet theoretical density.

Densities of 96 - 98 pet theoretical can be achieved by 
a hot pressing method. This method can be controlled for iron 
powders in a graphite die at temperatures of 1090 - 1260 °C at 
pressure of 31 - 34.5 MPa (4,500 - 5,000 psi) in either a 
hydrogen-argon atmosphere or vacuum.

(iii). Co-Extrusion Method
There is very little information available regarding 

this method but it can be considered under two categories[17].
i) The extrusion from a billet containing an arran 

gement of rods; and
ii) The extrusion from a billet consisting of a pile 

of discs of two separate metals.
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2.6 Factors Affecting Fiber Performance
Factors, which determine the engineering properties of a 

fiber composite, are the orientation, length, shape and 
composition of the fibers, the mechanical properties of the 
matrix and the bond between fibers and matrix.

Fiber orientation [2 7] determines the mechanical strength 
of the composite and the anisotropy of the composite. There 
are several considerations that need to be taken into account 
concerning fiber orientation and how orientation affects the 
mechanical properties of a composite.

1. It must be realized that unidirectionally-oriented 
fibers provide maximum composite strength and modulus 
when loads are applied in the direction of the fibers.

2. On the other hand, if loads are applied even at very 
small angles from an aligned fiber orientation, 
composite strength is significantly lowered.

Fiber composites may be either continuous or short fiber. 
Even though continuous fibers (filaments) are more efficiently 
oriented than short fibers, they are not necessarily better. 
One of the major characteristics of a fiber is that its length 
is significantly greater than its diameter, i.e. a high aspect 
(length : diameter) ratio. Some specific composite types of 
short fibers, such as glass, ceramic, and multiphase fibers.



T-4608 37

could have much greater strengths than those of continuous 
fiber if the fibers could be properly oriented. The length of 
a fiber impacts not only the mechanical properties of a 
composite, but also its procèssibility. Actually, continuous 
fibers are much easier to handle than short fibers but short 
fiber composites could be made by the various opened or 
closed-mold process. Short fiber composites are less efficient 
in their use of fiber, but normally have higher output and 
lower processing costs than filament fiber composite.

Due to their ease of fabrication and handling [28], most 
fibers in use today are solid and of circular cross section, 
but other shapes and hallow fibers have exhibited excellent 
improvements in mechanical properties of composite. Because of 
the elimination of surface flaws during production, the 
smaller the diameter the greater the strength of the fiber.
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2.7 Study on Effect of Particle Size and Particle Distribution 
on the Fracture Properties on Metal Matrix Composite.
In the past few years, there have been many 

investigations of the effects of particle size and particle 
distribution on the fracture properties of metal matrix 
composites. Most recent investigations research conducted on 
the fracture behavior of aluminum matrix composites have 
revealed that fracture is often macroscopically brittle, 
exhibiting low fracture strain, while scanning electron 
microscopy (SEM) has revealed that the fracture surface 
consists of microvoids with sizes ranging from the submicron 
to tens of microns. The sources of these dimples have been 
referred to as either decohesion of the Sic particles or 
fracture. The low macroscopic ductilities presented by 
reinforced materials often preclude an investigation into the 
effects of microstructure. In addition to the importance of 
the behavior of the matrix microstructure on the macroscopic 
fracture properties of discontinuously reinforced materials 
[29], it has been showed that some degree of ductility that 
void nucléation and the final ductility may be sensitive to 
both the size and distribution of particles [30].

Unfortunately, the results of these studies showed that 
it is impossible to determine whether the particles present on 
the fracture surface were fractured during processing, or 
whether they fractured during tensile straining. Comparison of
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the particle areas for random sections and those intersecting 
the crack indicated a tendency for larger particles to be 
involved in the cracking process, consistent with the results 
of quantitative fractography performed on fracture surfaces.

Some work [31] revealed that crack initiation fracture 
toughness does not depend on second phase particle size and 
crack growth fracture toughness increases as the size of the 
second phase particle increases.
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2.8 General Corrosion
Corrosion [32] can be defined as the deterioration of a 

material resulting from chemical attack by its environment. 
Since corrosion is caused by chemical reaction, the rate at 
which the corrosion occurs will depend on some factors, i.e., 
the temperature and the concentration of the reactants and 
product, etc.

Most corrosion of metals refers to the electrochemical 
attack, since metals have free electrons which are able to set 
up electrochemical cell within the metals themselves. Most 
metals corroded by water and the atmosphere and also by direct 
chemical attack from chemical solutions and even liquid 
metals.

Most metals exist in nature in the compound formation, 
for example, as oxides, sulfides, carbonates, or silicates. In 
these compound formations the energies of the metals are 
lower. In the metallic formations the energies are higher, and 
thus there is a spontaneous tendency for metals to react 
chemically to form compounds.

As discussed above, there is a definite relation between 
the free-energy change and the cell potential of an 
electrochemical reaction. In most instances, the actual 
magnitude of the free-energy change is relatively unimportant 
in corrosion applications. The most important factor is the 
sign of the free-energy change for a given reaction, since
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this indicates whether or not the reaction is spontaneous. 
However, the rule, used to predict the spontaneous direction 
of any electrochemical reaction, can be stated as [34] 11 I n  
a n y  e l e c t r o c h e m i c a l  r e a c t i o n ,  t h e  m o s t  n e g a t i v e  o r  a c t i v e  
h a l f — c e l l  t e n d s  t o  b e  o x i d i z e d ,  a n d  t h e  m o s t  p o s i t i v e  o r  n o b l e  
h a l f - c e l l  t e n d s  t o  b e  r e d u c e d " .  Table 2.4 [35] lists the
standard half-cell potentials of some selected metals.

To determine the potential of a system in which the 
reactants, the Nernst equation can be used :

B = E, + 2.3 RT log anviH 
nr are(l

where E is the half-cell potential,
E0 is the standard half-cell potential,
R is the gas constant ; = 8.314 J/(mol.K),
T is absolute temperature, 
n is the number of electrons transferred,
F is the Faraday constant ; = 9.6485 x 104 

C/mol,and
aoxid and ared are the activities (concentrations) of oxidized

and reduced species.
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Table 2.4 Standard Electrode Potentials at 25 °C.

Electrode potential, £° 
(volts vs. standard  

Oxidation (corrosion) reaction hydrogen electrode)

More cathodlc  

(less tendency to corrode)

Au —► Au3 ' + 3e +1 498
2H?0  -> 0 ? + 4H - + 4e  • 1 229
Pt _  pt21 + 2e t i 200
Ag —► A g ’ + e  1 0 799
2Hg —► H g?? " + 2e * 0 788
Fe2 * —» Fe3 * + e *0  771
4(OH) * -> Op + 2HpO + 4e * 0 401
Cu —» C u2 * + 2e * 0 337
Sn2 * —* Sn* * + 2e ♦ 0 150
H2 —• 2H * + 2e 0 000

More anodic  

(greater tendency to corrode)

Pb —» Pb2 * + 2e -0.126
Sn —<■ Sn2 * + 2e 0 136
Ni —» Ni2 ' + 2e 0 250
C o —» C o 2 ' + 2e 0 277
C d  — C d 2 ' + 2e 0 403
Fe —*• Fe2 * + 2e 0440
Cr —♦ Cr3 * + 3e 0 744
Zn —► Zn2 * + 2e 0 763
Al — A l3 ' + 3e - 1 662
M g —* M g 2 * + 2e 2 363
Na —► Na * + e - 2 714

* Reactions are  written as a n o d ic  ha lf-cells The m ore negative 
the ha lf-ce ll reaction , the more a n o d ic  the reaction is an d  the 
grea te r the tendency for corrosion or ox ida tion  to occur
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3.EXPERIMENTAL PROCEDURE

3.1 Materials Used
- Matrix

Iron powder (99.99 wt.pct. pure and up to 4 /on in 
diameter) was used as the matrix, as shown in Figure 3.1 (a). 
The density of pure iron powder was taken as 7.35 g/cm3 in 
using the rule of mixtures for mixing the iron powder with 
glass.

- Reinforcement
E-glass powder (5-50 /an) was used as the 

reinforcement , as shown in Figure 3.1 (t>) . The properties of 
the glass particulates and the desired properties of the 
composite are shown in Table 3.1 and Table 3.2, respectively. 
The density of E-glass powder was taken as 2.50 g/cm3.
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Figure 3.1 SEM photomicrograph of ; (a) pure iron powder and 
(b) E-glass powder.
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3.2 Powder Metallurgy Experiment
3.2.1 Powder Preparation

The as-received E-glass balls of 13 mm diameter were 
powdered in a crushing mill. The size range of glass powder 
was 5 - 5 0  f i m  in diameter.

The iron and glass powders were mixed in a ball mill for 
at least 2 4 hours. Figure 3.2 shows the photograph of the 
mixture.

3.2.2 Preparation Samples
The mixture of iron and glass powders were pressed into 

two green cylindrical compact sizes containing three different 
volume fractions of glass particles, 10, 15 and 20 vol pet.

Sample A was 11-15 mm. in diameter and 12-20 mm. in 
height.

Sample B was 24-27 mm. in diameter and 25-37 mm. in 
height.

Both size samples were compressed in a hardened steel die 
under about 172 Mpa (25,000 psi) pressure. Figure 3.3 shows 
the procedure of compressing compact samples.

3.2.3 Sintering Process
The diameter, height and weight of the compacts were 

measured , and then sintered in argon atmosphere in a vacuum 
furnace in the temperature range of 1100 °C - 1150 °C for 8-12
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Figure 3.2 SEM photomicrograph of the iron/glass powders 
mixture.
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hours. All the dimensions of the sintering samples were also 
measured and compared to those of green compact samples. 
Figure 3.4 shows the schematic diagram of sintering time and 
sintering temperature for this research.



T-4608 51

CU

uou

im3o
e
<L>

a
H
&DC
uQ J

.3c%

om oom
(Do) ajn iB jad iuajL  g u u a ju ig Fi

gu
re
 

3.4
 

Sc
he
ma
ti
c 

di
ag
ra
m 

of 
the

 
si
nt
er
in
g 

pr
oc
es
s 

for
 

th
e 

ir
on
/g
la
ss
 

co
mp
os
it
e 

ma
te
ri
al
s.



T-4608 52

3.3 Hot Compression Test
The smaller sintered samples, size A, were tested under 

hot compression loads at four different temperatures, 950, 
1000, 1050 and 1100 °C, in a Gleeble machine. The
deformability of E-glass particles in iron matrix, measured by 
an image analyzer in the terms of aspect ratio, was 
investigated for each volume fraction of glass. The flow 
strength of these materials at high temperature was also 
investigated. Adaptation of testing equipment , system 
calibration, lubrication and sample geometry was necessary in 
order to obtain correct stress-strain curves.

3.3.1 Equipment
A Gleeble 1500 servohydraulic closed loop thermo

mechanical testing system was used for this research. The 
Gleeble is capable of compression testing with uniform 
temperature control, constant strain rate control and accurate 
real-time data recording. These features, along with the 
ability to use relatively small samples allows quick, accurate 
tests with minimal materials.

Compression testing on the Gleeble machine was performed 
within a controlled argon atmosphere. Figure 3.5 shows a 
schematic diagram of the test system. Tungsten carbide platens 
are used and the sample is heated by electrical resistance 
between the platens. Thermal feedback control was provided by
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a type K ( chrome1/alume1 ) thermocouple welded to the surface 
of the sample. Computer control and computer data acquisition 
were used during testing.

3.2.2 System Calibration and Lubrication
The Gleeble system is capable of monitoring and 

controlling the force, stroke and temperature used during 
testing. Compression testing requires accuracy in each of 
these subsystem in order for a test to be valid. Therefore 
each of these subsystems were checked and calibrated. The 
stroke and temperature were calibrated, and Gleeble control 
programs were written to provide checks for their drift from 
calibration.

The graphite foil was used as a lubricant since it 
minimizes barreling. Tantalum foil was placed between the 
platen and the sample to prevent reaction.

3.3.3 Compression testing Procedure
The Gleeble was used to perform compression testing of 

these glass/iron matrix composite samples. The stroke movement 
during compression was controlled to give a constant strain 
rate. Each compression test was run under the same general 
procedure of operation of the Gleeble (See Appendix A for 
General Operating Procedure of the Gleeble).

Samples were heated to the temperature of 950, 1000, 1050
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and 1100 °C at 4 “C/sec, held for five seconds then compressed 
by 50 pet at a constant strain rate of 1.00 s'1 and cooled at 
3 °C/sec, for each volume fraction of glass.

Tests were run upto 8 0 pet reduction to confirm the 
deformability of these materials. stroke, force and 
temperature were measured and stored on the personal computer 
with the data acquisition system. The Gleeble data from these 
tests were analyzed and flow stress comparison was made for 
these testing conditions.
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3.4 Post-Compression Sample Evaluation
3.4.1 Light Microscopy and Aspect Ratio Measurement 

Compressed samples were sectioned with a Buehler Iso-Met
wafer saw and hot mounted in a Buehler Epomet Molding 
compound, ground and finish polished to 0.05 / i m  alumina powder 
with standard metallographic techniques to examine the 
geometry of E-glass particles. Light micrographs were taken on 
the LECO Neophot 21 metallograph for any positions on the 
specimens. The Polished specimens were used to measure the 
aspect ratio (L/D) values by LECO 2001 Image Analysis System. 
Aspect ratio is defined as :

Aspect Ratio = length of the glass particles
width of the glass particles

The aspect ratio for a square and circle is 1 and 
increases as the feature becomes more and more elongated. 
Figure 3.6 shows how the image analyzer program defines the 
length and the width of the feature.

3.4.2 Fracture Characteristic Study
The compressed samples were fractured by hammer and the 

fractography was examined by scanning electron microscopy 
(SEM). A JEOL JXA-84 0 Scanning Electron Microanalyzer was used 
to observe the fracture of compressed samples.
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Length

Width

Length
Width = Aspect ratio

Figure 3.6 Schematic representation of the image
analysis system for analysis of the fiber 
aspect ratio.
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3.5 Hot Rolling Experiment
The larger samples, size B, were hot rolled at 1150°C 

with upto 7 0 pet area reduction to draw and orient the glass 
particles. The hot rolling of these samples were achieved by 
the experimental two High rolling machine.
3.5.1 Microstructural Characterization

Hot rolled samples were cut in both directions, 
transverse and longitudinal, with a Buehler Iso-Met wafer saw 
and polished to 0.05 f i m  alumina to examine the direction of 
glass particle after hot rolling. Optical micrographs were 
taken as well.

For fractography, hot rolled samples were fractured by 
hammer and the fracture surface was examined by scanning 
electron microscopy.

3.5.2 Tensile Test
The dimension of the tensile specimen is shown in Figure 

3.7. Tensile specimens were machined from the hot rolled 
samples according to the rolling direction. Tensile tests for 
each volume fraction of glass, 10, 15 and 20 vol pet., were 
conducted at room temperature with an Instron testing machine 
operating at a crosshead speed of 0.05 in/min (0.021 mm/sec). 
Data were recorded by the computer.
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acquisition system.
With an initial sample geometry of 6.23 mm (0.246 inch) 

diameter and 25.4 mm (1 inch) gage length the following 
equation are used to calculate the stress-strain behavior of 
the materials for the raw data generated by the Instron.

The engineering strain (e) is defined as [20]

e = (L—Lc) / L0

where L is the instantaneous displacement, and
L0 is the original gauge length over which 

displacement is measured.

The engineering stress is defined as

S = P / A0

where P is the instantaneous load, and
A0 is the original cross-section area.

The axial true strain for uniform deformation is defined
as

e = In (L/L0) = In (1+e)
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The uniform deformation true stress can be defined as

<t = S * exp (e) = S (l+e)

3.5.3 Charpy V-Notch Test
The hot rolled samples were machined to sub-size Charpy 

v-notch specimen for each volume fraction. The dimension of 
the sub-size specimen is shown in Figure 3.8. The tests were 
all done at room temperature.
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3.6 Corrosion Study
The corrosion tests were conducted on the sintered 

samples for each volume fraction of glass and pure iron. The 
critical corrosion current was determined for each volume 
fraction of glass samples and for pure iron sample. (See 
Appendix B for corrosion testing procedure.)
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4.Results

The results of the experimental studies are presented in 
this section. The effect of size of iron powder on the 
possibility of making glass/iron composites by powder 
metallurgy method are characterized. The compaction load, 
sintering time, and sintering temperature are analyzed for the 
experiment. Based on these results, all samples were produced 
under the same optimized condition of sintering. The optimized 
deformation temperature for E-glass/iron matrix composite was 
analyzed by the aspect ratio experiment from hot compression 
test samples. The flow stress of hot compression tests for 
each deformation temperature and for each volume fraction of 
glass are conducted. The optical micrographs, hardness values 
and fractography are also presented. The mechanical properties 
at room temperature, tensile strength and charpy v-notch 
impact energy, and the corrosion property are examined.
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4 -1 Materials
In the initial period of this research, the pure iron 

powder, with size up to 300 f i m in diameter, were used to make 
a compact sample by powder metallurgy method. The compaction 
load for this test was 15,000 lbs (6,800 kg) for a 13 mm. 
diameter sample. Unfortunately, these experiments were failed 
as the sample did not form a compact. The size of iron powders 
were then reduced to 4 pm. The experiment was done under the 
same condition and iron powders compacted by a load of only 
5,000 lbs (2,268 kg) for a 13 mm. diameter die, (25,000 psi) . 
Based on these results, the subsequent experiments were 
conducted using pure iron powder of up to 4 pm in diameter. 
The comparison of pure iron powders of 300 pm diameter and 4 
pm diameter, are shown in Figure 4.1 .
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Figure 4.1 The comparison between pure iron powders (a) the 
300 fim diameter and (b) the 4 /xm diameter sizes.
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4.2 Powder Metallurgy Experiment
Sintering experiments were conducted at various 

temperatures and times to optimize sintering condition for 
these materials. Three sintering conditions were conducted for 
each volume fraction of glass. Density studies were also 
performed to confirm the results of the tests.

Compact samples were sintered at 1100 °c for eight hours 
and were broken by hammer to study the fracture mode. Figure
4.2 show the fractographs of the samples, sintered under this 
condition and, containing ; (a) 10, (b) 15 and (c) 20 vol pet.
of E-glass. All figures show the presence of voids and lack of 
complete sintering.

Increasing the sintering temperature to 1150 °C and 
sintering time to eight hours, voids were reduced, as shown in 
Figure 4.3 . Some voids, showing the lack of complete
sintering, were still present.

After sintering the samples at 1150 °c for at least 
twelve hours. There were no voids. Figure 4.4 shows the 
fractographs of (a) 10, (b) 15 and (c) 20 vol pet. of E-glass
after sintering at 1150 °C for 12 hours.

Density values of samples before and after the sintering 
process for three different sintering conditions and for each 
volume fraction of glass were calculated to support the 
fractography results.
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Figure 4.2 SEM photomicrograph of fractured iron-glass
composite sample after vacuum sintering at 1100 °c

for eight hours ; (a) 10 vol pet. of E-glass.
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Figure 4.2 SEM photomicrograph of fractured iron-glass
composite sample after vacuum sintering at 1100 °C

for eight h o u r s ; (b) 15 vol pet. of E-glass.
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Figure 4.2 SEM photomicrograph of fractured iron-glass
composite sample after vacuum sintering at 1100 °C

for eight hours; (C) 20 vol pet. of E-glass.
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Figure 4.3 SEM photomicrograph of fractured iron-glass
composite sample after vacuum sintering at 1150 °C

for eight hours; (a) 10 vol p e t . of E-glass.
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a

Figure 4.3 SEM photomicrograph of fractured iron-glass
composite sample after vacuum sintering at 1150 °C

for eight hours; (b) 15 vol pet. of E-glass.
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Figure 4.3 SEM photomicrograph of fractured iron-glass
composite sample after vacuum sintering at 1150 °c
for eight hours ; (c) 20 vol pet. of E-glass.
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Figure 4.4 SEM photomicrograph of fractured iron-glass
composite sample after vacuum sintering at 1150 °C 
for twelve hours ; (a) 10 vol pet. of E-glass.
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Figure 4.4 SEM photomicrograph of fractured iron-glass
composite sample after vacuum sintering at 1150 °C

for twelve hours; (b) 15 vol pet. of E - g l a s s .
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Figure 4.4 SEM photomicrograph of fractured iron-glass
composite sample after vacuum sintering at 1150 °C

for twelve hours ; (c) 2 0 vol pet. of E-glass.
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Table 4.1 shows the average values for weight, diameter 
and height of compact samples and those of sintered samples 
for three different sintering conditions of glass. The density 
values of composite samples were calculated using the 
following equation :

Pc =  P»v i +  PgV g 
Vi+Ve

where pc is the density of composite,
P-, is the density of pure iron = 7.35 g/cm3,
pg is the density of E-glass powder = 2.50 g/cm3, and

Vi,vg is Volume fractions of pure iron and E-glass powder, 
respectively.

Table 4.2 indicates that the density values of samples, 
sintered at 1150 °C for 12 hours, are very close to the 
calculated values for all the volume fractions of E-glass. 
Based on these results, all of the samples were sintered at 
115 0 °C for at least 12 hours, subsequently.
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Table 4.2 Average density values for three different sintering 
conditions.

Volume

of

Fraction

Glass 10 % 15 % 20 %

Sintering at Before 5.948 5.640 4.905

1100 C / 8 hrs After 6.185 5.898 6.300

Sintering at Before 5.954 5.656 4.855

11 50 C / 8 hrs After 6.520 6.217 6.330

Sintering at Before 5.958 5.824 4.948

1150 C / 12 hrs After 6.727 6.598 6.357

Calculated Values 6.865 6.623 6.380

% of theoretical density 2.01 0.38 0.68
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4.3 Post Compression Sample Evaluation
The hot compression tests were conducted to optimize the 

deformation temperature for these composite materials. The 
tests were done at four different deformation temperatures, 
i.e., 950, 1000, 1050 and 1100 °C and graphite foils were used 
as the lubricant to reduce the effects of friction.

The true stress-true strain curves were calculated for 
each volume fraction of glass at four different temperatures. 
Figure 4.5 - 4.7 show the true stress-true strain curves,
tested at four different deformation temperatures, for each 
volume fraction of glass.

4.3.1 Optical Microscopy and Aspect Ratio Measurement.
The hot pressed samples were cut to examine the 

deformation to E-glass particles after hot pressing at various 
temperatures. Microstructural evaluation, observed by optical 
microscopy, shows that the flow of glass is in the direction 
normal to the direction of loading. The comparison of E-glass 
particle geometry before and after hot compressing is shown in 
Figures 4.8 and 4.9.

By using the Image Analyser System, the aspect ratio 
measurement was performed to optimize the deformation 
temperature. Figures 4.10 and 4.11 show the aspect ratio 
values as a function of the deformation temperature of glass
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Figure 4.8 Optical photomicrographs of 10 vol pet. E-glass
sample (as polished) ; (a) before and (b) after 50 
pet.longitudinal reduction in the compressive 
loading mode.
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Figure 4.9 Optical photomicrograph of 2 0 vol pet. E-glass 
sample (as polished); (a) before and (b) after
50pct.longitudinal reduction in the compressive 
loading mode.
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particles for areas greater than 7 0 / i m 2 . The data for those 
glass particles with areas smaller than 7 0 ^m2 are shown in 
Figures 4.12 and 4.13, respectively. From all of these graphs, 
it is obvious that the optimum deformation temperature is 
about 1050 to 1100 °C, This temperature range coincides with 
the working temperature of E-glass which is about 107 0 °c, as 
shown in table 3.1 . From these results, the subsequent hot- 
rolling temperature for these composite materials was set at 
1100 °C.

The hot compression at 1100 °C was done for upto 80 pet. 
height reduction to confirm the results. Figure 4.14 shows the 
micrographs of deformed glass particles after hot deformation 
of upto 80 pet. height reduction. The edge of the samples 
showed evidence of some cracking at the periphery along the 
center after hot compression testing, as shown in Figure 4.15.

4.3.2 Fracture Characteristic study
24 mm. tall cylinders were upset to a disc with 12 mm. 

thickness, then fractured to examine the fractography. The 
microstructure of fractured samples before and after 
compressive upsetting are shown in Figures 4.16 and 4.17 ,
respectively. Figure 4.17 shows the elongated iron and glass 
particles at the center of the disc after hot compression 
testing.



T-4608

T

 I I L

xr

89

v O

O O "5 >  >  >
O  LO o  t— i—  CM

O  +  X

+ +  ++<SKB0O38<

+ H -  OHBMEOX

X>SO< -H-MED

+ 5K>4«( 0(20

J— I— I— I— I I I I I I I I I__I— I_I 1 I I I I I I I I L

CDLO

OCD

O
o CDLO &_
CD =3

Ctii_CDCL
CD EO CDO h-

CZ)CD
1—

OLOo>

LO
CO

CO LO
CM

CM LO
CDOCD

(a/l) oiiey }08dsv Fi
gu
re
 

4.1
2 

Ef
fe
ct
 

of 
de
fo
rm
at
io
n 

on 
the

 
as
pe
ct
 

ra
ti
o 

of 
E-

gl
as
s 

pa
rt
ic
le
s 

sm
al
le
r 

tha
n 

70 
/im

2 b
ef
or
e 

hot
 

co
mp
re
ss

io
n.



T-4608 90

LO

OO-H- +  +  Q+ O O  »  X ) X X

O  LO O  
i— "i— CXI ooo+ + ODOX

o
LOO)-H--B OO «  OSKX

ooO)LOLO CXICO

0

CD
Z3
CD 1 
CD
CL
ECD

COCD

CO CXJ

(an) oiibu loedsv Fi
gu
re
 

4.1
3 

Ef
fe
ct
 

of 
de
fo
rm
at
io
n 

on 
the

 
as
pe
ct
 
ra
ti
o 

of 
E-

gl
as
s 

pa
rt
ic
le
s 

sm
al
le
r 

tha
n 

7 0 
^m

2 a
ft
er
 

hot
 

co
mp
re
ss
io

n.



T-4608 91

Figure 4.14 Optical photomicrographs of deformed glass
particles after hot compression at 1100 (’C up to 
80 pet. height reduction.
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5 m m

Figure 4.15 Photomacrographs of hot compressed samples tested 
at 1100 °C up to 80 pct% height reduction ;
(a) 15 and (b) 20 vol pet. of E-glass.
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Figure 4.16 SEM photomicrographs of fractured samples (15 vol 
pet.)prior to 50 pet.longitudinal reduction in the 
compressive loading mode;
(a) 500 X and (b) 1000 X.
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Figure 4.17 SEM photomicrographs of fractured samples (15 vol 
pe t . of glass) after 50 pet longitudinal reduction 
in the compressive loading mode at 1100 °C;
(a) 1000 X and (b) 1500 X.
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4.4 Hot Rolling Experiment
The samples containing 10, 15 and 2 0 vol pet. of E-glass 

were sintered at 1150 °C for 12 hours, then hot rolled for 
upto 70 pet. area reduction at 1100 °c to orientate the glass 
particles. Then, the hot rolled samples for each volume 
fraction of glass were examined using the following tests :

4.4.1 Microstructural Characterization.
Hot rolled samples were sectioned in the transverse and 

longitudinal direction and then polished to examine the shape 
of E-glass particles. Figure 4.18 shows the optical 
micrographs in the transverse direction in a hot rolled sample 
(15 vol % of glass) . Micrographs of the longitudinally 
sectioned samples are shown in Figure 4.19 . As can be 
expected, the flow of glass upon rolling is in the same 
direction as the rolling direction.

4.4.2 Hardness Test
Hardness of the hot rolled samples were measured. The 

results are shown in Table 4.3 . These hardness values are
slightly different for different volume fractions of glass in 
the composite materials.
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Figure 4.18 Optical photomicrographs showing cross section of 
15 vol pet. of glass sample after hot rolling at 
1100 °C up to 70 pet. area reduction.
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Figure 4.19 Optical photomicrographs showing longitudinal
section of 15 vol pet of glass sample after hot 
rolling at 1100 °C up to 70 pet. area reduction.
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Table 4.3 Hardness values of E-glass/iron composite materials.

Hardness (HRB) of Hot Rolled Samples

10 Vol % 15 Vol % 20 Vol %

61 62 65

63 64 62

59 60 60

60 63 62

60 62 62

62 61 63
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4.4.3 Tensile Test
Hot rolled samples were machined and standard tensile 

specimens were prepared. The tensile tests were performed at 
room temperature to determine the mechanical properties of the 
composite materials for each volume fraction of glass.

Figure 4.20 shows true stress- true strain from tensile 
tests for each volume fraction of glass. All the samples 
showed poor ductility especially the 20 vol pet. of E-glass 
sample, which exhibited severe brittle rupture. A large 
cleavage zone was observed on the fracture surface, as shown 
in Figure 4.21 . The poor ductility may be due to the fracture 
of glass particle prior to the tensile test and the 
imperfections in the machined testing samples. However, these 
glass particles may serve as initiation sites for the 
macrovoids observed in Figure 4.22 .

4.4.4 Charpy V-Notch Test and Corrosion Study
Due to the small size of hot rolled samples, Charpy v- 

notch samples were tested with subsize samples, as shown in 
figure 3.10 . The charpy v-notch energy absorption and the
result of corrosion test are shown in Table 4.4 . The current 
density values from the corrosion test represent corrosion 
current, icorr. The lower the number, the lower the corrosion 
rate. The corrosion data shows that an increase in the glass 
fraction increases the corrosion rate. This increase is due to
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the increase in the availability of cathodic sites for anodic 
dissolution of iron.

Due to the limitation of making samples by the powder 
metallurgy route, the values of mechanical properties may not 
be representative for these materials.
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Figure 4.21 SEM photomicrograph showing cleavage zone on the 
fracture surface of the tensile specimen 
(20 vol pet. of E-glass).
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Figure 4.22 SEM fractographs of tensile sample showing the 
macrovoids nucléation by E-glass particles.
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Table 4.4 Charpy v-notch energy absorption and current density 
of corrosion test.

Sample Charpy V-Notch energy 

(ft-lb)

Current Density 

(m icroamp/sq.cm)

Pure Iron „ 2 .0  E 3

10 Vol % 1 2 .6  E 3

15 Vol % 1 3 .0  E 3

20 Vol % 0.5 3 .2  E 3
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5 .CONCLUSIONS

The present work has investigated the E-glass/iron matrix 
composite. The green compaction load and the optimized 
sintering condition for making these materials by the powder 
metallurgy method were determined. The optimized deformation 
temperature were also examined by using the hot compression 
test on Gleeble machine. The tensile strength and corrosion 
behavior of these materials were tested for three different 
volume fractions of E-glass, 10, 15 and 2 0 volume pet.
Significant conclusions from this study are presented below.

1. Fractography studies using scanning electron 
microscopy showed that E-glass/iron materials can be 
prepared by the powder metallurgy method.

2. Both density studies and fractography studies showed 
that the optimized sintering condition for these 
materials is at 1150 °C for 12 hours.

3. Results of the tensile test at room temperature and 
the hot compression test at 950 , 1000 , 1050 and
1100 °C for each volume fraction, indicate the optimum 
volume fraction of E-glass/iron materials is about 15 
vol pet. of glass.

4. The corrosion test showed that as the volume fraction
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of glass increases, the corrosion rate of these E- 
glass/iron composite materials increase.

5. The poor ductility and the low impact energy
absorption values of these materials showed in the 
tensile test and the Charpy V-notch test at room 
temperature may be due to the fracture of glass 
particles prior to the test and the imperfection of 
machined test samples.
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APPENDIX A: Gleeble Operating Procedure
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A.l The following procedure was used for compression testing 
by Gleeble 1500 machine. More details can be found in the 
Gleeble operating manuals.

The general operating procedure for compression testing 
of the Gleeble are :

0. Turn on the chiller and vacuum pump before testing for 
one hour to allow the machine to equilibrate.

1. Clean the sample and spot weld both thermocouple 
leads. Thread a 3/4 inch (19 mm.)piece of alumina 
thermocouple cover the two wires to separate and 
shield them from the apparatus.

2. Tighten the U-jacks and the platen holder set screws.
3. Dog-ear the corner of two 1 inch (25.4 mm.)pieces of 

tantalum foil. Fold two rectangular pieces of graphite 
into squares slightly larger than the tantalum foil. 
Fold each doubled graphite piece over the tantalum to 
form a "sandwich". Place one sandwich on each platen 
so that the tantalum side is toward the tungsten 
carbide. Use the dog-eared corner to let the sandwich 
hang on the platen.

4. In manual mode, position the movable jaw so that it is 
as far as possible away from the fixed jaw. Slowly 
move it back to a 20 mm separation between the 
platens.

5. Using long tweezers, hold the sample against the 
center of the platen in the fixed jaw. Make sure that 
the thermocouple is facing you at 45° from vertical, 
and the alumel (magnetic) wire is the lower one.

6. Using the coarse stroke control, move the movable jaw 
toward the sample until it slightly contacts the 
sample and the force meter in direct mode starts to 
show a compressive force below 200 kg (0.20 on the 
meter). Turn the fine stroke control while watching 
the force meter until it reads 200 kg (0.20 on the 
meter). Press panic stop to turn off the pumps.

7. Connect the thermocouple wires to the terminals at the 
rear of the vacuum chamber, alumel (magnetic) to black
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and chrome1 to red. Make sure that they do not touch 
each other, or anything other than the sample. Also 
minimize their length so that there is only enough to 

reach from the sample to the terminals. Excess wire is 
trimmed.

8. Check the thermocouple once again to see that the 
magnetic one is attached to the black terminal. 
Another check is to look at the T-servo (actual 
temperature) meter to see if it reads a value between 
15°C and 2 5°C.

9. Cover the vacuum chamber with the glass plate and 
secure with two C-clamps. Close the gas bleed port and 
depress the rough vacuum start button. Watch the 
vacuum gage at the rear of the chamber until the meter 
stops at the best possible vacuum. Stop the roughing 
vacuum with the standby switch and backfill the 
chamber with argon. Use the roughing vacuum and argon 
backfill once more. When the chamber is at one atm. 
argon pressure, set the flow rate of argon to about 
eight cfh and open the bleed port to allow argon to 
leak out. Place the vent tube over the bleed port.

10. On the PC, start the GPL program environment.
11. Change directories to your working directory by 

pressing F9, then use F3 to select a new directory. 
Back out to the main menu with F10.

12. Load a program by pressing F3, then selecting the 
program.

13. Prepare to run the program with F6. This command 
downloads program information from the PC to the 
Gleeble control unit. The run menu is now visible.

14. Set the M-control to computer mode and depress the two 
white computer enable buttons on the Digital Interface 
panel.

15. Press F2 to send a zero signal to the Gleeble control 
unit.

16. Press F3 to check connections and switch settings on 
the Gleeble control unit.

17. Press F4 to start the test.
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18. The PC screen will display the data being acquired.
19. Watch the thermal monitor to see that there is no 

erratic heating. At the high temperature, it may be 
necessary to use the trim knob on the T-servo module 
to fine tune the heating of the sample.

20. When the program finishes, press the space bar on the
PC keyboard to exit the acquisition screen. Press Y to 
save the data for the test. After the data has been 
saved, press F2 to zero the Gleeble control unit.

21. On completion of the test, the sample will probably
still be hot. Allow argon to flow and wait until the
sample is below 100°C before turning it off. The 
sample can be removed and handled when it is cooler 
than 8 0°C.

22. Remove the glass plate carefully, and the thermocouple 
wires. Switch the M-control to manual stroke and 
manually move the movable jaw away from the fixed jaw. 
Press the panic-stop button to turn off the pumps, and 
remove the sample.

23. Wait for thirty minutes before running another test to 
allow the chiller to cool the jaws to normal 
temperature.

A.2 Temperature Test
The temperature control of the Gleeble system should also

be checked prior to the test. This parameter can be adjusted
for proper heating of the sample. The procedure for
temperature testing and adjustment follows. This test will
heat a test sample to a low temperature (2 00°C) , hold for one
minute, then continue heating to a high temperature (1100°C),
hold for one minute then stop the test. During the hold time
at either the low or high temperature, the sample heating can
be adjusted so that the program and actual temperature are the



T—4608 114

same.
1. Prepare and load the sample in the same fashion as was 

done with a normal compression test.
2 . Turn the T-servo trim knob so that it is in the middle 

of its movable range.
3. Follow steps 11-19 in the general operation procedures 

to load and start the temperature test.
4. When the sample temperature reaches the lower hold 

temperature, turn the ZERO on the T-servo panel and 
adjust the heat input so that the actual temperature 
and program temperature meter values are equal.

5. When the sample temperature reaches the upper hold 
temperature, turn the zero again to equate the actual 
temperature and program temperature meter values.

6. The test will stop without cooling the sample. Allow 
the system to cool until the sample temperature is 
below 80°C. Remove the sample and wait at least thirty 
minutes before any compression testing is done.
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APPENDIX B: Corrosion Test Procedure
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A PARC 273 potentiostatic measurement console was used 
for the corrosion rate determination. A potentiostat 
automatically adjusts the applied polarization current to 
control potential between working electrode [WE] and reference 
electrode [REF] (saturated calomel electrode used) at any 
prescribed value. The potentiostatic circuit has potential and 
current measuring elements, along with the polarization cell 
and electrodes. The current I polarizes the WE to the 
prescribed potential with respect to REF, which remains at a 
constant potential with little or no current passing through 
the potential measuring circuit. In potentiodynamic 
procedures, potential is increased from Ecorr in the active 
state in steps (scan-rate) with current recorded at the end of 
an appropriate time at each step. At potentials above the 
passive potential, Epp, the potentiostatic anodic polarization 
curve exactly follows the passive loop of the anodic curve. 
Thus, potentiostatic procedures allow detailed study of the 
important parameters affecting formation and growth of passive 
films and passivity. These curves also allow the determination 
of the pitting potential at which the passive films break 
locally leading to break-away rates of corrosion. The range of 
passivity is primarily a function of the material and solution 
conditions. While chromium and molybdenum in steel increases 
the passive region, the presence of chloride ions in the 
solution is known to decrease it. Presence of oxygen also 
affects the passivation potential of materials.

Potentiostats may be programmed to increase potential 
continuously from Ecorr. When potential is fed to an x-y 
recorder, along with current through a logarithmic converter, 
the anodic polarization curve of potential as a function of 
log applied current can be automatically recorded. The 
resulting potentiodynamic anodic polarization curve is useful 
to determine the corrosion rate in active state and the 
passivating characteristics.

In the present tests, a potential range of -900 mv to 
+1500 mv has been scanned at a rate of 0.5 mv/sec. Thus, 
actual test time for each experiment was eighty minutes. 
Figure A shows the schematic diagram of the experimental set
up and Figure B shows a schematic anodic passivation curve 
where the critical parameters have been defined.
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