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The development of amorphous metal alloys with high glass forming ability allows the

fabrication of amorphous samples with thickness greater than 1mm, known as bulk

metallic glasses(BMGs). Outstanding mechanical properties and ease in processing

due to low melting points, low solidification shrinkage and higher supercooled liquid

region make BMG a good candidate as a matrix for processing the composites.

The work done in the thesis focuses on the synthesis and characterization of bulk

metallic glass composites. Highly conductive Cu fibers were introduced into

Zr412Ti138Cu125Ni10Be225 (VitreloylTM) BMG of poor conductivity to produce a

composite with a thermal anisotropy The main challenge in processing was to avoid

the dissolution of Cu fibers into the matrix because Cu has a negative heat of mixing

with most of the matrix components. The dissolution of the Cu ,changes the parent

composition of matrix and hence deteriorates its glass forming ability which leads to

Redacted for privacy



the crystallization of the matrix. In this work, the composites with circular and square

cross-sections with the volume fraction ranging from 7% to 60% were processed

successfully by pressure-gravity infiltration.

The microstructure, thermal stability and structure of the composites were investigated

by optical microscopy, differential scanning calorimetry(DSC) and X-ray

diffraction(XRD). The metallic glass remained predominantly amorphous after adding

up to 60% volume fractions of Cu fibers. Optical microscopy shows the clear

distinction between the reinforcement and matrix with no macroscopic dissolution of

reinforcement into the matrix. However, limited crystallization at the Cu/Vitreloy 1TM

interface occurred during the processing. This crystallization is attributed to the

heterogeneous nucleation starting from the CuJVitreloylTM interface due to the

presence of Cu fibers, which act as nucleation sites, followed by the growth in the

areas surrounding the fibers with enhanced Cu concentration. The concentration

profile of the composite was later simulated and related with the crystallization near

the fibers. From these simulations and observations, the success in processing these

composites is attributed to the low shear rates, small processing times and

temperatures involved in the processing. A combination of 2-dimensional triangular

and square ordering of the fibers was observed in the composite samples. X-ray

diffraction patterns of the composites show the peaks from the reinforced fibers and

crystals around the CuIVitreloylTM interface superimposed on the broad diffuse

maxima from the amorphous phase. Later, the percent crystallinity in the sample was

quantified by thermal analysis using the DSC. The DSC thermograms confirmed that



the samples reinforced with 60 volume% Cu fibers with only 20% crystallinity can be

obtained.

The mechanical properties of the composites were studied in compression. Despite of

presence of weak Cu fibers, compressive strengths of lO6OMpa, 699Mpa and 857Mpa

for the composites reinforced with 40, 50 and 60 volume percent, which is higher than

the high strength steel was found.

Finally, the best processing parameters in terms of processing time and temperature

are determined for the composite reinforced with 60 volume percent fibers. This

volume fraction was chosen due to its uniform fiber distribution and hence distinct

anisotropy.

One promising application of this metallic glass matrix composite could be in the

meso or microscale heat exchanger, where high heat transfer in one direction is

required.
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1. INTRODUCTION

1.1 Metallic Glass

1.1.1 Definition of metallic glass

A perfectly crystalline solid exhibits a long-range order where the atoms are arranged

in a pattern that repeats periodically in three dimensions to a large or infinite extent. In

contrast, metallic glass refers to a vitreous or amorphous alloy which lacks the long

periodicity of atoms and only has a short-range order. When a metal or an alloy is

heated above its melting point, Tm, the long-range order of the atoms is destroyed. In

the liquid state, atoms are vibrating about positions that are constantly and rapidly

interdiffusing. At the melting temperature, the crystal and the liquid phases are in

equilibrium. When the liquid is cooled below its melting point, either crystallization

takes place or the liquid will become an undercooled or a supercooled liquid. The path

taken by the liquid depends on the cooling rate. For a slow cooling rate the atoms have

enough time to arrange themselves and form a crystalline solid. But for a cooling rate

faster than a certain critical value, R, crystallization is avoided to obtain an

undercooled liquid. As the undercooled liquid is cooled further, its viscosity increases

and the atoms will move so slowly that they will freeze and finally form a glass.

Unlike the crystallization of a liquid, the glass formation is a continuous process and

occurs over a range of temperatures. These changes can be seen by monitoring the

volume of the liquid as a function of temperature as shown in Fig. 1 [1].
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Figure 1: Schematic of the specific volume as a function of temperature for a liquid,
which forms both glass and crystal. Formation of glass or crystal depends on
the cooling rate. Tg designates glass transition temperature and Tm melting
temperature [1].
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During crystallization there is an abrupt change in volume at the melting point,

whereas the glass formation is characterized by a change in the slope at a temperature

called as the glass-transition temperature, Tg. Between the Tg and the Tm, the material

is in a metastable state with respect to the crystallization. This region is termed as the

supercooled or the undercooled liquid region. Below this region, it is the metallic

glass, which is in a nonequilibrium state. The thermodynamic variables such as

volume, entropy and enthalpy all demonstrate the change in slope at the Tg. This

implies that at Tg there should be a discontinuity in the derivative variables such as:

Heat capacity, (C (HIT)) and

Thermal expansivity, (utalnV/T).

Figure 2 depicts the heat capacity curves for a glass, the corresponding liquid and the

crystalline solid as a function of temperature [2].
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Figure 2: Heat capacity curves of the Zr412Ti138Cu125Ni10Be225 glass, the
corresponding liquid and crystalline solid as a function of temperature [2].

The sudden increase in the heat capacity of the glass upon heating is the thermal

manifestation of the glass transition. The Tg [3], is defined as the point of inflection of

the rising heat capacity. Tg is also defined as the temperature at which the viscosity (r)

of the undercooled liquid reaches about 1012 Pas. At such high viscosities, atomic

motions are retarded and the relaxation time for atomic rearrangement becomes

comparable to or greater than the experimental time scale.



1.1.2 History of metallic glasses

The first major breakthrough in metallic glass formation came in 1960 when

Klement,Willens, and Duwez discovered that Au80Si20 could be made amorphous by

direct quenching from the melt with the cooling rate of 106 Klsec [1]. By that time, the

two well known factors required for the glass formation were very high cooling rate

and wider range of experimental time scale [5]. The cooling rate required to avoid

crystallization and form a metallic glass is termed as the critical cooling rate, R. The

thickness of the metallic glass is inversely proportional to the square root of R. The

high R limited the thickness of metallic glass to thin ribbons or thin sheets. Figure 3

shows the R required for various melts.
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Figure 3: Characteristic critical cooling rates (Klsec) for various amorphous materials.

Later, Cohen and Turnbull suggested that the formation of amorphous Au80Si20 is

related to the deep eutectic in the AuSi alloy system near the 25 atomic % Si coupled

with rapid solidification rate achieved in Duwez experiment [6]. In 1982, the

development of ternary metallic glasses made out of Pd-Ni-P alloys reduced the

cooling rate requirement to 1 0 KIs [7] and resulted in samples with thickness up to 1

mm. Therefore, bulk metallic glass (BMG) was defined as sample with the minimum

dimension of 1 mm, which is equivalent to the critical cooling rate of to iO4 KIs.

Another breakthrough was the discovery of La-Ni-Al [8], Mg-Cu-Y [9] and Zr-Cu-Ni-

Al [10] by lnoue. These systems have the critical cooling rates of about 1 OOKIs and
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exhibit good thermal stability above the Tg. Glassy samples could be quenched from

the melt up to the dimensions of several millimeters in diameter. Later, Peker and

Johnson discovered an exceptionally good glass forming system in the early 1990s;

Zr-Ti-Cu-Ni-Be. The particular Zr412Ti138Cu125Ni10Be225 (VitreloylTM) alloy exhibits

a critical cooling rate of 1 KIs and can be casted to several centimeters in diameter

(critical thickness)[l0]. The presence of toxic beryllium in this alloy however limits its

use in some applications.

Johnson and his group further enlarged the Zr-based alloy family by developing

another group of easily processible BMG Zr-Ti(Nb)-Cu-Ni-Al system alloys; Vit 105

and Vit 106. The estimated critical cooling rate for these alloys is lOKIsec and the

ingots of about 5 mm thickness can be produced [11]. These alloy systems have good

mechanical properties such as high strength of 1 .9GPa [12] and high elastic limit of

(--2%). They also exhibit excellent stability with respect to crystallization. Although

their critical cooling rate is higher than VitreloylTM, they still have good mechanical

properties and do not contain beryllium.

1.1.3 Synthesis of Metallic Glasses

Despite their thermodynamic metastability, amorphous metallic alloys can be made by

a variety of different processes which can use gases, liquids, or even crystals as the

starting material. The first amorphous metal was prepared by gun quenching [12]. In

this process the molten sample is held in a non-reactive crucible with a small hole at

the bottom. Then small droplets are driven out of the hole by a shock wave. The

droplets then impinge onto a metal (usually Cu) substrate, spreading out and forming a



(J

film of irregular thickness. The average thickness of the film formed by this method

ranges from 5 to 25 pm. Although the gun quenching provides the highest cooling rate

of about 1 1 O8KIsec, the irregularity of the foil thickness makes the sample to be a

mixture of amorphous and crystalline structure. This is because of the regions

produced with different cooling rates. Thicker portion of the sample will have slower

cooling rate due to more thermal mass.

Regular foils of 20 to 50im thickness can be produced by the hammer-anvil method

[13]. In this process a molten drop of alloy is quenched to a foil between two metallic

pistons which are propelled towards each other at high speed.

A major advance came about as more continuous production processes were

developed. The twin roll technique was potentially the first continuous process to be

applied to produce metallic glasses. The thin ribbons of metallic glasses are obtained

when a molten metal is fed into the nip of two rapidly rotating wheels. This process is

tough to control. It is difficult to keep the liquid from either solidifying too early

(before the minimum separation between the wheels occurs), resulting in cold worked

strips, or solidifying too late (i.e. leaving the nip partially liquid). Another widely used

continuous technique of making metallic glass ribbons is melt spinning. In this

technique a stream of molten metal is directed at a rapidly rotating copper wheel. The

final product is in the form of ribbons with the thickness ranging between 20 and

l00im [14].Other widely used technique in both industry and research is the casting.

This technique has been used by Liquid Metal Technologies on mass production basis



and has been used in research by Busch et. al.{15].

Besides rapid quenching from the molten state, it is also possible to produce

amorphous alloys from the solid state. In 1983, Schwarz and Johnson observed the

growth of an amorphous layer between two layers of crystalline metals at elevated

temperature [16]. The other ways of solid state amorphization are particle irradiation

and mechanical attrition.

Commonly used methods for producing amorphous alloys from the gaseous state are

vapor deposition, sputtering and chemical vapor deposition.

1.1.4 Properties of Bulk Metallic Glass

Distinctive properties of metallic glasses in comparison to the crystalline materials

make them one of the prime materials of research in material science. The amorphous

structure results in very unique magnetic, electrical, mechanical and corrosion

properties .Due to the lack of crystal structure they do not have crystalline defects like

dislocations and grain boundary. Therefore bulk metallic glasses have perfectly elastic

behavior. This also results in many improved properties such as strength that is closer

to the theoretical maximum strength, a high strength to weight ratio, high bending

strength, high hardness, high fracture toughness, high impact fracture energy, high

fatigue strength, good castability and good machinability when compared to the

crystalline materials [17].

When loaded in tension, the material fails catastrophically with one single shear band

whereas in compression, multiple shear bands are formed, which lead to yielding and
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plastic flow without strain hardening. Table I lists mechanical and physical property

comparisons between VitreloylTM and commonly used crystalline metals [18].

Table I: Properties of metallic glass and other comparable engineering materials [18].

Property Vit.1TM Mg Al 380 Ti6AI4V SS

Mechanical Properties
Yield Strength (MPa) 1900 150 155 770 870
Hardness (Vickers) 550 75 100 340 325
Strain to Failure (%) 2%
Fracture Toughness, Kic (MPa-m112) 20-25
Impact Strength (Charpy) (J) 8.3 2.2 4 24 75
Elasticity (% of original shape) 2.00 0.35 0.23 0.65 0.44
Young's Modulus (GPa) 93 45 70 114 200
Specific Strength (MPa) 311 83 55 175 111
Poisson's Ratio 0.35 0.35 0.33 0.34 0.27
Physical Properties
Density (g/cm3) 6.1 1.8 2.8 4.4 7.8
Specific Heat (J/kg K) 420 1050 963 526 419
Coefficient of Thermal Expansion
(106/K) 10.0 27.0 21.2 9.0 12.5
Thermal Conductivity(W/m°K) 6 72 109 7 18
Electrical Resistivity (p cm) 190 14 6.4 178 77

The above mentioned qualities, specifically the availability of superior properties in

as-cast form and low melting temperature, provide exceptional opportunities for

processing metallic glasses in composite forms with a variety of reinforcements.
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1.1.5 Glass Forming Ability in Multicomponent Alloys

There are many factors that influence the glass forming ability of the BMG. Bulk

metallic glasses are dense liquids with very high viscosity and small free volumes

compared to pure metals and many alloys [19]. The compositions are selected in

proximity of deep eutectic. Chen and Turnbull proposed that the destabilization of

crystalline structure near the eutectic composition determines the stability and the ease

of glass formation [20].

Size mismatch between the components is another factor that influences the glass

forming ability. In a multicomponent glass forming system, different atomic sized

species are put together. The resulting crystalline alloy suffers with the increase in

chemical disorder. This chemical disorder is due to the local atomic strains arising

from the atomic size difference as well as the difference in valence electron

configuration of the constituent species. Also, in the multicomponent system, the

probability of forming a new crystal structure and a chance of acquiring long range

ordered structure progressively decline.

Another factor predicted by Turnbull [21] in improving the glass-forming ability is the

reduced glass transition temperature, Trg. Figure 4 shows the critical cooling rates R

for some of the glass forming alloys versus the reduced glass transition temperature,

Trg.The Trg is defined as the ratio of the glass transition temperature Tg to the liquidus

or melting temperature Tm of an alloy.



C

10

ru

2

Ni

Te
.

FeP

AuGeSiS NiP
Pp

Ge

FePC
NiNb

PdCuSi

ZrTiCuNiBe

I I

0.2 0.4 0.6 0.8 1.0

T/T
g m

12
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High values of Trg are associated with the good glass forming ability. This means that

as Tg gets closer to Tm, the homogeneous nucleation of crystals in the undercooled

liquid become sluggish on the laboratory time scale and crystallization is suppressed.

Also, in the case where the viscosity of the liquid near Tm is very high, the basic

criteria that liquid with high glass forming ability should have relatively high viscosity

near the melting point is attained. As a result glass formation is most probable near the

eutectic where the liquidus temperature has the minimum. Examples are the

Pd40Ni40P20 alloy, which exhibits a Trg=O.66 [22], the Zr412Ti138Cu125Ni10Be225 alloy

with a Trg of 0.67 and VitlO5 & VitlO6 which have a Trg of 0.638 and 0.62

respectively. All these alloys are among the best glass formers known so far.

The three most important factors contributing to the good glass forming ability of the

multicomponent alloy are;

. Considerable size mismatch (12% or more in 3 main components)

Systems with three or more than three components

Negative heat of mixing among three main constituent elements

1.1.6 Crystallization of Supercooled Metallic Liquids and Glasses

As discussed earlier, supercooled liquid is a thermodynamically metastable state

compared to the corresponding crystalline phase. This means that, if given long

enough time the supercooled liquid will crystallize by nucleation and growth to

achieve the lowest free energy state. However, it is possible to kinetically constrain

metastable phases so that the time required to transform reaches to infinity or much
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longer than the laboratory time scale.

One of the most important factors for successfully processing composites with the

metallic glass matrix is to suppress crystal nucleation and growth. One possibility is

homogeneous crystal nucleation and growth due to dissolution or reaction ofexcess

amount of reinforcement with the metallic glass matrix, which changes the

composition during processing. This compositional change reduces the glass forming

ability of the glass and it becomes prostrate to crystallization.

Another source of crystallization due to the reinforcement material in the metallic

glass matrix is that it acts as a catalytic site for the heterogeneous nucleation and

growth. The formation of a nucleus of critical size can be catalyzed by a solid particle

suspended in the liquid. This is due to the reduction in the activation energy required

for nucleation and the number of atoms required to form an embryo [23]. This kind of

nucleation, which is catalyzed by a suitable surface in contact with the liquid, is called

heterogeneous nucleation.

This section reviews homogeneous and heterogeneous nucleation theory. Figure 5

schematically shows the Gibbs free energy curves for the liquid and corresponding

crystal with respect to the temperature. The liquid has a higher Gibbs free energy than

crystal below the melting point. Therefore, below the melting point, a liquid becomes

metastable with respect to the crystal. The free energy difference between the liquid

and the crystal represents the driving force for the nucleation of crystals from the

liquid. However, the creation of the liquid-crystal interface disfavors the nucleation of

the crystal since it contains a positive interfacial energy. From the classical nucleation
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theory [24][25], the free energy change during nucleation is given by the free energy

decrease due to the liquid to crystal transformation, which is proportional to the

volume of the embryo and the free energy increase due to the creation of liquid-crystal

interface, which is proportional to the surface area of the embryo.

a)

a)
a)
a)

rI)

.,-
-,

Liquid

Crystal

Tm
Temperature

Figure 5: Schematic showing the Gibbs free energy curves for liquid and
corresponding crystal with respect to the temperature [24].



The total Gibbs free energy change associated with the formation of a spherical

crystalline embryo with radius, r, is given by

Eq. (1),

where a is the liquid-crystal interfacial energy per unit area, G, is the free energy

difference between liquid and crystal per unit volume. Since the interfacial energy

term increases as r2, whereas the volume free energy released only increases as r3, the

creation of small particles of solid always leads to a free energy increase. It is this

increase that is able to maintain the liquid phase in a metastable state almost

indefinitely at temperatures below Tm. Figure 6 shows that fora given undercooling

there is a certain radius, r*, which is associated with a maximum excess free energy.

The competition between these two terms gives maximum excess free energy

3z\G2 J
Eq. (2),

at a critical nucleus radius, r*, which is

* 2o
r Eq.(3),

G* is the nucleation energy barrier. Thus, the crystalline nuclei larger than r* will

grow with decreasing free energy and be stabilized whereas the unstable solid particles
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are those which have radius less than r*. These unstable nuclei tend to dissolve in the

liquid and disfavors crystallization [26]. The stable nuclei are called embryos.
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Figure 6: Gibbs free energy AG for crystalline embryo as a function of radius. This
data were reproduced from ref. [26].



The number of embryos that have reached the critical radius r* can be obtained from

the Boltzmann distribution

* (G*
n =nexpl----

( kT
Eq. (4),

where n is the total number of atoms in the system, k is the Boltzmannn constant, and

T is the absolute temperature. Below Tm, equation 4 only applies for r r* because

clusters greater than the critical size are stable nuclei of solid and no longer part of the

liquid. The nucleation rate, I, is governed by the rate at which smaller embryos can

grow the critical size. For the small embryos to grow, atoms need to be transported

from the liquid side of the interface to the crystal side. This growth rate is determined

by the diffusion rate which is described by the atomic diffusivity D. The diffusivity is

related to the viscosity, , by the Stokes-Einstein equation,

D
kT

Eq. (5),
3ra0 77

where a0 is the interatomic distance, k is Boltzmann constant.

However, Eq.5 is not applicable to the complex liquids and alloys. Therefore, the

homogeneous nucleation rate depends on the free energy difference between liquid

and crystal and the atomic mobility. This is given by
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k 1' AG*\
expi - I Eq. (6),

i(T) kT)

where k is a kinetic constant and i is the viscosity. The driving force for nucleation

continuously increases as the liquid is cooled below the melting point. However, this

force is opposed by the rapidly decreasing mobility at very high undercoolings. The

overall nucleation rate reflects these two factors. Figure 7 shows schematic of the

overall nucleation rate which results from the competition between the above

mentioned factors [27].
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Figure 7: The overall nucleation rate as a product of instability and diffusivity. The
data were reproduced from ref. [27].
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As stated earlier, another possibility for crystallization arises due to heterogeneous

nucleation. Consider a solid embryo forming in contact with a flat surface as shown in

Fig.8.

irrnr.

jJJJ/J//J//J
Figure 8: Schematic of a spherical-cap-shaped crystalline embryo forming in a liquid

on a catalytic substrate. This schematic is reproduced from ref. [28].
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A geometric calculation shows that when the solid/liquid interface of the substance is

partly replaced by an area of low-energy solid/solid interface between the crystal and a

foreign solid, nucleation can be greatly facilitated. Assuming that the interface is

stable and in equilibrium, the balance for the horizontal components of the surface

tension is described by [28]

°SL = aSC + 0LC Eq. (7),

where YSL,YSC and cLc are the interfacial energies between substrate and liquid,

substrate and crystal, and liquid and crystal respectively. 0 is the angle of contact

between the crystalline embryo and the substrate, also known as the wetting angle. For

a spherical cap, the surface area, A, representing the interface between the liquid and

the embryo is

and the volume, V, is given by

A = 2r(lcos9)r2 Eq. (8),

V =2r(l_cos&)2(2+cos9)r3 Eq. (9),

The Gibbs free energy change associated with the formation of a spherical cap shaped

crystalline embryo is

'V
L\Ghete = 2,r(1 cos 9)r2 aLC + ,r(r sin 9)2 (o 0SL ) + (1 cos 9)2(2 + cos9)r3G

Eq. (10),
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This equation can be rewritten using the energy change for homogeneous nucleation,

AG, as

AGheter() = f(9)AG Eq. (11),

wheref(0) is known as form factor and it is given by

f(0)(1_COSG)(2+COS9)
Eq. (12),

4

Table II lists the numerical values off(0) and corresponding values of AG .It is clear

from the table that, under conditions of good solid/solid wetting (small Theta) between

the crystal nucleus and the foreign substrate in the melt, a large decrease in AG can be

expected [29].

Table II: Values of thef(0) and relationship with the type of nucleation

aluesuc1eation Kind of nucleation j(0)

0 or complete wetting No nucleation barrier 0
10 0.00017
20 0.0027
30 0.013
40 0.038
50 0.084
70 Heterogeneous 0.25
90 0.50
110 0.75
130 0.92
150 0.99
170 0.9998

180 or no wetting Homogeneous 1
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Differentiating Eq. 10 with respect to r, we find that AG hetero has the maximum at the

same point as AG for the homogeneous nucleation. Thus, the radius of critical

spherical cap for heterogeneous nucleation is the same as the radius of critical nucleus

for homogeneous nucleation. However, the energy of formation is reduced by the

factorf(. The heterogeneous nucleation rate is given by

k expi f(0)AG *

'hetero
17(T) kT )

Eq. (13),

The above equation explains that heterogeneous nucleation rates are higher than

homogeneous nucleation rate becausef(G) lies between 0 and 1.

1.1.7 Viscosity and Diffusion

Viscosity is also a key parameter that determines the crystal nucleation and growth in

the undercooled liquids. Figure 9 [30] shows the viscosity for VitreloylTM

(Zr41 2Ti138Cu1 25Ni10Be22.5) in an Arrhenius plot. The equilibrium viscosity data in the

supercooled liquid can be described with the Vogel-Fulcher-Tammann (VFT) relation

rD*.7171=lloexP[J Eq.(l4),
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Figure 9: Equilibrium viscosity as a function of temperature for the supercooled liquid
of Zr41.2Ti13.8Ni1oCu12.5Be22.5 in an Ahrrenius plot [30].



26

For all supercooled liquids, whether metallic or non metallic, the increasing viscosity

as a function of undercooling reflects the decreasing mobility of atoms. Strong liquids

like silicate liquids usually show high equilibrium melt viscosities and Ahrrenius

behavior in the slowing mobility in the supercooled melt [30]. Also, at the liquidus

temperature the melt viscosity of BMGs is on the order of 2-5Pas whereas the

viscosity of pure metals and some binary alloys is on the order of 5x 1 03Pas. The

kinetics becomes sluggish because of the high viscosities of the BMGs in melt and

supercooled states. This results in smaller nucleation and growth rate of crystals as

discussed in previous section. The work done in this thesis used VitreloylTM, which

has the melt viscosity is 2.5Pas. This high viscosity is one of the factors that make it

one of the best metallic glass former known [31].

On the molecular scale, the increase of viscosity can be related to the reduction in

atomic motion. According to Stokes-Einstein relation the viscosity is inversely

proportional to diffusivity as per the following equation [32]

D= kBT

3ira

From this equation it is seen that a decrease in diffusivity further leads to a

characteristic reduction in atomic rearrangements and structural relaxation. The

overall nucleation rate considering the effect of diffusion is given by Eq.6 as discussed

in previous section.
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1.2 Composites

1.2.1 Definition of composites

A composite is a heterogeneous structure, formed by the combination of two or more

materials with enhanced properties. For example, rocks are combined with cement to

make concrete. Concrete is as strong as rocks but presence of cement makes it easy to

shape than carving rocks. Composites are readily available in nature also; wood is

made up of fibrous chains of cellulose molecules in a matrix of lignin, while bone or

teeth are both composed of hard inorganic crystals (hydroxypatite) in a matrix of

tough organic constituent called collagen. Usually, such composites show anisotropy

which is the difference in the property of a system with changes in direction. One of

the interesting natural examples of anisotropy is wood. Wood is much stronger in the

direction of the fiber tracheids, which are usually aligned parallel to the axis of the

trunk or branch. High strength is required in the axial direction as a branch becomes

loaded like a cantilever beam. Today we find more and more scientific studies and

technical applications of composites. Composites can be tailored to improve

mechanical properties such as stiffliess, fracture toughness, tensile and compressive

strengths as well as thermal, magnetic and electrical properties.

Composites are broadly classified on the basis of the matrix and reinforcements used.

The reinforcement could be either straight fiber or particles. Continuously reinforced

fibers are exhibit anisotropic and discontinuously reinforced composites demonstrate

isotropic properties [33]. Whereas particulate reinforced composites have the



advantage of being workable using conventional techniques. One of the commonly

used particulate reinforced composite is concrete.

1.2.2 Processing of composites

The nature of matrix and fiber, composite geometry, architecture of fiber distribution,

matrix-fiber interaction and processing at reasonable cost are the key parameters in

deciding the selection of a processing technique for the composite. Some of the

techniques for processing polymer based composites are;

. Resin transfer molding (RTM): The fibers are arranged in the desired fashion

in a preform. The preform is placed in a metal mold. Usually a low viscosity

matrix material is injected into the mold at low pressure. Low pressure is

applied in order to maintain the fiber distribution. To encourage good

infiltration, usually a mold is evacuated of air before injection of resin.

Injection molding: This process is used to make short fiber reinforced

composites. Polymer pellets containing short fibers are intimately mixed. The

mixture is fed into the heated barrel of a chamber containing an Archimedes

screw for transporting the charge. The melt is then injected in the mold. A

main disadvantage with this technique is that the presence of fibers makes the

flow of melt difficult. Therefore, composites with a volume fraction between

10-25% are manufactured by this technique.
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. Filament winding: This is an automated process in which bundles of fibers are

drawn through a resin bath. These bundles are then wound on a mandrel which

has the desired shape of the composite and is then cured in an oven.

. Pultrusion: This process is somewhat similar to the filament winding.

Composites in the form of fabrics are pulled through a bath of liquid resin, and

then run through a heated tubular die to get the final shape.

Unlike plastic composites, the processing of metal based composites is less advanced.

Their processing can be broadly classified in two categories; Liquid matrix processing

and non-liquid matrix processing.

1. Liquid matrix processing includes various techniques in which the

reinforcements are incorporated into molten matrix. This generally favors

good interfacial contact and stronger bond but at higher temperatures there is

increased possibility of reaction between the matrix and reinforcement. The

temperature of the matrix, matrix/reinforcement contact time and pressure

used during processing can control the extent of interfacial reaction.

Commonly used liquid matrix processing techniques are

Squeeze infiltration: This process involves the injection of liquid

metal into the interstices of an assembly of fibers or particles, usually called

preform. The injection of molten metal is pressure driven.
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Stir Casting: This technique involves stirring liquid metal with solid

reinforcement particles and then the mixture is alloyed to solidify. In this

technique, the matrix can be continuously agitated while the reinforcement is

progressively added. Stir casting sometimes involves prolonged

liquid/reinforcement, which can cause substantial interfacial reaction.

Spray Deposition: Spray deposition, also called spray casting or spray

forming, is the inert gas atomization of a liquid metal stream into variously

sized droplets. These droplets are then propelled away from the region of

atomization by the fast flowing atomizing gas. The droplet trajectories are

interrupted by a substrate which collects and solidifies the droplets into a

coherent, near fully dense preform. The reinforcement particles are on the

preform. This process allows rapid solidification and low oxidation.

Inhomogenrous distributions of the reinforcement and significant porosity

are two major drawbacks of this method.

2. Non-liquid matrix processing: It is also possible to produce metal matrix

composites without melting the matrix. The most commonly used non-liquid

processing techniques are power blending, diffusion bonding, and physical

vapor deposition.

1.2.3 Interfacial strength of composites

The interface between the reinforcement and matrix must be strong enough to transfer

the stress and strain due to mechanical loading from one phase to another [34].



31

Limited chemical reaction between matrix and reinforcement can help to ensure

intimate interfacial contact and hence raise the bond strength. Without this strength,

the dispersed phase can fail to bond with the matrix. However, excessive interfacial

reactions degrade the overall properties of the composites.

Interfacial reaction may occur during composite fabrication and under service

conditions due to thermodynamic and kinetic factors. A large negative heat of mixing

at the melting point indicates a reaction with a large thermodynamic driving force. If

the heat of mixing is positive, then the reaction will not occur at all. The reaction layer

thickness, x, after a time t, can be deduced from the rate constant, k(T), at a specified

temperature T as:

x = k(T)-fi Eq. (15),

In terms of diffusion constant, the diffusion layer is approximated by:

x= Eq. (16),

The need for control over chemical reactions between the constituents occurring

during fabrication is very important. Parameters like time for processing, the

temperature of the matrix and the pressure used are very important to control the

interfacial layer.
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1.3 Metallic glass matrix composites

Initial efforts at incorporating metallic glass ribbons into composite structures on

organic matrix material were made between 1976 and 1980. Metallic glass ribbons

were used as reinforcement in composite due to their high strength and high strain

limit. The first metallic glass reinforced metal composite was made in 1982 by Cytron

[35]. Ni6oNb40 glass ribbons which have high crystallization temperature and ductility

were hot pressed between the wafers of superplastic at 450-500 °C.

Later, Kimura and co-workers made a composite with the metallic glass ribbon as a

matrix material. Tungsten carbide particles were added to Ni78Si 10B12 metallic glass

ribbon during melt spinning. Melt spinning has also been used to make discontinuous

fiber reinforced composites [36] but the resulting fiber distribution was poor.

In 1997, Choi Yim and Johnson synthesized and characterized a set of composites.

They used three different BMG alloys: Cu-Ti-Zr-Ni, Vit 105 and VitlO6 as matrix

material. Ceramics such as SiC, WC and TiC and metals W and Ta were used as

reinforcement materials into theses metallic glass matrix. Their investigation of

mechanical properties by adding 15 vol% W showed an increase in compressive strain

by 300% as compared to the unreinforced matrix (Zr57Nb5A110Cu15.4Nii2.6) and the

energy to fracture of the tensile samples increased by over 50%. Busch and Kim

processed carbon fiber reinforced VitreloylTM composite [37].

Despite of improved mechanical properties, there are a number of clear processing

advantages in making a composite material with a metallic glass matrix. One is that
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since the metallic glass-forming alloys usually are at deep eutectic composition [38],

they have lower melting points, considerably lower than those of their constitutive

elements. Another favorable property of metallic glass forming liquids is that they wet

most of the metals and ceramics. This makes BMG composite processing very easy

[39] [40] [41]. In addition, the low glass transition temperature decreases differential

thermal stresses which arise between the reinforcement and the matrix during

solidification. In addition, upon cooling from a liquid to a glass, good glass forming

alloys have minimal shrinkage. This results in a composite with near net shape, as well

as lower differential thermal stresses between the metallic glass and reinforcement.

Further, BMG alloys are metastable against crystallization above the glass transition

temperature as an undercooled liquid. This allows for the processing at even lower

temperatures slightly above the glass transition, although higher pressures would be

required due to the higher viscosity.

1.4 Purpose and Motivation for this research

The main purpose of this research was to explore the fabrication of BMG matrix

composites resulting in thermal anisotropy. A potential application of such material is

in the meso or micro-scale devices. An example of such device is a counter-flow heat

exchanger as shown in Fig. 10, where it is required to have high heat flow across the

physical separator plate (BMG fiber composite in Fig. 10) between the two fluids,

while at the same time the loss/flow of heat in the lateral direction needs to be



34

restricted. This can be done by introducing highly conductive fibers into the BMG

matrix which is a poor conductor of heat.

cold fluid BMG fiber hot fluid
I composite 4

-

cold fluid hot fluid

Figure 10: Schematic picture of a heat exchanger reproduced from ref {38].

Therefore, Cu fibers were introduced into the matrix of Zr412Ti138Cu125Ni10Be225

(VitreloylTM) bulk metallic glass. The main challenge was to avoid the dissolution of

Cu into the matrix as it has a large diffusivity within the Vitreloy1TM and a negative

heat of mixing with the matrix components. Further, the composite has to be

characterized with respect to its microstructure, fiber distribution, structure, percent

crystallization as well as thermal and mechanical properties.
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2. EXPERIMENTAL PROCEDURE

2.1 Materials used and preparation

The selection of suitable materials for the reinforcement and the matrix was

determined by various factors as mentioned in the following sections. The preparation

of the materials for the final processing is also discussed.

2.1.1 The reinforcement Copper fibers

The possible reinforcement materials for the desired application in heat exchangers are

silver (Ag), gold (Au) and copper (Cu) due to their high thermal conductivities.

Copper, was selected as reinforcement material due to its higher liquidus temperature

(1357K) and relatively low cost.

High purity (99.9880% metal bases) copper wires with the diameters of 250 urn and

500 trn were obtained from Alfa Aesar Inc., MA, USA. The copper fibers were first

armealed at 773 K for one hour under high vacuum, on the order of 1 0 mbar. This

increases the thermal conductivity of copper by reducing the defects and dislocation

density present in the crystals. Annealing in vacuum also removes the oxide layer or

other impurities from the surface of the material that could not be removed by

ultrasonic cleaning. The oxide layer on copper fibers can act as a heterogeneous

nucleation site during processing and deteriorates the glass forming ability of the

alloy.



2.1.2 The Matrix (VitreloylTM)

Zr41.2Ti138Cu12.5Ni10Be22.5 (VitreloylTM) developed by Peker and Johnson was chosen

as a matrix material. This alloy is commercially known as VitreloylTM. The low

critical cooling rate of lKIs [42] and high melt viscosity of 2.5 Pas for this alloy

allows amorphous metal matrix composites to be made in bulk form. This BMG alloy

is one of the best metallic glass forming alloys known so far. Due to its outstanding

mechanical properties, low thermal conductivity, high corrosion resistance, high

cavitation resistance, no solidification shrinkage and sluggish crystallization kinetics

VitreloylTM is on of the best choice as a matrix material for the processing of Cu fiber

reinforced BMG composite. Moreover, the low liquidus temperature of 1026K favors

the processing of VitreloylTM based composites. The comparison between the

properties ofVitreloylTM and annealed Cu fibers is tabulated in Table III.
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Table III: Comparison of selected properties between VitreloylTM and annealed Cu
fibers.

Property
e of Material Vitreloy1TM

(Zr41 2Tii3sCuj25Ni1ooBe225)
(Amorphous)

Copper
(99 .998%Pure)
(Annealed)

5.9 8.96
Melting point (C) 1026 1356
Young's Modulus E(GPa) 90 110
Elastic strain limit (%) 2-2.2 60
Tensile yield strength (MPa) 1900 33.3
Ultimate Strength (MPa) 1940 210
Heat Capacity (J/g K) 0.420 0.3 85

Thermal conductivity K(W/m K) 3.5 385
Electrical resistivity (.ifl-cm) 300 1.7
Thermal expansion a at 20°C 1 0 16.4*1 06



VitreloylTM pellets approximately 0.5 inches long were procured from Liquid Metal

Technologies, Lake Forest, CA. It has been found that hydrogen, being a small

element, diffuses into the alloy during the manufacturing process. When the alloy is

melted, hydrogen diffuses out and can form bubbles that lead to voids in the cast,

when the alloy solidifies. In addtion, hydrogen causes embrittlement in BMG which

degrades the mechanical properties [43] of the alloy. To prevent this, Vitreloy 1TM was

first dehydrogenated before using it for the processing in the composite. The

dehydrogenation was done in a water cooled copper boat. The setup and the

processing parameters used for dehydrogenation are described in section 2.2.

2.2 Equipment used and synthesis

The processing of BMG matrix composite involved the use of following equipments.

2.2.1 Water-cooled copper boat

The water-cooled copper boat is depicted in Fig. 11. It consists of a copper tube, (1),

with depressions on one side is enclosed in a quartz tube to form the vacuum chamber,

(2). The chamber is evacuated using a PfeiferlM turbo molecular pump backed by a

mechanical pump. This vacuum system, (3), results in a high vacuum of the order of

i0 mbar. Water is passed through the copper tube to keep it cool. The material to be

melted is placed in the depressions. The chamber is sealed and evacuated. A radio

frequency (RF) generator, (4), is an inductive heating device that transfers heat to a

specific area via electromagnetic waves [44]. Thus it is a non-
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contact means of applying heat. Copper tubing shaped as a helical coil, (5), extends

out from the RF generator and wraps around the sample to be heated. The heat applied

to the sample scales with the voltage applied to the coil. Eddy currents are produced

inside the electrically conductive BMG thus heating it. Each vitreloylTM pellet was

dehydrogenated for 10 minutes at the temperature above its melting point.

Figure 11: Photograph of a water-cooled copper boat used for melting and
dehydrogenating BMG.



2.2.2 Pressurization-evacuation manifold and ATS vertical split
resistive tube furnace

The tube furnace and pressurization evacuation manifold used for processing the

composite is depicted in Fig. 12. A pressurization-evacuation manifold, (1), is a four-

way connector. The use of such manifold was first attempted by Dandliker and Choi

for their research [45][46} . A quartz tube closed at one end, (2), fits into one end of

this connector. This tube forms the vacuum chamber which encloses the Vitreloy 1TM

and the copper wires. A pressure gage, (3), is attached to the second end of the four-

way connector. The third end is connected to a vacuum system, (4), which evacuates

the chamber to a high vacuum. The fourth end of the connector has a SwagelokTM

valve, 5, to flush the chamber with high purity argon. Resistive elements provide

heating to the furnace, 6, upto temperatures of 1500 K.
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I

Figure 12: Photograph showing the pressure-evacuation manifold and a ATS vertical
resistive tube furnace used for annealing of Cu fibers and processing the
composite.
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2.2.3 Fusing of Quartz tube

One end of the quartz tube was heated in a hydro-oxygen arc. At the softening point

(--1873K), the quartz tube was rotated until its end closes. The precut and

ultrasonically cleaned copper fibers were placed in this sealed quartz tube. The wires

were then annealed in ATS tube furnace as elucidated in section 2.2.2. A neck was

then made into this quartz tube approximately 1 cm above the copper fibers. The neck

holds the cut pieces of matrix material above the fibers. This also prevents the

premature contact of molten BMG and wires thus minimizing excessive reaction.

Figure 13 shows schematic cross-sections of a quartz tube used for annealing Cu wires

and final processing of the composite.
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(a) (b)

Open end, fits into
pressure evacuation
manifold

Neck

Closed end

Figure 13: Schematic diagram of the quartz tubes used for the annealing of copper
fibers and processing of composites: a) one end closed quartz tube for
annealing Cu fibers b) constricted quartz tube for processing composite.

2.2.4 Volume fraction and the number of wires used

The volume fractions of Cu in the various samples were 7%, 11%, 17%, 19%, 20%,

21%, 41%, 53% and 60%. The number of wires required for processing particular

volume fraction, Vc, depends on the inner diameter of quartz tube and the diameter of

copper wires used. It is given by the following relation

Vcu
()* Eq. (17),



where n is the number of wires, V and V. are the volume of wire and tube. Since the

length of the specimen formed is equal to the length of wires, the above equation is re-

written in terms of the diameter of wires (D) and inner diameter of quartz tube (Di) as

follows.

(D2 2

*1 wV =('w) Eq. (18),

For example, for a quartz tube with the diameter,D, of 7 mm and the fiber diameter,

D, of 250 urn, 313 number of wires, n, are required to process a composite with the

40 vol fraction of Cu reinforced VitreloylTM composite.

The shape and diameter of the specimen obtained was determined by the quartz tube

used. So, circular and square quartz tubes were used to obtain the circular and square

specimens.

2.2.5 Fabrication of Composite

Cu fibers, 2 to 3 inches long were cut, straightened and cleaned by ultrasonic cleaning

first in a bath of acetone followed by ethanol. These wires were annealed in a quartz

tube using the ATS vertical split resistive tube furnace as described in section 2.2.2.

After annealing, the wires and the cut pieces of dehydrogenated Vitreloy 1TM were

cleaned and placed in the quartz tube. A neck made in the quartz tube as explained in
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section 2.2.3, separated the pieces of VitreloylTM from copper wires. The quartz tube

was then attached to the manifold as shown in Fig. 14 and evacuated to a vacuum of

around iO mbar using Pfeiffer turbo molecular high vacuum pump connected in

series with the roughing pump.
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Figure 14: Schematic picture showing the pressure-evacuation manifold and an ATS
vertical resistive tube furnace used for annealing of Cu fibers and
processing the composite.
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Furnace temperature was ramped to the desired processing temperature. Once the

desired vacuum and temperature was attained, the manifold was sealed and

disconnected from the vacuum system. The quartz tube was then lowered into the

furnace through an opening at the top. The sample was continuously observed. When

the BMG melted and started to flow through the neck, an argon pressure of 10 psi was

applied to facilitate the infiltration of BMG into the fibers. As soon as the firbers were

completely immersed in the molten BMG, the tube was taken out of the furnace and

quenched in a bucket of water. A timer was switched on as the molten BMG, flowed

through the neck and came in contact with the fibers and then switched offas the

composite was quenched to the room temperature. This time is defined as the

processing time, t,. ti,, is the time for which BMG remained in contact with fibers in

molten state was determined by looking at the sample. The product was a copper fiber

reinforced bulk metallic glass in the form of cylindrical and square specimens as

shown in Fig.15.



Figure 15: Photograph showing cylindrical and square composite specimens.

Due to the effect of different thermal expansion coefficient between matrix and quartz,

the quartz tube breaks during quenching. After quenching, there is a formation of

black colored layer on the sample. This layer is expected to be formed by the reaction

between the oxygen in the quartz (Si02) and VitreloylTM because VitreloylTM wets

the quartz tube well. Samples with different volume fractions and varying cross-

sections, were prepared using the method described above.

2.3 Characterization techniques and procedure

The following techniques were used for characterizing the composite:

2.3.1 Optical Microscopy

Optical microscopy was performed to determine the fiber/matrix interface, distances

between the fibers and the fiber distribution of the composites. The samples with

different volume fractions were analyzed by optical microscopy. These samples were



reinforced with 7, 10, 17, 19, 20, 21, 41, 53, 61 vol% Cu fibers. For the sample

preparation, the composite specimen was cut in slices, embedded and polished in

several steps. An ISOMETTM precision diamond saw was used to cut a slice of

approximately 2 mm thickness from each composite sample. The cut slice was then

embedded in epoxy. The embedded sample was then polished by using standard

polishing procedures.

After the sample preparation, a Leica DMR Optical Microscope equipped with a

DC300 digital camera with the resolution of 2088 X 1550 pixels was used. A series of

optical micrographs at different magnifications of 50x, lOOx, 200x and 500x was

taken for each sample. The higher magnification of 500x was used to observe the

separation between three areas in the microstructure namely VitreloylTM interfacial

layer (crystalline) and copper fibers.

The fiber distribution and the distance between the fibers were studied for all the

samples. This study was performed using the micrographs at the magnification of 50x.

Several micrographs were taken on the same specimen to cover the entire area of the

specimen. The distance was measured with the nearest-neighbor method, where the

center to center distance between the nearest neighboring wires is taken into

consideration. After that, the average of the distance measurements was calculated for

every section. From these measurements the total average distance was calculated for

each specimen. Figure 16 shows the case where the nearest neighbor distance is given

byD.



(a)
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Figure 16: Schematic picture showing the nearest neighbour distance depicted by D
and a) is the case showing triangular arrangement of fibers and b) shows the
square arrangement of fibers [47].

This average distance was then plotted against the total volume fraction of fibers used

in the synthesis of composite to find the arrangement of fibers in the matrix. Since the

total volume fraction used is only a partial representative, a more complex study by

calculating actual volume fraction of the fibers in the regions where they form clusters

was performed. This was done by taking pictures at various areas in the composite and

then the volume fraction of fibers in those areas was calculated. For example in

Fig. 16, the regional fiber volume fraction is given by ratio of the area covered with the

wires and the total area of the figure.

In addition, a distance based volume fraction calculation for the composite samples by

assuming square and triangular ordering was also performed as shown in Fig. 16. This

was done in order to find the arrangement of fibers in the bunched areas. As seen in
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Fig.16(a), the distance based fiber volume fraction,f, for the case where the fibers

arrange in triangular order with the distance, D, between them is given by [47]

,i
f -=tj---J (Triangular) Eq. (19),

where D is the closest center-to-center spacing of the fibers and d is the fiber diameter.

Similarly, for square packing as depicted in Fig.16 (b) the fiber volume fraction,f is

given by

(Square) Eq. (20),

where D is the closest center-to-center spacing of the fibers and d is the fiber diameter.

2.3.2 Differenctial Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a widely used thermoanalytical technique

used in polymers and amorphous metals. A Perkin Elmer Diamond DSC was used in

this study. This is a highly sensitive power compensated differential scanning

calorimeter that provides very accurate measurement of heat flow as a function of

temperature and time.

There are two thermally isolated platinum furnaces, one for the sample and other used

as a reference. The sample furnace accommodates a sample that is held in a sample

pan covered by a lid made up of the same material as the pan. The reference furnace
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has an empty pan and a lid. In the Perkin Elmer DSC, the sample and reference

furnaces are kept at the same temperature. The furnaces with individual heaters and

sensors are thermally insulated from each other. Both the furnaces are heated

individually and the sensors measure the power that is supplied in order to keep the

sample and the reference at the same temperature during heating, cooling or

isothermal cycles. The power is a measure of change in enthalpy or heat capacity of

sample with respect to the reference. Also, temperature changes in the sample are

recorded during exothermic or endothermic enthalpy transitions in terms of heat flow.

Whenever a reaction or transformation occurs in the sample, a heat flux is generated

that corresponds to the energy associated with the kind of transition. Exothermic

reactions are characterized by the release of energy and therefore a decrease in the

heat flow on the DSC curve. Endothermic reactions are characterized by the

absorption of heat and hence an increase in the heat flows on the DSC curve due to

absorption of heat by the sample.

Most of the experiments in DSC are performed either isothermally or with temperature

changing at a constant rate. Figure 17 shows a typical DSC scan obtained by

continuously heating the bulk metallic glass specimen at a steady heating rate.
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Figure 17: DSC thermogram of heat flow as a function of temperature for VitreloylTM

Initial endothermic effect always corresponds to glass transition followed
by exothermic crystallization peak.

The figure depicts the phase transitions occurred during the heating cycle. The initial

endothermic peak corresponding to the glass transition, Tg, provides a qualitative

proof for amorphous state of the sample. Upon further heating, crystallization occurs

exothermally at the crystallization temperature, T .The amount of heat released during

crystallization is known as the heat of fusion. If the sample is further heated, an

endothermic melting peak in the sample is seen which is not shown in this figure.

The DSC was used to find the percentage of amorphous and crystallization phases

present in the composite. All the composite samples were scanned at the heating rate
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of 0.25K/s for the DSC analysis. The area under the crystallization peak gives the heat

of crystallization released by the material during crystallization event. This heat of

crystallization was normalized with respect to the mass of the sample to get the energy

released in terms of J/g. Since the Cu fibers are crystalline, they neither account for an

endothermic nor exothermic event. Therefore, the weight of Vitreloy1TM in composite

was calculated to find the % crystallinity in the composite. The weight or mass

fraction of the matrix was calculated by using following equations;

The fiber volume fraction, VS,-, in terms of volume of fiber, Vfiber, and total volume of

the composite, V, is defined as [48]

V
VFiher

V,
Eq. (21),

The amount of matrix by volume is the matrix volume fraction, Vm, is given by

V
VMa(rU

Eq. (22),m

where Vmatr is the volume of matrix and V is the total volume of composite.

Since the total volume is the sum of the fiber volume plus the matrix volume,

Vj+Vm=l Eq.(23),
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The amount of fiber by weight (or mass) in the composite is the fiber weight fraction,

Wf, this is expressed in term of weight of fiber, Wfiber, and total weight of composite,

W, by the relation

w WfibCC

Eq. (24),

Similarly, the amount of matrix by weight (or mass) in the composite is the matrix

weight fraction, Wm, is given by

w Wfrj
Eq. (25),

Since the total weight is the sum of the fiber weight plus the matrix weight,

Wm+Wj=l Eq.(26),

the mass of any material is equal to the product of the density and volume. Therefore,

the density of the composite can be computed as

Pc pV + PmVm Eq. (27),
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The volume of the material is given by mass divided by the density. Therefore, the

density of the composite can be computed as

__!L!L Eq.(28),
Pc Pf Pm

For the structural applications, usually volume fractions are used because they enter

directly into the computations of stiffhess, tensile strength and yield strength. But for

processing and material characterization, weight fractions are used because it is much

easier to weigh components to be mixed than to measure their volumes.

On this assumption, the weight fraction was used for the DSC analysis. The weight of

the sample put in the DSC was weighed by using a SartoriusTM balance with resolution

of 0.01mg. The densities of Cu and VitreloylTM are known. Therefore,

and

= LVf Eq. (29),

Wm=Vm Eq.(30),
PC

After calculating the amount of Vitreloy1TM present in the composite, the percent

crystallinity was calculated by comparing the heat of crystallization per gram released

by the pure VitreloylTM eiH(V1), with the amount of heat of crystallization released



57

per gram by the Vitreloy 1TM present in the composite, Li Hf (C) . Following equation

was used to find percent crystallinity in the composite.

Hf (V1)
%Crystallinily = Eq. (31).

AHf (C)

2.3.3 X-ray diffraction (XRD)

Cross sections of the cast composites and pure Vitreloy1TM were examined by X-ray

diffraction. Figure 18 shows a typical X-ray scattering by an amorphous solid.

Amorphous materials yield a diffraction pattern consisting of a broad, diffuse halo

around a central spot, corresponding to the single maximum in the scattering curve

[49]. A Rigaku RAPID Diffractometer was used for the results reported in this work.
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Figure 18: Schematic diagram of the x-ray scattering by amorphous solids. Intensity as
a function of 20 is shown[49].

This apparatus uses a 0-20 goniometer configuration for the sample. The X-ray

detector mechanically scans through a range of angles. The instrument is equipped

with a Cu Ka rotating anode generator which operated at 13.5 kW (50 kV, 270 mA)

and monochromated using a pyrolytic graphite single crystal monochromator. Various

collimators with the sizes of 300pm, 400nm and 600nm can be used with this

instrument. The instrument uses a three-circle goniometer in combination with an

imaging plate based area detector covering the range of -60 to 145 degrees two-theta

in the horizontal plane and -60 to +60 degrees two-theta in the vertical plane. Images
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were collected using Crystal Clear version 2.3sp2 and integrated with AreaMax

version 2.2.1. The instrument is periodically checked for correct alignment by

verif'ing the position of the direct beam on the detector. While detector

accuracy does not need to be checked, its performance has been verified several times

using well annealed 1n203 which yielded cell parameters in good agreement with those

available in the scientific literature.

In this study 300um collimator was used. This enabled to see the particular regions in

the composite. The sample was scanned between 20° and 140° in 2ê.

2.3.4 Compression Test

As a potential application of these composites in micro heat exchanging devices,

structural stability is also necessary to identify the place of application. High volume

fractions of fiber provide more distinct anisotropy due to homogeneous fiber

distribution. Therefore, rods of the composites with volume fractions of 41% 53% and

60% with the diameter of 7mm were selected for the compression test. These rods

were cut to a length that provided an aspect ratio of 2 and 0.5. Quasi-static

compression tests were performed on an Instron 4505 load frame. The test specimen

was compressed between tungsten carbide plates in a loading fixture designed to

assure axial loading with a strain rate of 0.02 inches per minute. The ends of the



compression samples were cleaned and made flat in order to maintain uniform loading

throughout the sample. The resulting stress-strain graphs were compared with the pure

VitreloylTM and pure copper. The fracture surface morphology of the tested samples

was examined using a scanning electron microscope (SEM).



3. RESULTS

3.1 Optical Microscopy:

61

Figure 19 shows optical photomicrographs at four different magnifications 50x, lOOx,

200x, 500x for a composite with 40 vol% copper fibers. From these figures a clear

separation between the copper and Vitreloy1TM interfaces with no macroscopic

dissolution of copper into the VitreloylTM is seen. This was verified by measuring the

number and diameter of the fibers before and after processing the composite.

However, crystallization occurred at the interface between Vitreloy 1TM and Cu which

as shown in figure at the magnification of 500x.



\

Im

Figure 19: Optical photomicrographs of a polished surface of the composite with 21
volume % copper fibers with diameter of 25Oim at different magnification:
a) at 50x, b) at lOOx, c) at 200x and d) at 500x.
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The spreading extent of crystals depends on the time and temperature during

processing. Figure 20 shows the optical photomicrographs of two different composite

specimens processed with the processing times of 30s and 82 s at 1163 K.

",

.'

Figure 20: Optical photomicrographs of polished surface of a) 30 vol% Cu reinforced
VitreloylTM composite processed in 30 s b) 20 vol% Cu reinforced
composite VitreloylTM processed in 82 s, showing the extent of
crystallization of matrix for composites processed at different processing
times.

With an increase in the processing time, more crystallization of the matrix and

dissolution of Cu fibers can be seen as the border between the fiber and the matrix

vanishes incrementally up to a complete dissolution of Cu.

The average size of the crystalline layer for most of the samples ranged between 10pm

and 15im as seen in Fig.21. The growth of crystal ceases as the distance from the

Copper/Vitreloy1TM interface increases.
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Figure 21: Optical photomicrograph at the magnification of 500x showing the average
thickness of the crystalline ring formed around the wire.



The fiber distribution in the composite specimens was investigated by optical

microscopy using smaller magnification. Figure 22 shows the bundles of fibers in

different areas of the sample. Looking at the arrangement of the fibers in the

composite, it is difficult to observe any tendency towards particular ordering scheme.

Especially at lower volume fractions of Cu fibers, it appears that the fibers arrange

randomly by forming clusters in particular regions. The calculated distance between

the fibers was therefore smaller than expected.



7% 12% 20%

40% 50% 60%

Figure 22: Photographs of samples with the copper fiber volume fraction of 11%,
17%, 20%, 41%, 53% and 60% at the magnification of 5x.
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The distance between the fibers as a function of volume fraction of fibers was plotted

as shown in Fig.23. As expected, the reduction in distance between the fibers with

increasing volume fraction of copper is observed. The average distances ranged

between 284im and 396gm on the basis of total volume fraction calculations.
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Figure 23: Plot of average fiber distance versus total fiber volume fraction. A linear
decrease in average fiber distance with respect to the increasing volume
fraction can be seen.



3.2DSC

The glass transition and crystallization of all the samples was studied with DSC scans.

This analysis was broadly divided in two categories.

3.2.1 DSC on samples with different volume fractions

Figure 24 shows the DSC scans of pure VitreloylTM and the composites with different

volume fractions. They exhibit an endothermic heat event characteristic of the glass

transition followed by the three characteristic exothermic releases indicating the

transformation from the metastable undercooled liquid state into the crystalline

compounds. The reduction in the supercooled liquid region, £T,(T Tg )which is

the difference between the onset of glass transition, Tg, and the onset of crystallization,

T, can be seen for the composites. The crystallization patterns are also different for

composites and the pure VitreloylTM In addition, the decrease in crystallization peak

is seen with increasing fiber volume fractions.
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Figure 24: DSC thermogram of pure vitreloylTM and the composites with different
volume fraction of copper fibers showing decrease in crystalline peak with
increase in volume fraction of fibers.
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3.2.2 DSC on samples with 60% fiber vol% processed at different
times and temperatures

The DSC scans of six 60 volume% Cu composite samples processed at different times

and temperatures are shown in Fig.25. The percent crystallinity was calculated by the

comparing the area under the exothermic event for pure VitreloylTM and composite.

The method of calculating % crystallinity has been described in section 2.3.2. Figure

25 clearly shows the decrease in the area under the crystallization peak for the samples

processed with increasing processing temperatures but same processing times. This is

quantitatively tabulated in Table IV.
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Figure 25: DSC thermograms of all the samples with 60 vol% copper fibers processed
at different temperatures and pure vitre1oy1 showing the amount of
crystallinity in each sample.
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Table IV: Quantitative results of DSC scans showing the percentage crystallinity in
the composite samples processed at different temperatures.

Sample Processing
temperature (K)

Processing
time (sec)

% crystallinity

I 1135 39 30.3
II 1154 33 40.3
III 1164 35 48.9
IV 1175 22 20.1

V 1185 22 36.5
VI 1194 16 26.4

As expected, the %crystallinity increases with increasing processing times at a

constant temperature. It was also seen in samples IV and V that the %crystallinity

increased with increasing temperatures at constant processing times, the sample

processed at less temperature (IV) had less crystallinity. The minimum %crystallinity

of 20.1% was achieved in the sample processed at 1175 K in 22 secs.

3.3 XRD

The X-ray diffraction patterns of pure Vitreloyl ; Copper/Vitreloy1TM with different

volume fractions and pure Cu powder are shown in Fig.26. The intensities are shown

as a function of 20.
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Figure 26: X-ray diffraction patterns of amorphous vitreloylTM, of the composites
with 11, 20 and 60 copper fiber vol%, and pure copper.



75

The x-ray diffraction pattern of composite exhibits a superimposition of broad

maximum from the amorphous phase and several sharp and small peaks characteristic

for the crystalline phases. XRD was performed in order to find the crystalline

structures present. The position and intensities of sharp peaks match closely with that

of Cu fibers. However, the smaller peaks confirm the presence of some other

crystalline phases which is discussed later.

3.4 COMPRESSION TEST

Fracture of samples with two different aspect ratios, 0.5 and 2, was investigated. Three

samples for each aspect ratio containing 40, 50 and 60 percent Cu fibers by volume

were prepared. A single shear band inclined at 45° was observed in all the samples

with an aspect ratio of 2.0. Figure 27 shows a fractured sample with 40 vol % Cu

fibers.

Figure 27: Photograph of compression specimen with an aspect ratio of 2.0 showing
failure which is declined at 45° from the compressive axis.



The shear band declined along 45° to the direction of compressive load can be seen in

this figure. This is the direction where the critical resolved shear stress, TCRSS, given by

eq.(32) has the maximum [50]. This is schematically shown in Fig.28.

rCRSS

(cosØcos2)
Eq. (32),

where o, is the yield strength, is the angle between the loading axis and the normal

to the slip plane, and A is the angle between the loading axis and the direction of slip.

In this equation the product cosçb sA is called as the Schmid factor. TCRSS is the

minimum shear stress required to initiate slip and is dependent upon the material

property. Since the slip direction must lie in the slip plane, the largest value for the

Schmid Factor is given when both A and are 45°. Thus, the maximum value of the

applied stress that can be resolved along the slip direction and over the slip plane is

given by a/2. This means that the TCRSS has the maximum value in this direction.
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Figure 28: Schematic shows the failure along 450 This figure was reproduced from
ref.[23].



However, the formation of multiple shear bands can be observed for the test

specimens with an aspect ratio of 0.5 as shown in Fig.29. This is due to the limited

space between the fixtures for the planes to slip which promotes multiple shear band

formation. In this case also, the material fails along the planes with maximum resolved

shear stress i.e. in approximately 45° to the applied load.

Figure 29: Photograph of compression specimen with an aspect ratio of 0.5 showing
multiple shear bands declined at 45° from the compressive load axis.
The shear bands are marked by arrows.
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Figure 30: Stress-strain curve of unreinforced VitreloylTM, 4lvol% Cu reinforced
VitreloylTM, 53vo1% Cu reinforced VitreloylTM, and 6Ovol% Cu reinforced
Vitreloy1TM



Figure 30 shows the stress-strain plots of the pure Vitreloy 1TM specimen and the

composite specimens reinforced with 41, 53 and 60 vol% copper. The 41% Cu

reinforced specimen failed at a stress of 1060 MPa without plastic deformation. A

Young's modulus of 105 GPa, was found for this sample which is about 17% higher

than for pure VitreloylTM This is due to the higher modulus of Cu compared to

Vitreloy 1TM

Unexpectedly low failure strength of 699MPa was seen for the composite that was

reinforced with 53% Cu fibers. However, the value of Young's modulus of 108.5 GPa

was found as expected. The composite that was reinforced with 60% Cu fibers failed

at a stress of 857 MPa. This value is higher than expected. The Young's Modulus is

slightly higher than the sample reinforced with 53% Cu composite. Compared to pure

VitreloylTM, the 60% Cu composite showed an increase of 121% in Young's modulus

and decrease of 44 % in ultimate strength.

For comparison, a compression test on the pure VitreloylTM, which is depicted in

Fig.30 was also performed. The compressive strength of 1 .89GPa and an elastic strain

of 2.0 % was found. These values are in agreement with the literature values from

Liquid Metal technologies, which is the manufacturer of this alloy.

The strength and elastic limit of all the composites is less than the unreinforced

Vitreloy 1TM However, they are stronger than the commonly used high strength steels

and fit well within the required strength and elastic limits as a functional material for

the heat exchangers.



3.5 Compressive fracture surface morphology

SEM images of a composite reinforced with 40 vol% cu fibers that failed under

compression are shown in Fig.3 1 and Fig.32. Figure 31 shows the resulting surface

morphology close to the copper wire.





A crack was observed at the interface between Cu wire and the matrix. This is the

region where crystalline intermetallic compounds are formed which are very hard and

extremely brittle. Figure 32 shows the fracture surface morphology in the matrix.
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It is interesting to note that the surface morphology looks similar to the surface

resulting from the fracture of pure VitreloylTM. The formation of vein like

morphology on the failure surface is probably due to the localized melting during

shear band failure [51] [52]. The material within the shear band has a lower viscosity

than the adjacent VitreloylTM leading to an increased softening and catastrophic

failure. The direction of propagation of fracture can be related to the direction of vein

structure formed on the surface. The slippage is indicated by the direction of the

arrow. The specimen fractured on two macroscopic surfaces, each oriented 450 from

the compressive loading axis.



4 DISCUSSION

4.1 Diffusion and Crystallization during processing

The success in making Cu reinforced Vitreloy1 composite is somewhat surprising.

The earlier studies of viscous flow, atomic transport, and crystallization in the liquid

state of Vitreloy 1TM suggested that addition of Copper wires into the Vitreloy1TM will

tend to dissolve the Cu atoms from the wires into the matrix rather fast. Factors

influencing the dissolution of Cu fibers are time and temperature for processing the

composite. The liquidus temperature ofVitreloylTM and copper are 1026K and

1357K, respectively. However, it should be noted that Cu does not have to melt in

order to dissolve in VitreloylTM in the same way as sugar does not need to melt to

dissolve in the water.

A simulation was performed based on the previous investigations done by Busch,

Masuhr, Waniuk and Johnson [53] on the melt viscosity and diffusion in VitreloylTM

The following equation was used to calculate the diffusivities of Cu at various

temperatures.

12

= Eq.(33),



where tD,j is the time required by an atom to move an average atomic diameter, 1. This

time is called as characteristic diffusional relaxation time of the atoms. 1 is calculated

as 3.2 * 1O'°m for VitreloylTM[54]

'tD,i is deduced from the melt viscosity measurements on Vitreloy1TM Figure 32

depicts the structural relaxation times as a function of inverse temperature. These

relaxation times were calculated from the viscosity at various temperatures using the

relation,

r = Eq. (34),
G

where r is the viscosity, G(infinity) is the high frequency shear modulus of

VitreloylTM and its value is 3.3 xlO'° Pa. Above the melting point, r was measured by

using high temperature viscometer at shear rate of 300 s_I [54].
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Figure 33: Structural relaxation times t = r /G1, calculated from the equilibrium
viscosities of Vitreloy 1TM



In this work, the temperatures for processing the composite ranged from 1130K to

1195K which is approximately lOOK higher than the liquidus temperature of

VitreloylTM. t0,1 was detennined from Fig.33 at various temperatures and the

diffusivity of Cu was then calculated using Eq.33. The concentration profile of Cu into

the matrix is given by Eq.35 [55]:

C=C (Cs _Co)erf[J Eq.(35),

where C is the concentration of copper at a distance, x, from the surface of wire, is

the concentration of copper at the interface (surface of Cu wire) and C0 is the nominal

Cu concentration in the matrix. Because of the low atomic mobility of Cu atoms in the

Cu wires at the processing temperatures used in this study, it was assumed that there is

no diffusion of any element from the matrix into the Cu fibers.
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Based on these assumptions, a concentration profile for a composite processed at

1175K in 25s was generated. This time and temperature represents the typical

processing conditions of the composites. Figure 34 shows the concentration profile, C,

of Cu in VitreloylTM matrix. The vertical axis, x = 0 pm, represents the

CuIVitreloylTM interface and hence the C here is 100 %. As x increases, C decreases

and reaches the nominal value at x = 110 pm.

However in the composite, we have many fibers surrounding each other. This

develops a diffusion field from each fiber affecting the other. This apparent

concentration profile from one wire can be given by Eq.36 [56]

C C0 2(-1Y (n+1/2)2r2F0
(

i')(x'\
C C0

e
(n +1 /2)

CO\fl
2) L)

Eq. (36),

where C is the concentration of copper at a distance, x, from the surface of wire, C5 is

the concentration of copper at the interface (surface of Cu wire) and C0 is the nominal

Cu concentration in the matrix. F0 is the Fourier number given by Dt/L2, where D is

the diffusion constant and t is the time allowed for diffusion which is the processing

time here.

Since the above equation takes the overall diffusion field into consideration, the

concentration profile from one wire is the representative of all the wires. In other



92

words, for the two wires separated by a distance, L, the diffusion of Cu from one fiber

is a mirror image of the other.

Based on these assumptions, a concentration profile for an actual case where the fibers

separated by 8Ojim was simulated. Figure 35 plots C for the case where two fibers are

separated by 80 pm.
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Figure 35: Plot showing the concentration profile of Cu into the matrix starting at Cu
wire/vitreloy1TM interfaces from both sides. Location of wire/matrix
interface at 0 on x-axis.
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In this case, the minimum Cu concentration is expected to be more than 20 % at x =40

pm which is midway between the two wires. This simulation shows that under the

assumptions made for the diffusion coefficient of Cu in Vitreloyl TM, there would be

excessive dissolution of Cu into the matrix. This would result in destruction of the

fibers and a composition change of the matrix corresponding to a very high Cu

content. An alloy with Cu concentrations as high as simulated in Fig.35 would have

very poor glass forming abilities throughout the whole matrix. This would result in

crystallization of the entire matrix under our processing conditions.

The success of processing the composite without dramatic dissolution of Cu, lead to

the reassessment of the initial assumptions used for the atomic mobility of Cu in the

matrix.

Recent studies on melt viscosity in VitreloylTM performed by Dr. Busch, Way and

Shaw at Oregon State University; suggest that the viscosity of Vitreloy I is strongly

dependent on the shear rate of viscosity measurement [57]. Figure 36 gives the shear

rate dependence of the viscosity and shows that the viscosity increases with decreasing

shear rate at a constant temperature.
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For the experimental conditions of this research, a shear rate of approximately 0.1 s_I

is experienced by VitreloylTM when it flows between the Cu wires. The viscosity at

1175 K and 0.1 s_i has been measured by Busch et al. to be 212 Pas which yields a TD,1

of 6.42 * 1 0 s using Eq.34. These values of T,i were used in conjunction with Eq.33

to yield D = 2.6 * 102 m2/s which is around 50 times smaller than the D calculated

previously using the viscosity measured at a shear rate of 300 sI. Figure 37 shows the

concentration profile generated using Eq.37 by taking the above conditions into

consideration.
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Figure 37: Plot showing the concentration profile of Cu into the matrix starting at Cu
wire/vitreloy 1TM interfaces from both sides. Location of wire/matrix
interface at 0 on x-axis. This simulation considers shear thinning behavior
of VitreloylTM where a small shear rate of 0.1Hz is taken into
consideration.



The Cu concentration profile generated with these assumptions leads to a low

diffusion coefficient and, hence, the diffusion of Cu limits up to just 16 pm as shown

in Fig.37. This diffusion length of Cu is approximately 80 pm less than the diffusion

length generated from the simulation based on the previous studies where a higher

shear rate of 300s' was assumed.

In lieu with these observations, the success in making Cu- reinforced VitreloylTM

composite can therefore be attributed not only to the right processing time and

temperatures but also to the low shear rates involved. At the shear rate of 0.1s1, the

viscosity of the melt is high, which in turn slows down the mobility of Cu. The

experimental parameters like pressure of argon, diameter of the Cu fibers, and the

diameter of quartz tube determine the resulting shear rate during the processing of

composite.

The results of optical photomicrographs show a clear distinction between the matrix

and the fibers. However, crystallization of the matrix material is observed at the

Cu/Viti interface as seen in Fig.19.

In order to understand the starting of crystallization from the CulVitreloy 1TM interface

and ceasing into the matrix, the whole process was accessed. The overall process

includes the infiltration of the molten Vitreloy1TM into the Cu fibers which leads to the

dissolution of Cu into the matrix which is then followed by the quenching of

composite leading to the crystallization in the vicinity of the Cu fibers.

So, the crystallization can therefore be attributed to the heterogeneous nucleation

starting from the CuJVitreloylTM interface due to the presence of Cu fibers which act



as catalytic sites, followed by the growth in the areas surrounding the fibers with

enhanced Cu concentration.

The critical cooling rate of the glass forming alloy is a function of composition.

During our processing we impose a Cu concentration gradient on our matrix, which

means that the critical cooling rate and thus the glass forming ability deteriorate with

increasing Cu content close to the fibers. Figure 38 shows a schematic drawing to

explain this effect. The critical cooling rate, that is high close to the Cu wires drops

with decreasing Cu content into the matrix. Beyond a point, where it falls below the

actual cooling rate the matrix will form a glass.
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Figure 38: Schematic plot showing the decrease in R as the distance from interface
increases and finally reaches lKIsec which is the R for Vitreloy 1TM

Increase in the R near the Cu fiber is due to the deterioration of glass
forming ability.

From these observations, the beginning of crystallization is expected to occur at the

CulVitreloy1TM interface due to heterogeneous nucleation which grows further into

the matrix until the parent composition of matrix is reached. Therefore, it can be

concluded that the crystallization starts due to the heterogeneous and couple with

growth due to deteriorated glass forming ability of the matrix which is schematically

shown in Fig.39.
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Figure 39: Schematic showing the effect of heterogeneous nucleation and growth
occurring in the matrix during processing the composite.
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In addition, a simulated diffusion profile of Cu into the matrix based on previous

studies and recent discovery of shear thinning in Vitreloy1TM is depicted in Fig.39.

The concentration profile based on shear thinning was compared with the size of

crystalline layer formed around the CuIVitreloylTM interface which is shown in Fig.41

to analyze this effect.
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Figure 40: Plot showing the concentration profile of Cu into the matrix starting at Cu
wire! VitreloylTM interfaces from both sides. The concentration profile
based on old studies of diffusion and recently found shear thinning behavior
of Vitreloy 1TM

are plotted. The Location of wire/matrix interface at 0 on x-
axis. Later case depicts the diffusion of Cu into the matrix up to the
diffusion length of approximately 1 6pm. Cu wires are separated by 8Opm.
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Figure 40 shows that the Cu will diffuse to approximately 1 6pm into the matrix and

the crystalline layer thickness between 10 and 16 pm can be seen in optical

micrograph depicted in Fig.4 1.

IOj.tm

4.4

Figure 41: Optical micrograph at the magnifi cation of 500x showing the thickness of
the crystalline ring formed around the wire.
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These observations further confirm that the crystals do not grow completely into the

matrix but stops as the matrix Cu concentration reaches its nominal composition.

In pure metals, crystallization is nucleation controlled which means that once the

nucleus is formed the entire sample crystallizes almost instantly. The limited

crystallization of matrix in the composite samples, as seen in Fig.4 1, indicates that the

crystallization is not nucleation controlled in this case. Many heterogeneous nucleation

sites in the form of Cu wires are obviously present in the composite samples. Still it

was possible to fabricate samples with only 20% crystallization. This indicates that the

crystallization is growth controlled. The rate of growth of crystals retards, as the

distance from Cu wire increases. This happens because of the decreasing Cu

concentration and the corresponding sluggish kinetics which increase glass forming

ability.

The DSC thermograms confirmed that the Cu-based reinforced Vitreloy 1TM

composite with predominantly amorphous matrix could be produced. However, the

reduction in the supercooled liquid region (LxT) and the difference in the

crystallization pattern can be seen. This is due to the heterogeneous nucleation and

compositional change of VitreloylTM occurring near the CulVitreloylTM interface

which is discussed above. As expected, the size of the exothermic peak decreases with

increasing volume fraction of the fibers. This is due to the presence of more Cu fibers

in higher volume fraction composites which aids diffusion of Cu and heterogeneous

nucleation. The composites with 60 % volume fraction of Cu fibers were selected for

the determination of the best processing time and temperature. These samples were
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selected because of the comparatively uniform fiber distribution and hence distinct

anisotropy with this volume fraction. The best processing time and temperature for

this composite are 25s and 1075K. With these processing parameters, the DSC

analysis revealed that 80% amorphous matrix could be achieved for a composite

reinforced with 60 vol% Cu fibers.

The x-ray diffraction pattern of the composite shown in Fig.42 exhibited a

superimposition of broad maximum from the amorphous phase with several sharp and

small peaks characteristic of crystalline phases as stated in section 2.3.3. This pattern

suggests the presence of both amorphous and crystalline phases. Since the nominal

composition of Zr and Cu is more than 50% in the matrix, the formation of crystalline

phases derived from binary Zr-Cu phases is favored. Therefore, Zr2Cu, ZrCu and

CuZr2 were the expected crystalline phases. The powder diffraction files [58, which

constitute a database containing the diffraction patterns for most of the binary

compounds, were used to determine these structures. The positions and intensities of

the sharp peaks matched closely with those of the pure Cu. The other less dominant

peaks were also compared to the diffraction patterns of the expected compounds.

However, the closest match was observed only for Zr2Cu. For this compound, a peak

shift at 10 was seen.
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Figure 42: X-ray diffraction patterns of amorphous vitreloylTM, composites with 7, 20,
40, 50 and 60 copper fiber vol% and pure copper. The figure also shows the
peaks closely associated with Zr2Cu.
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The triangular symbols in Fig.42 depict the peaks associated with Zr2Cu. This shifting

of peaks to the higher angles can be due to the reduction of the interatomic spacing in

the Zr2Cu crystal lattice. This effect is known to happen when Zr is partially replaced

by small atomic species like Ti etc. Therefore, the formation of intermetallic

compound like (ZrTi)2(CuBeNi) is expected, where Ni can substitute Cu and Be is an

interstitial. There were some other peaks also but no exact matching could be detected

with the binary intermetallic compounds. Also, the possibility of other ternary and

quaternary intermetallic compounds can not be ruled out.

4.2 Fiber Distribution

From the optical microscopy study, the clustering of fibers was also observed. At

higher total volume fractions, it is inevitable that the fibers cluster together. But no

particular ordering like square or triangular was seen. The average distances ranged

from 396pm to 284 jim with respect to the fiber volume fraction. Interestingly, the

average distance between fibers decreases linearly with increasing fiber volume

fraction as seen in Fig.23. This could be a proof that there are preferential

arrangements instead of a random ordering. This preferential arrangement could be the

result of a combination of two or more different kinds of ordering structures.

In order to determine the ordering preferences, the volume fraction of the samples was

measured using three different methods.

For the first method, ratio of volume of Cu fibers to the total volume of the composite

sample was calculated. The second method accounted for the clustering of the wires.



This was done by independently calculating the volume fraction of the Cu wires in the

area where they clustered. This was termed as regional volume fraction.

From the optical photomicrographs of the sample, the average center-to-center

distance between the wires was measured. This average distance was used in Eq. 18

and Eq. 19 to obtain the volume fractions for both the square and the triangular packing

of wires. This became the distance-based volume fraction. All the measured average

fiber distances versus total, regional and distance-based volume fraction are plotted in

Fig.43.
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The curve of the regional volume fraction data is shifted roughly parallel to the curve

of total volume fraction data. Also the two curves from the distance-based calculations

were shifted to the right when compared to the curve of total volume fraction.

The extrapolation of the regional volume fraction curve shows that the ordering of

fibers occurring in the composites is somewhere between 90.7% for triangular and

78.5% for square order of 250pm thick fibers. This supports the hypothesis that the

fibers tend to arrange themselves with certain order which could be the combination of

two or more different kinds of ordering structures.

This was further supported by the optical microscopy study, like the ones shown in

Fig. 44 which exhibits both triangular and square packing.
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(a)

(b)

Figure 44: Optical micrograph of polished 60 vol % Cu reinforced VitreloylTM

composite showing the squared (a) and triangular order (b) occurred within
the same sample.



112

Finally, the distribution of the average fiber distance, measured using optical

photomicrographs, as a function of total volume fraction was determined. The first

peak was expected at a distance of about 25Oiim because this is the minimum possible

distance for the fibers with a diameter of 250 pm. A second peak means that there is a

second favored distance at which the fibers tend to arrange to. The primary peak at

around 250 pm and less dominant second peak can be seen for all of the composites in

Fig.45.
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Figure 45: Line plots showing the fiber distribution for samples with different volume
fractions.

The higher the volume fraction, the lower is the distance between the fibers. The

second peak becomes less dominant as the volume fraction increases. For the volume

fractions less than 45%, a second peak between 400 pm and 450 pm is observed. For

higher volume fractions, a less distinct peak between 300 pm and 350 pm is seen.

With increasing volume fraction the range of distribution decreases and both peaks get

closer to the theoretical minimum. Therefore, it can be concluded that the fibers most

likely arrange in a distance between 250 pm and 300-350 pm or 250 pm and 400-450

pm depending on their volume fraction in the composite.
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Finally, the non-homogeneous fiber distribution of fibers in the matrix can be

attributed to the hydrodynamic and capillary forces, the wetting angle during

infiltration process and the viscosity of the matrix. Although there is not a distinct

tendency for a structural order of the fibers, a combination of triangular and square

order was observed from the optical photomicrographs of the samples. This hypothesis

was also corroborated by the curves shown in Fig.42.

4.3 Mechanical Properties

The samples with 40, 50 and 60 volume fraction of Cu fibers showed a failure at 450

when loaded under compression as depicted in section 3.4. Since copper has a very

low yield strength compared to the matrix, the volume occupied by the fibers can

almost be considered as holes. Therefore, despite the content of the ductile copper, the

composite predominantly behaves in an elastic maimer which is confirmed by the

stress-strain curve shown in the result section 3.4. However, the failure can not be

considered as a catastrophic failure because the copper fibers keep the composite from

completely falling apart in contrast to the typical failure of pure VitreloylTM Certainly

the material can then bear some load, but only a small fraction of its original strength.

For the preliminary investigation, a completely amorphous matrix was assumed in the

composite. The estimated Young's modulus for the composites with 40, 50 and 60

Vol% Cu was calculated by using rule of mixtures

E = EfVf + EmaVma Eq.(37),
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where Ejand Erna are the Young's modulus of fibers and the matrix, and Vf and Vma are

the volume fractions of fibers and matrix in the composite. The ultimate strength, au,

of the composite is given by

oc = V.au Eq. (38),

Where o is the ultimate strength of the stronger component and V is its volume

fraction. In this work Cu fibers are weaker, therefore V and an depicts the volume

fraction and ultimate strength of the Vitreloy1TM

The estimated values are listed in Table V which shows that the strength and Young's

modulus of the composite lies somewhere between VitreloylTM and Copper.

Table V: Showing modulus of elasticity comparison between the observed and
expected result based on the rule of mixture.

Cu Vol. % ai1ure stress
v,1 (MPa)

omparison to
xpected au (%)

Young's modulus
E (GPa)

omparison to
xpected, E (%)

U 1060 7 105.0 H7

53 699 23 108.5 H8

50 857 FlO 108.6 F-6
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There are some deviations between the observed and expected values of the modulus

of elasticity. Common defects like voids, heterogeneities and special rate processes

during solidification might have an influence. It is most likely that the high Young's

modulus is due to the partial crystallization of the matrix at the interface of the Cu

fibers. The Young's modulus of crystalline VitreloylTM is expected to be higher

because of a lower potential energy for interatomic bonding. Therefore, a higher value

of E is expected for higher volume fractions of Cu because of the more interfacial area

and hence more crystallinity. Equation 39 is an extension of Eq.37 and considers both

amorphous and crystalline phases present in the matrix.

E = EfVf + EmaVma + Eq. (39),

where ma and mc denote the amorphous and crystalline phases present in the matrix.

The volume fraction of amorphous and crystalline matrix, respectively, can be

determined by DSC analysis. The Young's modulus of crystalline VitreloylTM has not

been investigated yet. The observed ultimate strengths of the composites are below the

pure VitreloylTM but still it is high enough to compete with high performance steels.
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5. SUMMARY AND CONCLUSIONS

The present study shows that the processing of Cu reinforced Vitreloy1TM

composite is feasible even though Cu has a negative heat of mixing with the various

components of Vitreloy1TM and relatively small difference in the liquidus temperature

with VitreloylTM. A variety of volume fractions of reinforcement fibers ranging from

7% to 61% has been added to the metallic glass matrix without crystallizing the matrix

completely. The utilization of relatively low processing temperature, time and small

shear rates prevents the excessive reaction between the Cu fibers and the glass matrix,

thus allowing the matrix to retain dominantly the amorphous state.

The composites were characterized with respect to their microstructure,

structure and thermal stability and the mechanical properties. The best processing

parameters in terms of time and temperature were also determined for the composite

which was reinforced with 60 vol% Cu fibers. This composite was selected because of

its uniform fiber distribution and distinct anisotropy. The DSC analysis showed that

the metallic glass matrix retained the 80 % amorphous state for the composite

synthesized at 1175 K in 25s with 60 vol. % Cu fibers.

Optical microscopy confirmed that there is no macroscopic dissolution of Cu

atoms from the wires into the matrix. However, at the interfaces between the matrix

and fibers, a crystalline layer was observed. It is deduced that this crystalline layer is
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formed due to the diffusion of Cu into the matrix during infiltration followed by the

heterogeneous nucleation starting at the interface. Despite of heterogeneous

nucleation, the matrix did not crystallize completely due to the growth controlled

crystallization in Vitreloy 1TM because of its sluggish kinetics. In addition, optical

photomicrographs at lower magnifications revealed the tendency for clustering of

fibers in particular regions.

The compression tests demonstrated that the mechanical properties are related

to the combination of reinforcement and matrix. In all tests, the material behaves

elastically and fails in a brittle manner but the Cu wires prevents is from falling apart.

However, the deviations in the observed values of the Young's modulus and the

ultimate strengths indicate that the matrix crystallinity at the interfaces has to be taken

into consideration.

The promising results obtained from this work call for further research. The

maximum volume fraction of fibers that could be introduced in VitreloylTM matrix is

60 %, higher fractions were not possible because of the non-uniform fiber distribution.

The crystallization could be controlled by using fibers with bigger diameter. A given

volume fraction of small diameter fibers have more interfacial area than the same

volume fraction of larger fibers. Small wires therefore increase the amount of

heterogeneous nucleation sites as well as the chemical reaction between the matrix and

fibers due to increased interfacial area and hence resulting in more crystallization, On

the other hand, the glass forming ability of the matrix can be improved by

interdiffusion between the reinforcement and the metallic glass matrix. The
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optimization of processing parameters in terms of pressure of argon used to facilitate

infiltration can be done to lower the shear rate and obtain less diffusion of Cu into the

matrix.

Finally, the motivation for reinforcing highly conductive Cu fibers into poor

conductive Vitreloy1TM was to use these composites in the meso or micros cale devices

where heat transfer in one direction is required. The successful processing of these

composites opens the research to characterize these composites according to their

thermal anisotropy.
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