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ABSTRACT 

The preparation of bicrystal specimens of high interfacial 

purity and accurately controlled mismatch of orientation 

between grains with a specific boundary orientation are 

critical for fundamental studies of the structure and 

properties of grain boundaries. 

A method was developed for routinely producing high-purity 

aluminum bicrystals of desired mismatch and boundary 

orientation. A strain annealing technique was used for making 

large single crystals. The orientation, structural 

perfection, and chemical purity of the seeds were 

characterized, then the seeds were joined by using an electron 

beam welder. The welder was designed and built as a major 

portion of this work. 
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CHAPTER 1 

INTRODUCTION 

The grain boundaries in a polycrystalline material 

determine, to a large extent, a number of the bulk physical 

properties of that material. For example, it is well known 

that grain size plays an important role in the mechanical 

properties of polycrystalline metals and alloys. The 

recognition of the crucial role played by grain boundaries 

has recently led to the practice of "grain boundary 

engineering", where boundary phase transitions are exploited 

to produce desired microstructures. It is, therefore, 

critical to understand the fundamental behavior, structure, 

and the transitions of grain boundaries. 

Because of their complex structure and anisotropic 

nature, boundaries undergo a greater variety of phase 

transformations than is possible in single crystals. Examples 

of such tranformations include grain boundary premelting, or 

faceting or some other structural reordering. The segregation 

of solutes to the boundary also affects these transformations. 

In order to better understand grain boundary phenomena, 

it is essential to conduct meaningful experiments on specimens 

containing well-controlled boundaries. The specimens must be 

characterized in terms of purity, structural perfection, and 
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orientation, as well as the orientation of the neighboring 

grains. The major goal of this work was to develop and 

demonstrate the capability of producing bicrystals of high-

purity aluminum having a predetermined mismatch in orientation 

between adjacent grains that share a single, common boundary 

of a specific orientation. 
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BACKGROUND 

2.1 Foreword 

This research was conducted as part of an overall 

research effort aimed at advancing the fundamental 

understanding of grain boundary phase equilibria, structure, 

and properties for internal crystal interfaces in simple 

metals. The research consists of two major coordinated 

efforts: to produce and characterize high perfection 

experimental specimens having specific grain boundary 

structures, and to model these grain boundaries by using 

molecular dynamics computer simulation techniques. The 

following is a description of the preparation of high purity 

aluminum bicrystals. 

2.2 Interfacial Phase Transitions. Structure, and Properties 

The concept of a grain boundary as a distinctive entity 

which may undergo phase transitions is an extension of Gibbs1 

classical development of surface thermodynamics (1) . An 

extensive thermodynamic property of an interface is defined 

as an excess interfacial quantity. The excess value is given 

by the difference between the value of the property in a 

system containing the defect and its value in a perfect 
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crystal under the same equilibrium conditions: that is, 

^excess _ gtotal ^perfect gg ^ 

where G is an extensive thermodynamic property, and the 

superscripts "excess", "total", and "perfect" refer to that 

property due to the presence of the boundary, the bulk 

property, and that of the perfect crystal, respectively. Cahn 

extended Gibbs1 theory to a generalized set of reference 

perfect systems to facilitate a means of describing the 

surface thermodynamics of a boundary in a bicrystal system 

( 2 )  .  

There are nine geometrical parameters involved in the 

idealized construction of a planar internal interface: three 

describe the rigid body rotational mismatch, R, between 

adjacent grains; three describe any rigid body translational 

mismatch, t; and three describe the grain boundary orientation 

and location, n, where n is a unit vector normal to the 

boundary plane (3). Figure 2.1 shows a simplified schematic 

of this construction in two dimensions. Identical lattices 

of different atoms (for example, one set of white atoms and 

one set of black atoms) are initially superimposed. A rigid 

body rotation is then imposed on one of the lattices, followed 

by a rigid body translation of the same lattice. The pattern 
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Figure 2.1. Idealized construction of a planar grain boundary 
in two dimensions: (a) two lattices are superimposed (one of 
black atoms and the other of white atoms) ; (b) rigid body 
rotation imposed; (c) rigid body translation imposed; (d) 
surface (dashed line) inserted perpendicular to plane of 
figure; (e) discard black atoms on one side of surface and 
white atoms on other side of surface. Note accompanying three 
dimensional representations of geometric parameters (R, t, n) . 
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created by this process is called the "dichromatic pattern". 

Sites where both a black and white atom reside are called 

"coincident sites". A planar surface (the boundary) is 

inserted in the dichromatic pattern, thus defining the 

boundary orientation. Finally, white atoms from one lattice 

are removed from one side of the surface, and black atoms from 

the other lattice are removed from the opposite side of the 

surface. 

These parameters, along with the more commonly recognized 

thermodynamic variables such as temperature, pressure, and 

chemical potential, determine the variations in excess Gibbs1 

free energy of a crystalline interface (1): 

do-

XY 
dT + V 

XY dP L  Nj_ 
XY dfi[ + z/d{n} + pd{R} + Td{t} + f,j dey 

Eq. 

where da is the incremental change is excess free energy, d{} 

is an increment in one of the geometrical parameters (n, R, 

or t), X and Y are any two distinct members of the set (S, V, 

N) , S is entropy, V is volume, T is temperature, P is 

pressure, fi± is the chemical potential of a given species, and 

Nt is the number of atoms of that species. 
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The notation [S^/xy] is shorthand for the ratio of 

determinants: 
[S] [X] [Y] 

sa xa Ya 

S$ xP YP 
Eq. 3 

XQ£ Ya 

XP YP 

The [X] variable is a layer quantity (i.e. the actual amount 

of X in a region containing the interface and extending beyond 

its influence). The variables with superscripts are the 

extensive variables referring to the bulk phases on each side 

of the interface. f^ is the surface stress and is given by 

fij = CT<sij + 3a/deiit where 5^ is the Kroenecker function and eid 

is a two-dimensional second rank tensor describing the state 

of strain of the interface. 

The methods used in this work to produce bicrystals allow 

the direct control of five of the nine idealized geometrical 

parameters. All three of the rotation parameters of R and the 

two rotations that define n can be directly manipulated, but 

the translational parameters can not be manipulated. That is, 

the mismatch between adjacent grains and the orientation of 

the grain boundary plane can be controlled. However, to 

effect direct control of the four translational parameters 

would require positioning on the order of the lattice 
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parameter and the determination of specific atom positions 

within the lattice. For the case of a pure substance, such 

as high purity aluminum, the chemical potential is also 

"controlled" by the elimination of the d/ii term in equation 2. 

A system containing a crystalline interface, in its 

search for minimum free energy, is free to relax any of the 

nine geometrical parameters. It is important to note that 

grain boundaries are never in thermal equilibrium. That is, 

a system containing a grain boundary can decrease its total 

free energy by expelling or annihilating the boundary and 

forming a single, perfect crystal. Different grain boundary 

phase transitions may take place depending on which of the 

parameters are constrained and which are free to vary. A 

boundary may "facet" or "dissociate" under the appropriate 

thermodynamic conditions. Facetting is the local 

rearrangement of a planar boundary to two or more planes 

having normals different than the original boundary. 

Dissociation of a boundary can occur in two ways. In one 

case, a single boundary transforms into two boundaries in such 

a way as to produce a new boundary that intersects with the 

original one (forming a trijunction between three crystals). 

In the second case, the new boundary does not intersect with 

the original one, and the boundary is said to be wetted by a 

new crystal. 
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Another category of boundary phase transition is that 

which does not involve changes in the idealized geometrical 

variables. One example of this type of transition is 

congruent grain boundary "premelting". This describes local 

melting in the boundary region at a distinct temperature below 

the bulk melting point, Tm. As the bicrystal containing the 

boundary is heated further, the molten region spreads into the 

bulk regions of the adjacent crystals until the bulk melting 

temperature is reached. 

Grain boundaries are often categorized by their 

structural character. Figure 2.2 shows schematic 

representations of purs tilt, pure twist, and mixed character 

boundaries. Boundaries are often described as "low angle" or 

"high angle" boundaries, depending upon the magnitude of the 

orientational mismatch between adjacent grains. Low angle 

boundaries can be described by the lattice dislocation model 

(4,5,6). The structure of high angle boundaries, however, is 

much more complicated and requires more sophisticated 

structural models than those used for low angle boundaries. 

Friedel (7) first proposed the Coincidence Site Lattice 

(CSL) model that is commonly used today to describe high angle 

grain boundaries. Such a representation of a bicrystalline 

system gives rise to the notion of a CSL parameter, Z, where 
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Figure 2.2. Schematic of various grain boundary characters: 
(A) & (B) pure tilt; (C) pure twist; (D) & (E) mixed. 
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2 is defined as the ratio of the total number of atom sites 

to the number of coincident sites. For example, a bicrystal 

with 2 = 5 possesses adjacent grains that have one common site 

for every five total atom sites. Likewise, a bicrystal with 

2 = 99 has only one common site for every 99 atom sites. 

The value of sigma in the CSL model does not fully 

describe a bicrystal. In order to fully describe a bicrystal, 

it is necessary to specify sigma, the rotation axis, and the 

boundary plane. For example, a 2 = 5 boundary might be more 

fully specified as a 2 = 5, [001]/(210) grain boundary. It 

is also known that repeating geometric units exist in a 

boundary. The repeating structural units in high angle 

boundaries are often used to further state the structural 

character of a particular grain boundary (8). Other 

geometrical models that are useful in decribing grain boundary 

structure include the "O-lattice" (9) and the "DSC-lattice" 

(10); however these will not be considered here. 

It is important to note that all of these structural 

models are idealized geometrical models that aid only in the 

description of the structure of grain boundaries. Because 

they are idealized and do not account for possible relaxations 

of a grain boundary, they can not predict the actual structure 

and physical properties of a boundary formed under varying 

thermodynamic conditions. 
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2.2 Strain Annealing 

2.2.1 Critical Strain 

Strain annealing is a processing technique that exploits 

nucleation and growth during recrystallization. For a more 

complete discussion of nucleation and growth, and recovery and 

recrystallization, consult Reed-Hill (11), Verhoeven (12), or 

Gilman (13). Generally, a fine-grained matrix is uniformly 

strained to a minimal strain that is just sufficient to form 

one or a few new large grains during subsequent 

recrystallization. This strain is known as the "critical 

strain". 

The critical strain is usually determined by subjecting 

identical specimens to different tensile strains, that 

typically range from approximately 1 to 10%. After straining, 

the specimens are recrystallized such that new grains grow or 

coarsen at a faster rate than neighboring fine grains in the 

original matrix. Figure 2.3 is a schematic plot of the grain 

size after recrystallization versus percent tensile strain 

before recrystallization. The critical strain appears as a 

sharp asymptotic discontinuity in the graph, where there is 

an infinite grain size (indicating a single crystal specimen). 

At strain levels below the critical strain, nucleation of new 



Ec PER CENT STRAIN 

Figure 2.3. Grain size after recrystallization versus percent 
strain prior to recrystallization. Note the critical strain, 
Ee. 
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grains does not occur. Increasing strain levels above the 

critical strain produce decreasing resultant grain sizes. 

2.2.2 Effects of Starting Matrix 

The initial grain size of the starting matrix should be 

sufficiently small and uniformly distributed to allow a newly 

nucleated grain, once it has grown larger than its neighboring 

grains, to consume its neighbors. The driving force for the 

consumption of the grains of the starting matrix by the 

recrystallized grains may be viewed as the reduction of the 

total interfacial free energy of the specimen. If the 

starting matrix does not have a uniform grain size, small 

grain "inclusions" may persist within the growing crystals. 

They occur because the larger grains of the starting matrix 

undergo coarsening during the anneal; their growth competes 

with that of the recrystallized grains. Examples of such 

inclusions are shown in figure 2.4. 

Inclusions may also form from sources other than 

initially non-uniform grain size. If the starting matrix is 

sufficiently fine-grained, so as to cause significant 

coarsening due to normal grain growth during the anneal, 

inclusions may persist due to competitive growth between the 

original and recrystallized grains. (This is the same as for 

a non-uniform starting matrix, only the initial matrix may 
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Figure 2.4. Inclusions after strain anneal. (A) Starting 
grain size. (B) Large crystals isolated by "pools" of small 
grains. 
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appear uniform.) There may also be non-uniform residual 

strains within the starting material, other than those uniform 

strains intentionally given to the material, that may produce 

included grains. These strains depend on the thermomechanical 

history of the material, and any such strain may be eliminated 

with a recovery anneal before straining the specimen by the 

critical strain. 

Finally, preferred orientation may play a role in 

producing included grains. If the orientation of a growing 

crystal is close to a twin orientation with respect to the 

preferred orientation of the matrix, its growth may be 

significantly inhibited. Thus, it is often difficult to use 

the strain anneal technique for materials that have a low 

stacking fault energy and, therefore, a high tendency to form 

twins. A preferred orientation may also be beneficial to the 

production of large crystals if the orientation of a growing 

crystal is favorable for growth with respect to the preferred 

orientation of the matrix. This scenario, however, is 

difficult to achieve because the orientation of the 

recrystallized grain is often random. 

2.2.3 Strain Annealing of Hiah-Puritv Aluminum 

Strain annealing of very pure materials is difficult to 

control because normal grain growth of the matrix material 
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occurs more readily in pure materials than in alloys, where 

"solute pinning" may occur. Solute pinning desribes the 

lowering of grain boundary migration rates, generally 

attributed to the fact that the boundary must "drag" 

segregated solutes along with it as it migrates. In pure 

materials, however, the tendency of the starting matrix to 

coarsen rapidly competes with the growth of recrystallized 

grains. One way of stabilizing the matrix and inhibiting such 

competitive growth is to introduce a strong texture to the 

matrix. With a strongly textured matrix, low and medium angle 

boundaries with relatively low mobilities predominate and help 

to stabilize the matrix, allowing recrystallized grains to 

grow rapidly and without competition. However, the use of 

a strongly textured matrix may also lead to included grains 

as discussed in section 2.2.2. 

Another difficultly in using the strain anneal technique 

for high-purity materials is their high tendency to relax 

during early stages of annealing through recovery phenomena. 

Recovery occurs at lower temperatures and in less time than 

does recrystallization. If a specimen recovers to a nearly 

strain-free condition, there may not be a sufficient driving 

force (i.e. strain energy) to induce recrystallization, and 

the grain structure will not be changed significantly by the 

anneal. Recovery occurs via simple structural reordering such 
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as the elimination of point defects and the annihilation of 

dislocations, as well as through more complex reordering such 

as polygonization. 

Figure 2.5 is a schematic drawing of the polygonization 

of a crystal. The starting lattice contains an irregular 

distribution of dislocations due to the straining process. 

Upon annealing, dislocations rearrange themselves via glide 

and climb to transform the lattice into a discrete set of 

subcells or "polygons" separated by low angle grain 

boundaries. Each polygon is free from elastic strain and 

retains the general orientation of the parent lattice before 

annealing. That is, the local elimination of strain prevents 

the recrystallization of new grains. 

The tendency of aluminum to polygonize may be minimized 

by introducing low levels of soluble impurities, or "dopants". 

This is undesirable, however, because dopants affect the grain 

boundary equilibrium of the bicrystal to be produced. Also, 

a strongly textured matrix tends to reduce the occurrence of 

polygonization. As stated before, this assists in growing 

large grains via recrystallization, provided that the 

orientational relationship between the new grain and the 

matrix does not produce twinning (which stabilizes the 

advancing boundary). 
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(b) 

Figure 2.5. Polygonization of a strained matrix: (a) Bent 
matrix showing randomly dispersed dislocations, (b) Annealing 
causes dislocations to form low angle boundaries, resulting 
in strain-free "polygons". 
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2.2.4 Gradient versus Constant Temperature Annealing 

The anneal after straining is often performed with a 

moving temperature gradient (with the temperature ranging on 

either side of the secondary recrystallization temperature of 

the material). Figure 2.6 shows a representation of a 

gradient anneal setup. The temperature gradient prevents 

simultaneous nucleation throughout the specimen, restricting 

it to regions of the specimen that are at temperatures high 

enough to induce recrystallization. Optimization of the 

thermal gradient and the rate at which the specimen moves 

through the gradient is a function of the dependence of the 

nucleation and growth rates on temperature (11). Ideally, the 

gradient and rate can be chosen so that a single grain 

nucleates at the hot end of the specimen, then grows along the 

length of the sample while nucleation of new grains is 

suppressed. 

Constant temperature anneals may also be used after 

critically straining a specimen. In this case the amount of 

strain introduced to the specimen may either be local (to 

produce recrystallization in a specific region only) or must 

be very uniform and near the exact critical strain, so as to 

minimize the number of nuclei. Constant temperature anneals 

have the advantage of requiring simpler equipment than do 

gradient anneals. However, constant temperature anneals often 
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Figure 2.6. Schematic of gradient anneal to produce large 
crystals. As sample moves left relative to gradient, single 
grain consumes fine-grained matrix. 
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produce randomly oriented recrystallized grains, and 

recrystallized grain sizes that are smaller than those 

obtained with a gradient anneal. 

Because high-purity aluminum readily polygonizes, it is 

difficult to grow large grains with the gradient anneal 

approach. The cooler regions tend to fully recover by 

polygonization, rather than recrystallize to form the 

necessary grains or single grain that consume the small-

grained matrix. When a growing grain encounters a polygonized 

region, the mobility of its advancing boundary is often 

greatly reduced and it may not consume the polygonized grains. 

2.2.5 Surface Nucleation 

A last point of note is the tendency for inclusions to 

appear in regions where strain concentrations occur upon 

straining. Samples possessing nonuniform cross sections, 

heavy oxide coatings (14), or nicks or scratches often exhibit 

included grains that have nucleated from these sources (figure 

2.4). The nucleation sources also often pin the resulting 

boundaries as the nucleated crystals continue to grow. 

Figure 2.7 illustrates this phenomenon. Foil samples of 

aluminum that were intentionally made with varying cross 

sectional areas show small grain "inclusions" after annealing 
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Figure 2.7. Inclusions caused by local strain 
due to varying cross-sectional area. 
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due to local strain concentrations. Other foil samples, with 

surface scratching, showed small included grains after 

straining and annealing. In the latter case, boundary pinning 

likely caused the retention of grains from the starting 

matrix, rather than producing sufficiently high strain 

concentrations to cause nucleation of new grains that were 

then pinned. 

2.3 Electron Beam Welding 

The electron beam heater designed for this work operates 

by thermionic emission of electrons. If an anode having a 

positive potential is placed in close proximity to a heated 

filament, the emitted electrons collect at the anode to 

produce a "saturated emission current". As the anode 

potential is increased, the emission current increases. 

The saturated emission current per unit area of cathode, 

J, for a zero field condition is given by (15): 

J = ATzexp(-e0/kT) Eq. 4 

where A is a material-dependent proportionality constant, T 

is the absolute temperature, e is the electronic charge, <p is 

the work function of the cathode, and k is Boltzmann's 

constant. The work function is the height of the potential 
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step at the cathode's surface that prevents electrons from 

escaping. The emission current depends only on the properties 

of the cathode material selected for a given operating 

temperature, and the surface structure of the cathode. 

Thermionic cathode materials are restricted to those that 

have sufficiently high emission currents at temperatures where 

there is not excessive damage to the cathode. Because of this 

restriction, cathode materials are often limited to refractory 

metals, such as tantalum, tungsten, and molybdenum. An 

example of possible damage to the cathode is undesirable 

changes in cathode geometry due to surface or bulk diffusion. 

Such changes in geometry may lead to early cathode failure or, 

in the case of the electron beam heater, may produce 

undesirable hot spots in the molten zone (thus producing 

nonuniform radial thermal gradients during solidification of 

the molten zone). Another example of damage is excessive 

evaporation of cathode material. This may lead to 

contamination of the anode or any cool surface in close 

proximity to the cathode by the condensation of the cathode 

vapor. Excessive evaporation may also cause changes in the 

surface structure or geometry of the cathode that 

detrimentally effect electron emission. 

The emission of a cathode may often be increased for a 

given temperature by adding a coating of a refractory metallic 
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compound such as an oxide, boride, or carbide. This layer 

over the cathode lowers the effective value of <f> and raises 

the effective value of A. Similar emission enhancements to 

a particular cathode material will occur if a layer of a more 

electropositive material is adsorbed to the cathode's surface. 

2.3.1 Description of Welder 

Figure 2.8 is a schematic diagram of the heater portion 

of the electron beam welder used to produce bicrystals. A 

ring-shaped Th02 coated tungsten filament is surrounded by a 

molybdenum focusing shield. The entire assembly 

concentrically surrounds the positively grounded specimen to 

be heated. A high negative potential is placed on the 

molybdenum shield, as well as the filament, so that any 

emitted electrons are repelled from the shield's surface. 

When the filament is heated to thermionic emission 

temperatures, an electron cloud develops within the shield. 

The electrons accelerate toward the specimen under the 

influence of the potential field between it and filament. The 

electrons then impinge on the surface of the specimen, 

transferring their excess kinetic energy to the specimen in 

the form of heat. 

When the geometry of the shield is selected properly, 

electrons within the charge cloud will be focused toward the 



Figure 2.8. Schematic of electron beam heater. Annular 
filament (f) surrounds grounded rod (r). High voltage field 
between focussing shield (s) and rod causes emitted electrons 
to form a space charge cloud as shown. 
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specimen. When a certain threshold space charge density is 

reached within the cloud, electrons are repelled by the 

negatively charged focusing shield, and they also repel each 

other at close proximities. Thus, any further electrons that 

are emitted from the filament cause a proportional number to 

return to the filament. This type of electron heater 

operation is said to be "space charge limited". 

Figure 2.9 shows the heater along with a specimen in the 

weld apparatus. A threaded drive screw is used to move the 

heater assembly to the desired vertical position along the 

specimen. In this way, the heater may be positioned along 

the central length of the specimen. Adaptable specimen 

holders are used to locate and fix top and bottome single 

crystal seeds with different orientations. The specimen 

holders can be adjusted to accomodate variations in crystal 

length and diameter. The bottom holder can be moved 

vertically during the weld operation to bring the crystal ends 

together and to adjust the distance between the crystals 

during melting in order to keep the molten zone in a stable 

geometric configuration. 

The welder, along with its supporting vacuum system and 

power supply are shown in figure 2.10. The bell jar work 

chamber provides a high vacuum environment while allowing full 

viewing of the specimen, the electron beam heater, and the 
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Figure 2.9. Schematic of weld apparatus showing specimen 
and heater. Threaded drive screw (not shown) positions heater 
assembly (a) vertically. Top and bottom adaptable specimen 
holders (b) are used to locate and fix half-specimen 
orientation. A high negative potential between the 
filament(e)/molybdenum focussing shield (c) combination and 
the grounded specimen (d) causes emitted electrons to be 
accelerated from the thoria-coated tungsten filament (e) to 
the specimen. The specimen heating occurs via dissipation of 
the electrons' kinetic energy as they impinge on the specimen 
surface/subsurface. 
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Figure 2.10. Electron beam welder and supporting equipment. 
1. View showing power supply (P) , work chamber (C) , and 
supporting vacuum equipment. 2. Closer view of welder 
mechanism (see figure 2.9 for description). 
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supporting specimen/heater positioning mechanisms. A chevron 

baffle liquid nitrogen cold trap between the work chamber and 

a hot oil diffusion pump minimizes backstreaming of volatiles 

from the vacuum pumping system and traps volatiles given off 

by the specimen or welding apparatus. Also, a molecular sieve 

trap located between the roughing pump and diffusion pump 

minimizes the backstreaming of organic volatiles from the 

roughing pump. 

The power supply consists of two isolated circuits: one 

establishes a constant high potential between the 

filament/focusing shield combination and the specimen, and the 

other provides an alternating current that produces 

resistance heating in the filament to induce thermionic 

emission. The signals are superposed so that a single pair 

of power leads can provide both high voltage and primary 

filament current. 

The capabilities of the power supply (independent of the 

focusing shield design), vacuum system, and welder are 

summarized in table 2.1. 



table 2.1: weld equipment capabilities 
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Specimen: 

Geometry: cylindrical rod 
Maximum specimen diam = 9.5 mm (0.375 inch) 
Max. specimen length = 30.5 cm (12.0 inch) 
Min. specimen length = 15.3 cm (6.0 inch) 

Heater: 

Max. power to specimen = 1500 W 
(theoretical, power supply capability) 

Max. power to specimen = 220 W (actual for heater design) 

Crosshead Travel: 

0.2 cm/hr to 20 cm/hr, used for accurate 
heater positioning 

+ 5cm / - 3 cm from vertical center 

Vacuum: 

Maximum = 1 x 10"7 torr 
Operating range during weld = 1 x 10"7 to 1 x 10"5 



2.3.2 Melt Conditions in the Weld Zone 
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2.3.2.1 Surface Tension Limited Operation 

A crucibleless weld approach was used in order to prevent 

specimen contamination and nucleation of new crystals in the 

molten region. The liquid zone is suspended only by its own 

surface tension, as shown in figure 2.11. The maximum height 

of a zone that can be supported by its own surface tension 

increases linearly with the rod radii for small radii and 

approaches a limit for larger radii. It has been shown (16) 

that the theoretical maximum stable zone height, 

iW = 2.8 (7//>g)1/Z, Eq. 5 

where 7 is surface tension of the molten material, p is the 

density of the material, and g is gravitational acceleration. 

Note that the maximum zone height can be increased by using 

induction heating, where some electromagnetic levitation of 

the zone occurs. For high-purity aluminum, h^^ is 1.58 cm. 

This was used as a criterion for designing the height of the 

focusing shield. The electron beam should be focused to well 

within the maximum zone height in order to produce a stable 

molten zone. 
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U 

Figure 2.11. Liquid zone suspended between two solid rods. 
Maximum zone height, h^, is determined by density (p) of 
material, liquid-vapor surface tension (7), and gravitational 
acceleration (g). 
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2.3.2.2 Thermal Conditions in Specimen 

The molten zone height, its geometric stability, and the 

power required to sustain it, depend upon the specimen radius, 

its emissivity, thermal conductivity, melting temperature, and 

the focusing capabilities of the equipment. In order to 

control the power to the specimen, it is necessary to 

characterize the temperature distribution under steady state 

conditions. 

Two different first order approximations of the thermal 

properties of the specimen were investigated. One model was 

used to determine the need for forced cooling of the specimen 

ends by estimating thermal gradients in a specimen that cools 

via radiation only. The power required to sustain a molten 

zone in such a specimen was also estimated (to aid in the 

design of the heater) . The other was used as a means of 

approximating the temperature gradients in a specimen in which 

only one-dimensional conductive cooling played a dominant 

role. Power requirement estimates were also made from this 

model. 

I. Radiation Cooling in an Infinitely Long Rod 

For an infinitely long thin rod of radius R, and uniform 

thermal conductivity, k, that is heated via a concentrated 

annular heat source surrounding the rod (as depicted in figure 
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2.12), and where heat is extracted only by Stefan-Boltzmann 

radiation, a heat balance gives (17): 

7rR2k(d2T/dz2)dz = 27rReaT*dz Eq. 6 

or, d2T/dz2 = 2eCTT7Rk, Eq. 7 

where e is the total emissivity, a is the Stefan-Boltzmann 

constant, and T is the absolute temperature. For T = T0 at z 

= 0, equation 7 is satisfied by a temperature distribution of 

the form: 

T = T0/(l + z/A0)2'3, Eq. 8 

where A0 is the value of a characteristic length, A, at z = 0. 

The characteristic length is defined as: 

A = (5kR/9eaT3)1/z Eq. 9 

For pure aluminum, T0 = Tm = 933°K, k = 0.55 cal/(°K cm sec), 

and e = 0.07, and for R = 0.5 cm, a characteristic length of 

A = 46 cm is obtained. 

The total power radiated from the bar is then: 

P = 4rRjeaT4dz = 27rReaT04(6A0/5) Eq. 10 
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Figure 2.12. Infinitely long, small radius rod with heat 
extracted by Stefan-Boltzmann radiation. Schematics of rod 
and heater arrangement (a) , and thermal profile due to radiant 
losses only (b). 
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Equation 10 gives the required power to sustain the zone as 

P = 53 watts. 

The thermal gradient along the rod in the z direction can 

be obtained from equation 8. For aluminum, it predicts a 

gradient of approximately 13.0°C/cm at z = 0. Table 2.2 shows 

temperatures along various lengths of the specimen. These 

predicted gradients are rather small, as would be expected 

when end cooling is not present. According to this model, a 

total rod length of almost 500 cm would be required to neglect 

end cooling from the specimen holders! 

II. One-dimensional Conductive Cooling in a Finite Rod 

The above analysis shows that, for a rod that is 25 cm 

long (the typical combined length of the crystals used in this 

work), thermal conduction may play a more dominant role than 

radiation in heat transfer. In this model, it is assumed that 

conduction is the dominant mode of heat transfer along the 

length of a rod that is cooled at its end. Radiation still 

accounts for some of the heat leaving the bar. However, this 

will be assumed to be negligible compared with conductive 

transfer. 

Because of symmetry, the temperature at each end of the 

rod is the same, as shown in figure 2.13, so only one half of 
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table 2.2; temperatures at selected lengths along rod 

Distance (ciiO 

0 

1 

10 

100 

245 

Temperature (K) 

933 

920 

818 

432 

273 
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T, 0 

0 X =L/2 L 

Figure 2.13. Approximation of steady state thermal gradient 
in a short rod with forced end cooling. 
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the rod needs to be considered. The heat flux, qz, then can 

be described simply by using Fourier's law: 

qz = -k(dT/dz) Eq. 11 

where k is the thermal conductivity of the rod and T is the 

temperature at a position z along the length of the rod. 

From figure 2.13, 

dT/dz = (Tmax - T0) / (L/2) Eq. 12 

Substituting equation 12 into equation 11 gives: 

Qz = -k(Tmax " T„) / (L/2) Eq. 13 

The heat flux may also be defined in terms of the rate of heat 

flow through the cross sectional area of the rod, S, as: 

qz = (1/S)(dq/dt), Eq. 14 

where dq/dt is the rate of heat flow through the cross-

sectional area of the rod in one direction. The quantity 

(dq/dt) is then equal to one-half of the total power to the 
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specimen: 

dq/dt = IBV/2 Eq. 15 

where IB is the electron beam current and V is the potential 

between the focusing shield and the rod, and it is assumed 

that all electrons are accelerated to the specimen. Note that 

IB can either be measured directedly, or estimated by 

calculating the saturated field emission current. For the 

latter approach, IB = JA, where A is the surface area of the 

heater filament. 

Combining equations 13, 14, and 15 gives: 

IBV = 4kS (Tmax - T0)/L Eq. 16 

Thus, for this steady state heating model, if the power 

to the specimen and the end temperature is known, the 

temperature at the center can be predicted. If the 

temperatures at the center and at the ends of the rod are 

known, the total power to the specimen can be calculated. The 

results obtained from this model are discussed in section 

4.2.1.1. 



2.3.3 Solidification of the Molten Weld Zone 
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2.3.3.1 Crucibleless Solidification 

As the electron beam welder is crucibleless, the only 

possible extraneous nucleation sites within the liquid are at 

any trapped oxides within the liquid or at the surface 

oxide/liquid interface, as depicted in figure 2.14. For a 

crystal to nucleate at any of these sites, there must be local 

undercooling at the sites so that atoms in the region have a 

sufficiently low mobility to form atom clusters, or nucleus 

"embryos" which then grow as solid crystallites. 

2.3.3.2 Plane Front Solidification 

To successfully weld two single crystal seeds together 

to form a bicrystalline specimen, it was important to evaluate 

the conditions necessary to produce planar solidification 

fronts. Planar solidification would ensure that the crystals 

would contain no severe structural imperfections that 

accompany cellular or dendritic solidification. Figure 2.15 

shows the directional solidification of pure aluminum from 

crystals at each end of the weld. The ends of the crystals 

are first joined by melting with the electron beam heater. 

When the power to the specimen is decreased, planar crystal 

fronts grow directionally toward the center. The growth 
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Figure 2.14. Nucleation sites of a suspended liquid zone. 
(A) in bulk, and (B) at surface oxide (or free surface)/liquid 
interface. 
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' 0  

i 
Figure 2.15. 
solidification. 1. Single crystal seeds A and B are aligned 
in welder. 2. Ends of seeds are joined by melting in high 
vacuum with electron beam power source. 3. When power to 
sample is lowered, planar crystal fronts grow directionally 
toward center (growth direction anitparallel to heat flow, Q) 
forming new crystals a and b with same orientation as parent 
seeds. 4. As solidification progresses to completion, 
shrinkage cavity forms (arrow) in last region to solidify. 
Nearly planar grain boundaries are produced. 

m 
H 

Growth of a bicrystal during weld 
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directions are antiparallel to the direction of heat flow. 

For an advancing planar interface of a pure substance to 

be stable, the temperature gradient in the liquid must be 

positive (18): 

G = dT/dz > 0 Eq. 17 

When the gradient is positive, any perturbations in the 

solidification front melt back to the mean position of the 

overall interface, thus stabilizing the planar geometry of the 

front. Figure 2.16 depicts stable and unstable solidification 

fronts. 

As solidification is completed, a shrinkage ring forms 

in the last regions to solidify. This shrinkage occurs on 

solidification because of the difference in specific volumes 

of the liquid and solid. For aluminum, the solidification 

shrinkage is about 6.6 percent (19). 
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Figure 2.16. Growth of unstable (a) and stable (b) , or 
planar, solid-liquid interfaces. For columnar growth of pure 
metals, stability of a regularly perturbed interface depends 
only on the thermal gradient in the liquid ahead of the 
advancing interface. Interfaces remain stable (i.e. tend to 
remain planar) if the gradient in the liquid is positive, or 
become unstable if the gradient is negative. [from ref. 18] 
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chapter 3 

experimental procedures 

3.1 Seed Preparation via Strain Annealing 

Figure 3.1 shows a flowchart of the processing sequence 

used to prepare high-purity single crystal seeds of a random 

orientation with respect to the specimen geometry. 99.999 

percent minimuin purity, polycrystalline aluminum stock 

received from the vendor was first cut into smaller, uniformly 

sized specimens using a jeweller's saw or spark cutter (EDM). 

Both cylindrical rod and foil sheet starting stocks were used, 

as each geometry has unique advantages. Namely, flat foil 

specimens are more easily strained (that is, they can be 

rolled, pressed, or pulled in tension) and characterized with 

optical photography and Laue x-ray diffractometry, and only 

rod stock can be used in the weld technique that produces the 

final bicrystalline specimens. Rod stock of 0.25 and 0.325 

inches diameter was cut to 5 cm long rods; 0.5, 1.0, and 2.0 

mm thick foil stock was cut to 1.0 x 5.0 cm foil pieces. 

A sample was first etched in a boiling aqueous solution 

of 3 percent concentrated H3P0<, to remove any excessive surface 

oxidation. The sample was then placed in a Vycor boat and 

annealed in a resistance tube furnace in air at 350°C +/- 1°C 
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Figure 3.1. Flowchart of strain anneal seed production 

process. 
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for a minimum of 1/2 hour. This low temperature anneal caused 

the specimen to undergo recovery in regions that may have some 

small levels of residual strains from thermal/mechanical 

processing by the vendor. Samples that had higher residual 

strains would undergo a primary recrystallization at these 

temperatures, as evidenced by a grain size that was larger and 

more uniform than the starting matrix. Extremely small-

grained starting material showed notable coarsening of some 

grains that resulted in a non-uniform grain size distribution. 

After the low temperature anneal, the samples were macro-

etched in a solution of concentrated acids and water (33% HCl, 

31% HN03, 2%HF, and 34% H20) for 15 to 30 seconds to reveal 

grain structure. Samples that had a uniform grain size of 

about 3 mm average diameter or less were then strained. Those 

samples having a larger average grain size or nonuniform 

distribution were used as starting stock for investigating 

orientational texturing. 

The samples were prepared for straining by first checking 

for flatness or straightness. If the samples were slightly 

bent because of "overhandling", they were carefully 

straightened by hand and re-annealed using the low temperature 

anneal. The flat(tened) or straight(ened) samples were then 

placed into a tensile straining device (made from a small, 
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machinist's hand vise) and gauge marks were scribed onto them 

for measuring elongation during straining. They were 

critically strained by 1.6 to 1.8 percent. 

After removal from the straining device, the sample ends, 

which were damaged by the grips of the device, were removed 

with a diamond saw or spark cutter. After the ends were 

removed, the samples were etched in the HC1/HN03/HF/H20 

solution for 1 to 2 minutes to remove any surface layers that 

were perhaps deformed by the end removal. The samples were 

again placed in a clean Vycor boat and annealed in air at 

610°C for a minimum of 10 minutes. After this anneal, the 

samples were carefully removed from the furnace and placed on 

an insulating, refractory block next to the furnace port and 

allowed to cool to room temperature in 1/2 to 1 hour. Some 

samples were also slow-cooled in a box furnace over a 4 to 6 

hour period. However, this practice did not produce seeds of 

noticably higher structural perfection than those that were 

cooled more rapidly. 

Once cooled, the samples were again etched in the 

HC1/HN03/HF/H20 solution for 30 to 60 seconds to reveal the 

grain structure. Those samples that were comprised of single 

crystals or had only a few very large crystals were 

characterized for structural perfection and grain orientation. 

Polycrystalline samples, having grain sizes similar to those 
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after the low temperature anneal (indicating they were not 

strained to or beyond the critical strain), were strained, 

annealed, and etched a second time in an attempt to produce 

large seed crystals. 

3.2 Characterization of Seed Crystals 

Specimens that showed large grains after the final macro-

etch were then characterized for chemical purity and 

structural perfection. Chemical purity was checked to 

establish that the procedure used to prepare the specimens 

did not cause significant contamination. Once this was 

established, purity was not checked unless changes to the 

process were made or new vendor stock was being used. 

3.2.1 Residual Resistance Ratio 

Chemical purity was evaluated using a simple residual 

resistance ratio measurement technique. A small direct 

current signal was passed through the length of the specimen 

at room temperature and minute changes in the voltage drop 

along the specimen were measured using a nanovoltmeter. The 

measurements were repeated three times for a given specimen, 

and then averaged if consistent with one another. If the 

voltage measurements varied by more than 10 percent, this 

indicated improper contact between the specimen and the signal 
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probes, and the testing was repeated after adjusting the 

probes. 

The specimen and signal probes were then submerged in 

liquid helium (T = 4.2 K at 1 atm) . The averaged ratio 

R273 :R4.2 was then evaluated for each sample tested and compared 

with a standard to assess chemical purity. The standards used 

were as-received high purity polycrystalline aluminum stock 

with vendor-certified emission spectrochemical analyses to 

verify purity to at least 99.999% aluminum. (Typical ratios 

are described in section 4.2.4.) 

3.2.2 Laue Back-reflection X-rav 

Grain orientation and structural perfection were 

evaluated with back-reflected Laue x-ray diffractometry. For 

a thorough description of the Laue technique and general 

principles of x-ray diffraction, see Cullity (20). Figure 3.2 

shows a back-reflection Laue camera. In the Laue backscatter 

technique, a white radiation source is "collimated" (i.e., 

random rays are passed through a tube that allows only 

approximately parallel rays to exit) and directed towards a 

specimen. Film is placed between the x-ray source and the 

specimen so that only those rays that are "reflected" 

(actually they are diffracted as depicted in figure 3.3) back 

towards the source expose bright spots on developed polaroid 
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Figure 3.2. Back-reflection Laue camera set-up. Camera 
consists of collimator (A), specimen holder (B) and specimen 
(C) , and film holder (F) . Spots are produced on developed 
film by the intersection of rays with plane of film. Note 
geometrical relationships between film-to-specimen distance 
(D) , spot-to-film center distance (r2) , and angle between 
incident and reflected rays (180° - 26), where 6 is the Bragg 
angle. [from ref. 21]. 

plane normal 

Figure 3.3. Diffraction of x-rays by a crystal. [modified 
from 21] 
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film. Structural imperfections show up as blurred, elongated, 

or fragmented spots. 

Samples showing structural imperfections such as 

polygonization or other substructures were discarded. The 

orientation, for those crystals having suitable structural 

perfection (i.e. showing singular, sharply defined Laue 

spots), was then determined using the graphical method of 

Greninger (21). Those samples with desired structural 

perfections and crystal orientations were then prepared for 

welding. 

3.3 Welding of Bicrvstals 

Only rod-shaped specimens were used for welding 

bicrystals because of geometrical constraints. When a molten 

zone is formed between the parent seed crystals, surface 

tensions tend to draw the liquid into a spherical shape. 

Thus, it would be more difficult to maintain a geometrically 

stable liquid zone in any specimen with sharp-cornered or thin 

cross-sections (such as a square bar or foil). Also, 

electrical field concentrations produce hot spots in the sharp 

corners, causing these regions to melt before the other 

surfaces of the specimen. 

Figure 3.4 is a flowchart of the process used to weld 

single crystal seeds. The seed ends were prepared by etching 
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Figure 3.4. Flowchart of bicrystal welding process. 
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them in the dilute phosphoric acid solution to remove surface 

oxides that formed during the high temperature anneal in air. 

The oxide layers that then formed under ambient conditions 

after this etch were subsequently fragmented during melting 

and simpley accumulated on the surface of the liquid. 

The prepared seeds were clamped into the specimen 

holders, and water cooling jackets were attached to each end 

(away from the end to be welded) of the seeds. The seeds were 

then aligned to positions that would produce the desired 

orientational mismatch and boundary inclination and were 

anchored by further clamping of the cooling jackets to the 

specimen holder bases. A thermocouple was secured to each 

seed, between the end to be welded and the cooling jacket, 

with a small spring clamp. (These provided reference 

temperatures that were used as a means of controlling the 

power to the weld workpiece.) The ends to be welded were 

brought into contact with each other via a cam mechanism that 

moved the lower specimen holder upwards. All connections and 

fixturing were verified; then a transparent bell jar was 

positioned and evacuated to vacuums of about 1 x 10"6 torr. 

Once a sufficiently high work chamber vacuum was 

obtained, the electron beam heater filament was slowly heated, 

but not enough to produce melting of the seeds. The seeds 

were preheated in this manner until the reference temperatures 
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near the specimen ends stabilized (typically 10 to 15 

minutes). 

After near steady-state was achieved, the power to the 

specimen was slowly increased (about 5 watts/minute) until 

melting initiated. Upon melting, the power was kept constant 

for enough time to allow the liquid zone to extend well into 

each parent seed. Typically, this was approximately 30 

seconds to 1 minute when the molten zone was allowed to slowly 

increase its length until the zone height was approximately 

equal to the rod diameter. To effect solidification, the 

power was turned off completely, and the weld solidified from 

each seed towards its center. 

After allowing the welded bicrystal to cool for several 

minutes, the work chamber was back-filled with argon or dry 

nitrogen. This was done to prevent the oxidation of the hot 

molybdenum focusing shield. The bicrystals cooled rather 

rapidly because the flow of water through the cooling jackets 

was maintained after the weld. After cooling and back

filling, the bicrystal was carefully removed from the weld 

apparatus. The bicrystal was then analyzed for structural 

perfection in the weld region and checked for chemical purity 

or signs of contamination. 
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3.4 Characterization of Bicrvstals 

Welded bicrystals were characterized for structural 

perfection in the weld region by using the Laue back-

reflection technique, as described in section 3.2. The 

bicrystals were checked for contamination due to evaporation 

of the tungsten filament by using residual resistance ratio 

(RRR) measurements and scanning electron microscope—energy 

dispersive x-ray spectroscopy (SEM EDX). The RRR measurements 

were compared to those of typical high-purity seeds to infer 

no significant bulk contamination had occurred. The SEM EDX 

technique was used to verify that no local contamination of 

the grain boundaries by tungsten emission from the filament 

had taken place during the weld. Finally, Auger electron 

spectroscopy was used to detect contamination due to severe 

segregation. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Hiqh-puritv Single Crystal Seed Production and 

Characterization 

4.1.1 Critical Strain Determination 

A series of tests was conducted at varying levels of 

strain for each type of specimen evaluated. Both rod and foil 

specimens were prepared, then strained as described in section 

3.1. As the critical strain for aluminum has been shown (22) 

to be approximately 1.5 percent, strains ranging from 0.0 to 

5.0 percent elongation were evaluated. 

The critical strain for all specimen geometries and sizes 

was found to be 1.5 plus or minus 0.1%. The variation of 0.2% 

could be attributed to errors in measuring the distance 

between the scribe marks. Another source of variation could 

have been slippage of the specimen ends in the grips of the 

straining device. Because of this variation, the specimens 

were strained 1.6 to 1.8 percent. 

4.1.2 Effects of Variations in Starting Stock Condition 

Because the strain anneal technique requires a well-

controlled and low value of tensile strain, it is important 
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to have starting material that is in a strain-free condition. 

However, aluminum foil stock is typically produced by a series 

of cold rolling and annealing stages, and the 

thermal/mechanical history of the stock may vary considerably 

between vendors (and even between various "lots" or "heats" 

from a particular vendor). These variations can produce 

notably different results upon further thermal or mechanical 

processing. Similarly, cylindrical rod stock is typically 

produced using a series of hot or cold extrusions and 

annealing, and variations in processing history produce 

different results upon further processing. Because of such 

variations in vendor-supplied stock, it was necessary to 

investigate similar starting stock from various aluminum 

suppliers. Table 4.1 shows the average grain size of the 

stock, as received, and the grain size, after annealing at 

610°C for 1/2 hour in air, for three different vendor sources. 

In all three cases the starting average grain sizes and 

distributions were similar, but the resulting grain sizes and 

distributions were notably different after annealing. 

The samples were etched to reveal the grain structure 

as described in section 3.1. Samples from vendor "A" had a 

very small starting grain size that produced large grains 

after the 1/2 hour recovery anneal. Samples from vendors "B" 

and "C" had similar starting grain sizes, the resultant 



TABLE 4.It STARTING MATRIX EFFECTS 

VENDOR STARTING G.S. RESULTING G.S. 

A < 0.1mm 6.1-9.2mm 

B 0.2-0.4mm 1.3-3.5mm 

C 0.1-0.5mm 0.5-1.2/ 
5.2-11.Omm 
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matrices after the recrystallization anneal were quite 

different. Samples from vendor "B" showed a mostly uniform 

grain size of intermediate sized grains. Samples from vendor 

source "C", on the other hand, showed a notable disparity in 

grain size distribution after annealing, with small inclusions 

within grains that were typically larger than the average 

grain size of the other two vendors. Figure 4.1 shows 

typicals samples before and after annealing. 

4.1.3 Growth of Single Crystal Seeds 

The strain anneal procedure described in section 3.1 was 

used to produce large-grained specimens, as shown in figure 

4.2. The structures were very much in agreement with 

predicted results. Namely, the starting matrix plays a 

crucial role in the determining the ability to produce large 

single crystals. 

As shown in figure 4.2, the resulting recrystallized 

structure in samples from vendor "A" consisted of several 

large grains. Single crystals, however, could not be produced 

with this stock, with a single strain anneal. This was 

apparently because the starting grain size was too large. The 

large grains grew competitively with any recrystallized 

grains, so that the recrystallized grains were not able to 

consume all of the original matrix. 
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Figure 4.1. Typical grain sizes and distributions before (a) 
and after (b) low temperature anneal. (Scale is in cm.) 
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Figure 4.2. Large grains produced in foils by strain 
annealing. (Scale is in cm.) 
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Samples from vendor "B" consistently produced 2 or 3 very 

large grains, if not single crystals, upon strain annealing. 

These samples were used to evaluate grain orientational 

distribution in order to determine whether the process used 

produced any significant texturing. 

The small included grains described above for stock 

originating from vendor "C" often persisted upon 

recrystallization of the adjacent, larger grains after strain 

annealing. This interfered with the goal of producing large 

single crystals for use as seeds; so this source was not used 

for producing seeds. 

Figure 4.3 shows typical large grains produced in rod 

stock with the strain anneal technique. The rod stock used 

to produce these crystals was from vendor "A", and had similar 

starting matrix characteristics to the foil supplied by vendor 

"B". As would be expected, this rod stock produced similar 

grain sizes to that in the foil after the recovery anneal. 

Also, subsequent strain annealing of the rods produced results 

similar to those of the foil. 

4.1.4 Structural Perfection and Grain Orientation of Seeds 

Back reflected Laue x-ray diffractometry, described in 

section 3.2, was used to characterize both the orientation and 

structural perfection of the seeds produced by the strain 
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mm 

Figure 4.3. Typical large grains produced in a rod by strain 
annealing. (Scale is in cm.) 
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anneal technique. Figure 4.4 is a stereographic plot of the 

orientations of 33 recrystallized grains produced in foil 

specimens from vendor "B". A reference schematic of the foil 

orientation is included in the figure. The basic 

stereographic triangle has been oriented such that the {001} 

directions coincide with the normal to the plane of the foil 

and the specimen edges. Thus, the plot is in the direction 

of the unit normal to the film. 

As can be seen from the figure, there is no predominant 

orientational texturing. That is, the recrystallized grain 

orientation is random with respect to the foil geometry. This 

shows that there are apparently no geometrical constraints 

placed on the recrystallized grains (such as twinning 

orientations) that limit the extent of their growth. 

The Laue back-reflection technique was also used to 

evaluate structural perfection of the seed crystals. Sharply 

defined spots indicate a high degree of perfection. However, 

blurred or fragmented spots must be carefully interpreted in 

order to distinguish between artifacts attributed to improper 

technique and actual structural imperfections. If a crystal 

contains a substructure, such as that found in a polygonized 

crystal, then clusters of fragmented spots will appear on the 

film. The mean orientations of the spot clusters is the same 

as that of the original parent crystal (before annealing) in 
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Figure 4.4. Grain orientation distribution of recrystallized 
grains in strain annealed foils. Plots are of unit normal to 
film. Rectangular foil schematic references orientation of 
samples and film during characterization. (Scale is in cm.) 
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which the polygonization occured. After annealing, the matrix 

should be free of residual strains and the lattice 

deformations associated with these strains. Thus, blurred 

Laue spots, that are typical of bent crystals, should not 

occur in this characterization, provided the specimen has not 

been mishandled. Blurred spots may also result from improper 

technique, so when they occurred, the characterization was 

repeated. Examples of Laue spot patterns are shown in section 

4.2.4.2, f igure 4.8. 

Seeds grown by the recrystallization anneal did not show 

signs of polygonization or other substructures, with only a 

few exceptions. These crystals were set aside for an 

investigation of the perfection of melt-grown crystals in the 

weld zone of bicrystal specimens. 

4.1.5 Chemical Purity of Seeds 

The residual resistance ratio measurement technique 

described in section 3.2 was used to evaluate the chemical 

purity of the seeds. This was done to ensure that the 

specimens were not contaminated by any of the processes or 

the handling involved in the production of the seeds. The 

stock, that was supplied by vendor "B", was certified to be 

at least 99.999% aluminum. This was used as a standard in 

this testing. Residual resistance ratios, R278:R4.2» were 
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measured on several samples that represented "worst case" 

processing. That is, the samples might have experienced being 

accidentally dropped or contaminated, or annealing in a 

contaminated boat or crucible. 

It was found that, even with "worst case" handling, the 

purity of the seeds was comparable to that of the starting 

polycrystalline stock. The standard specimens gave resistance 

ratios ranging from 3,370 to 4,080. Strain annealed specimens 

typically showed ratios of 5,800 to 5,900. The higher ratios 

of the annealed specimens are probably due to much lower point 

defect densities than would be found in the as-received 

specimens. 

4.2 Welding of Bicrvstals 

4.2.1 Welding of Specimens Using Electron Beam Welder 

Figure 4.5 is a photograph of three typical rod-shaped 

bicrystalline specimens that were produced using the electron 

beam weld technique described in section 3.3. As the intent 

of this work was to develop and demonstrate the technique, 

rather than to produce specifically oriented bicrystals, the 

seed crystals were not oriented to a particular mismatch or 

boundary inclination. The repeatability of the process was 

verified by successfully welding six bicrystals in six 



80 

Figure 4.5. Typical rod-shaped welded bicrystal specimens. 
Left sides of rods were top crystals before weld. Note shapes 
of welded areas; compare to figure 2.15. (Scale is in cm.) 
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consecutive attempts, after the technique had been fully 

developed. 

4.2.1.1 Characterizing Thermal Conditions in the Rod 

The two models described in section 2.3.2.2 were used to 

evaluate thermal conditions in the rod. Namely, the first 

model, that assumed radiant cooling only, was used to evaluate 

the need for end cooling. The second model was used to 

estimate the power required to maintain a melt with end 

cooling and no significant radiation heat loss. 

From the first model, the required length required to 

neglect end cooling effects of a rod of 1 cm diameter, was 

found to be nearly 500 cm. This information, coupled with 

difficulties in maintaining a stable liquid zone in actual 

experiments, indicated the need for end cooling of the 

specimen. Without end-cooling, the power could not be 

controlled to a low input corresponding to steady state. 

The electron beam heating technique does not allow the 

temperature of the rod to be directly measured within the 

heater. Thermocouples placed in or against the rod interact 

with the electron charge cloud in the heater, and give erratic 

readings. Optical pyrometry could not be used because the 

light from the hot filament of the welder reflected from the 

rod and gave falsely high readings. As no direct means of 
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measuring the temperature near the heater was available, the 

second model was used in an attempt to predict it. This 

temperature prediction was obtained by measuring the 

temperature at some point along the rod away from the heater. 

The predicted temperature, within the heater, was then used 

as a means of determining the power required melt the specimen 

and obtain near steady state. 

Rods of consistent 12 cm length and 0.6 cm diameter were 

used so that power requirements were similar for each 

experiment. With water cooling at the sample end, the power 

required to actually melt a rod and maintain the liquid zone 

was found to be about 90 W (with a beam current of 30 mA at 

a potential of 3.0 kV). The temperature 5 cm from the center 

of the rod was found to be about 150°C, plus or minus 5°C. For 

these observed conditions, and using an effective rod length 

of 10 cm, the second model predicts a maximum temperature of 

465°C. 

This predicted temperature is only 80 percent of the 

actual (absolute) melting temperature of pure aluminum. The 

model could have been greatly improved by including radiation 

heat loss from the rod. However, as the model was intended 

to be used only for estimating control, these sophistications 

were not incorporated. Because the thermal conditions were 

similar for different rods to be welded, this approach worked 
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sufficiently well for control purposes. 

Typical thermal gradients in the rod predicted by the 

model are approximately 60°C/cm. The actual thermal gradients 

were found to be approximately 100°C/cm. With the steeper 

gradients, the control of the power to the specimen was less 

critical. Thus, it was not difficult to maintain a stable 

molten zone when end cooling was used. 

4.2.3 Preventing Contamination of Specimen bv Welder Filament 

The original design of the electron beam heater used a 

pure tungsten filament. The tungstent filament contaminated 

the aluminum rod surface by the condensation of evaporated 

tungsten. Figure 4.6 is the spectrographic analyses of the 

surface layers of uncontaminated (as-received) and 

contaminated aluminum rods. The only detectable contaminant 

was tungsten. 

Because the power is proportional to both the beam 

current and the beam voltage, the same power can be achieved 

by continuously varying combinations of each. Low voltages 

and high currents are preferred for the space charge limited 

operation of the heater as described in section 2.3.1. Under 

space charge limited operation, the heater acts like a buffer 

circuit. That is, notable changes in electron flux densities 

do not produce significant changes in beam current, thus 
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Figure 4.6. SEM EDX analysis of contaminated rod. 
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allowing better control of the power to the specimen. High 

voltages and low currents allow the filament to operate at 

lower temperatures, but this also reduces the charge limiting 

effect. 

The evaporation rate of tungsten is proportional to the 

filament temperature, so to reduce this rate, the heater was 

operated at low beam currents and high voltages. It was 

found, however, that this only minimized the contamination. 

The solution to the problem was found in altering the work 

function of the filament, by using a thoria coated filament. 

Beam currents, comparable to those with the uncoated tungsten 

filament, were obtained at significantly lowered temperatures. 

In fact, the evaporation rate was reduced enough to eliminate 

the contamination problem, withing the detection limits of the 

SEM-EDX and AES. 

4.2.4 Characterization of Welded Specimens 

In order to demonstrate the success of the weld 

technique, some simple characterizations were performed on the 

welded bicrystals. These characterizations included verifying 

orientational matching of the seeds and melt-grown crystals, 

evaluating structural perfection and chemical purity in the 

weld region, and evaluating the general morphology of the 

resulting grain boundary. 
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4.2.4.1 Determining Orientational Relationship of Seed and 

Solidified Crystal 

Although the bicrystals produced were not of any 

predetermined orientation, it was still necessary to 

demonstrate that the crystal portions grown in the weld zone 

were of the same orientations as the seeds from which they 

grew. Figure 4.7 shows back-reflected Laue spot patterns for 

one of the welded bicrystals. From the patterns, it was 

deduced that the orientations of the weld grown crystals are 

the same as that of the parent seed crystals. This was true 

for all of the bicrystals produced. 

4.2.4.2 Structural Perfection of Welded Bicrystals 

It was important that bicrystals with a high degree of 

structural perfection could be produced, especially for the 

eventual purpose of comparing experimental and modelled data 

regarding boundary structures. Figure 4.8 shows a pair of 

back-reflected Laue spot patterns, with spot fragmentation in 

the solidified crystal. This fragmentation is caused by low 

angle boundary substructures in the crystal. These 

substructures were present to a lesser degree in the 

associated seed crystal. It was found that the resulting 

structural perfection of the solidified crystal was directly 
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Figure 4.7a. Back-reflected Laue spot pattern for welded 
crystal. (A) Seed crystal. (B) Solidified crystal. (Slight 
crystal rotation is due to handling error.) 



Figure 4.7b. Back-reflected Laue spot pattern for welded 
crystal. (C) Solidified crystal. (D) Seed crystal. (Slight 
crystal rotation is due to handling error.) 
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Figure 4.8*. Laue patterns showing spot fragmentation due to 
presence of substructure. (A) Seed crystal. (B) Solidified 
crystal. (Slight rotation is due to handling error.) 
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related to that of the seed crystal. That is, structurally 

perfect seeds produced structurally perfect bicrystals, and 

less perfect seeds produced bicrystals with structural 

imperfections. 

4.2.4.3 Chemical Purity of Bicrystals 

Equally important as obtaining structurally perfect 

crystals, was the production of uncontaminated samples. As 

described in section 4.2.6, the initial surface contamination 

problems were corrected by improving the emission 

characteristics of the filament, so that it operated at a 

relatively low temperature. To verify that there was no 

contamination, residual ratios were measured. 

Table 4.2 shows R273:R4.2 f°r four test sections, taken 

from a welded bicrystal as shown in figure 4.9. All ratios 

were very high, indicating the specimen was not contaminated. 

The variation in the ratios was likely due to slight 

structural inhomogeneities of the solidified crystal section. 

All of the measurements, however, indicated that no 

significant contamination occurs. 

4.2.4.4 Optical Metallography of Grain Boundary 

The final task in verifying the efficacy of the weld 

technique was to assess the morphology of the boundaries 
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Sample R?-,„: R, , 

1 4750 
2 4200 
3 5400 
4 4600 

Figure 4.9. Resistance ratio sample location within weld. 
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produced. Figure 4.10 is an optical micrograph of a typical 

sectioned, polished, and etched weld. The grain boundary 

appears relatively planar, as was the case for all of the 

bicrystals produced. The bicrystal chosen was seeded with a 

structurally perfect crystal at the bottom and one showing 

notable substructure at the top. Low angle boundaries appear 

as intermittent dark vertical stripes in the upper crystal. 

The etchant used was the HC1/HN03/HF macroetch described in 

section 3.4, diluted 10:1 with water. Artifacts from the 

polishing technique used appear as black spots that are 

dispersed throughout both grains. 

Of the six specimens, the sample shown in figure 4.10 

had the deepest notch from solidification shrinkage. As 

expected, the boundary coincides with the "shrinkage ring" 

around the periphery of the weld in the last region to 

solidify. This shrinkage ring tends to pin the boundary upon 

further annealing of the specimen. That is, the boundary 

mobility is greatly reduced by this geometric feature. This 

allowed a recovery anneal of the bicrystals, after welding, 

without altering the general boundary orientation. 
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Figure 4.10. Low magnification (approximately 25X) 
optical micrograph of typical grain boundary morphology. 
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chapter 5 

conclusions 

The major intent of this work was to develop a technique 

of producing bicrystals of a predetermined orientational 

mismatch and boundary orientation. The following conclusions 

summarize the findings of this effort: 

1. The strain annealing method is an excellent technique for 

producing large, single crystals of high chemical purity and 

high structural perfection. A significant limitation lies in 

the "pick and choose" approach, in that one must produce many 

specimens to find a few that are of interest. 

2. A preferred seed growth approach would produce single 

crystal seeds of a predetermined, desired orientation. The 

techniques that may be used to do this are solid state 

processing ("high-strain" annealing to produce texturing) or 

melt growth (e.g. a directional solidification from a seed 

substrate). 

3. The electron beam welding technique successfully produced 

aluminum bicrystals of high purity and high structural 

perfection with a desired grain mismatch and grain boundary 
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orientation. Because of the crucibless, high vacuum 

environment used in this technique, purities comparable to the 

starting stock are maintained. 

Because of the high purities used (99.999% minimum), 

planar or near-planar boundaries can be produced between 

grains. The unique feature of the technique is that these 

boundaries may have controlled equilibrium as well as non-

equilibrium grain boundary inclinations. Non-equilibrium 

boundaries enable the study of orientational phase transitions 

(such as facetting). Other methods developed for bicrystal 

growth (such as crystal pulling or unidirectional 

solidification from a bicrystalline seed) can not produce 

controlled non-equilibrium boundary inclinations. 

The structural perfection and chemical purity of the 

bicrystals produced depend upon the perfection and purity of 

the seed crystals used. Thus, careful handling is critical 

in this methodology to minimize inadvertent straining or 

deformation as well as to minimize contamination of the 

specimens. 
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