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ABSTRACT 

The effect of an alloying agent, such as Mg, on A1 grain boundary 

microstructure and chemistry was investigated. HREM measurements on an 

Al-5% Mg 2 = 5 (310) grain boundary showed A1 grain boundary structure 

modification because of the presence of Mg. Chemical analysis, through 

TEM\STEM EDS of Al-2% Mg alloy, indicated the possibility of Mg 

segregation at A1 grain boundaries, although this should be further 

investigated. An experiment is proposed to determine the change in grain 

boundary torque with impurity chemical potential. 

Molecular dynamic simulations of the effect of segregated vacancies 

was also studied. This study showed that grain boundaries act as sinks for 

vacancies. In addition, the presence of vacancies caused a relocation of the 

grain boundary plane, through a sliding-migration, or atomic restructuring 

of the boundary depending upon the vacancy distribution. 
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CHAPTER 1 

GENERAL ASPECTS ON SEGREGATION 
AND GRAIN BOUNDARY STRUCTURE 

Grain boundary segregation has been an important area of research 

for the last thirty years. The interest in this area was brought about after 

the discovery of a relationship between changes in the mechanical behavior 

of alloys and the microsegregation of impurities at the grain boundaries [1]. 

Consequently, strong efforts to study and measure this microsegregation 

have been made. 

In the early beginnings, techniques to study materials at the 

microscopic level were not adequate. However, later advances in electron 

microscopic techniques such as Scanning Auger Microscopy (SAM) and 

Transmission Electron Microscopy (TEM), equipped with an Energy 

Dispersive Spectrometer (EDS) or Parallel Electron Energy-Loss 

Spectrometer (PEELS), have provided appropriate tools for the study of 

segregation. Other techniques such as High Resolution Electron Microscopy 

(HREM) and Computational Molecular Dynamic Simulations (MDS) are 

now available to take even a closer look at the grain boundary atomic 

structure. The use of these techniques on the study of the effect of 

segregation on specific grain boundaries will be described in the following 

chapters. 

The distribution profile of segregant across a grain boundary has been 
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measured for steels alloys and Fe-Sb alloys through the use of Auger 

Microscopy in which it was demonstrated that equilibrium segregation is 

constrained to a narrow region close to the boundary plane [2]. Figure 1.1 

shows the normalized Auger electron intensities as a function of distance 

from the grain boundary fractured surface (the 0 position in the x axis 

corresponds to the location of the grain boundary). It is clear, from this 

figure, that this type of segregation is constrained to approximately 25-30 A 

across the boundary plane. Similar results have also been obtained in iron-

tin alloys [3]. 

A widely used correlation when studying segregation is that put forth 

by Hondros [3, 4]. His correlation is a relationship between the grain 

boundary enrichment factor (ratio between the saturation grain boundary 

content and the corresponding bulk atomic fraction of solute) and the 

inverse of the maximum solid solubility of the alloy (see Figure 1.2). This 

correlation provides a convenient tool to estimate the amount of grain 

boundary enrichment from just a look at the equilibrium phase diagram of 

the alloy in question. The enrichment factor is a measure of the interfacial 

activity (aj) which represents the tendency of a species in an equilibrium 

solid solution to segregate to the grain boundary; on the other hand the 

solid solubility is a reflection of the difficulty to accommodate a foreign 

species by the lattice. Consequently, in an alloy with a the low solid 

solubility the high repulsive forces within the bulk drive the solute atoms to 
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the boundary where an easier fit is expected. 

Experimental evidence indicates a strong dependency of segregation 

on grain boundary structure. Examples are the zinc grain boundary faceting 

induced by impurities [5, 6] and the stabilization of existing grain 

boundaries against faceting by impurities [7, 8]. Furthermore, recent 

observations in our laboratory show a relationship between the addition of 

phosphorus impurities to A1 and changes in the grain boundary morphology. 

A 99.999% pure aluminum rod was annealed at 600 °C for one hour 

and subsequently etched with equal parts of concentrated nitric acid, 

concentrated hydrochloric acid and water, to reveal the grain structure. The 

rod was accidentally exposed to H3P04 vapors and annealed again at 600 °C 

for an hour. Interestingly, after the exposure to the H3P04 vapors acid, the 

initially curved boundaries in the pure A1 rods straightened. Figure 1.3 

shows SEM micrographs of a grain boundary before and after exposure to 

the vapors. The rods were chemically analyzed, through EDS, but no 

detectable amount of impurities were found (within the EDS detectability 

limit of 0.5%). However, a possible explanation for this dramatic structural 

change is the possibility of phosphorus contamination below the 0.5% 

detectability limit. The phosphorus has practically no solid solubility in A1 

at this temperatures. This could translate into complete segregation at the 

boundary [4], which could have been responsible for this dramatic 

macroscopic structural change. Consequently, a better understanding of 



Figure 1.3 SEM micrograph of (a) 99.999% pure A1 grain boundary 
and (b) after H3P04 exposure. 
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grain boundary segregation requires information, among other aspects, on 

its free energy and its dependency on grain boundary structure as well as 

morphological changes caused by segregated species. 

The grain boundary structure is geometrically characterized by nine 

degrees of freedom (or geometrical parameters). The first three 
A 

geometrical parameters or rotational degrees of freedom, (R), are specified 

by the rigid body rotation of two crystals (with respect to each other) about 

the same axis of rotation. The first two of these parameters define the axis 

of rotation and the third sets the magnitude of the rotation. The pattern 

produced when the rotated crystals are superimposed is called the 

dichromatic pattern (DCP). Figure 1.4a illustrates the DCP formed by two 

fee crystals rotated by 36.9 degrees. As a guide, the atoms on both crystals 

have been "colored" differently. The lattice formed by all coincident atomic 

sites in the DCP is called the coincident site lattice (CSL). One structural 

unit for this CSL is demarcated by points s, p, q and r in Figure 1.4a. 

Figure 1.4b is an enlargement of this CSL unit. The grid in this figure 

represents the Displacement Shift Complete lattice (DSC). This lattice is 

composed of the smallest distances of relative rigid body translation which 

conserves the initial dichromatic pattern. In addition, the nomenclature 

utilized to refer to this type of misorientation is set by the number of sites, 

from each crystal, contained within the coincident site lattice. For example, 

in the CSL cell shown in Figure 1.4b one out of five atoms are in 



Figure 1.4 (a) Dichromatic pattern and (b) Coincident Site Lattice 
structures for a 25 crystal structure. 
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coincidence, consequently, this is referred to as a 2 = 5 misorientation. 

The next three geometrical parameters or translational degrees of 
A 

freedom, (t), determine the translation of one crystal with respect to the 

other. These specify the direction and magnitude of the rigid body 

translation between the crystals. In order to conserve the original 2 = 5 

structure, any allowed vector translation is limited to multiples of the DSC 

lattice. 

The last three degrees of freedom define the inclination of the grain 

boundary plane by its normal and the location of the grain boundary plane 

along that direction (n). 

The location of the grain boundary normal and the components of the 

rigid body translation are considered microscopic degrees of freedom. 

These can be studied through HREM or MDS. All the other parameters are 

macroscopic and can be studied through macroscopic means (for example 

the TEM). 

Segregation is driven by the minimization of the systems free energy 

(grain boundary and grains). The free energy is affected by changes in 

temperature, pressure and chemical potential. In solid anisotropic 

interphase is also affected by changes in the grain boundary nine degrees of 

freedom, previously discussed. The following is a description of a 

thermodynamic formalism used to described how the systems free energy 

varies with respect to all these parameters [9, 10, 11]. 
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1.1 Thermodynamics of solid surfaces 

The solid-solid interphase has been dealt with for at least a century. 

First Gibbs [10] developed a thermodynamic treatment for this type of 

interphase, providing the bases for the thermodynamic understanding of 

grain boundaries. Later on, Cahn [11] used some of the concepts developed 

by Gibbs and introduced an alternate thermodynamic treatment. 

This section reviews Cahn's visualization of the interphase. Both 

treatments are essentially equivalent with one exception. Gibbs proposed 

a model for which he divided the system into two homogeneous phases right 

up to a dividing surface; then he proceeded to derive the surface excess 

quantities. The Gibbs excess quantities correspond to the difference 

between the overall system extensive parameters and the corresponding 

combined extensive parameters of the homogeneous phases [10]. On the 

other hand Cahn proposed to divide the system into two homogeneous 

portions and one portion containing all the heterogeneity of the interphase. 

The following is a general description of this thermodynamic 

treatment as well as a description of the type of measurements and 

calculations necessary to determine several thermodynamic quantities 

derived from this approach. 
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1.1.1 Isotropic planar interphase free energy 

Let's start with the simplest case of an isotropic planar solid-solid 

interphase. This system consists of three portions, two homogeneous 

portions for the phases and one portion containing all the interphase 

heterogeneity, as shown in Figure 1.5. The energy of such a system was first 

derived by Gibbs [10] and later describe by Cahn [11]; it is 

E = TS-PV + J^N, + oA (1-1) 

where E is the internal energy of the system, S is the entropy, T is the 

temperature, P is the pressure, V is the volume, and N, are the chemical 

potential and the number of mole of species i respectively, o represents the 

force per unit length of surface perimeter and A is the surface area of the 

interphase. 

From a rearrangement of equation (1.1) and the first and second law 

of thermodynamics, Cahn proceeded to derive an expression (Gibbs-Duhem 

equation) for the differential change in free energy of the interphase, 

do = -[s]dT • [v]dP - £ [N,]d^, (1.2) 
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a 

P 

Figure 1.5 Planar interphase according to Cahn's treatment. 
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where the bracketed parameters represent layer quantities defined as the 

amount of the extensive parameters per unit of grain boundary area 

measured at the boundary and extended up to the beginning of the 

homogeneous region. These layer quantities are the actual amounts present 

in the layer, not excess quantities. 

There are two additional Gibbs-Duhem equations for the phases a 

and fl: 

0 = -S"dT +VdP-J^ N?d^. (1.3) 

0 = -SBdT + VBdP-£N?d/*. (1.4) 

Equations (1.2), (1.3) and (1.4) form a linear system of equations with 

respect to da and i + 2 variables dT, dP and d/i,. However only i of the i + 2 

variables are independent according to the phase rule. Thus, two of the 

unknowns can be regarded as arbitrary parameters while being substituted 

into the system of equations in terms of the other i unknowns. Cahn [11] 

used this and a modification of Cramer's rule to eliminate any two of the i 

+ 2 variables and obtain 
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lXaYB|da = - |[S]XaYB| dT + |[V]XaY8|dP 

- E I [Nj]XaYfl| d//, 
(1.5) 

where the notation used in the coefficients is an abbreviation for the 

determinants and where X and Y could be any pair from the variables {S, 

V or Nj}. Hence 

[S]X°Y8| = 

[S] [X] [Y] 

S° X" Y"  

S B  X s  Y B  

(1-6) 

and | lXaYB| = |X°YB|, consequently 

where 

r S I rv i Nr d a = -
XY 

dT + XY d P - E  
i XY d^j 

(1.7) 

[S] [X] [Y] 

S" x° Ya 

r S •] SB XB yb 
XY X" Y"  

XB YB 

(1.8) 
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To demonstrate the convenience of this mathematical tool let's say 

that X and Y are chosen to be N, and N2 in a system with multiple 

components; then we obtain 

d a = -
N,N2 

dT + N,N2 
d P  - £  

N, 

N,N2 
d p. 

(1.9) 

since [N,/(N, N2)] and [N2/(N, N2)] are identically zero due to the fact that 

the numerator of the determinant is zero if two columns of the determinant 

are the same. Consequently the first two terms of the sum are zero. 

1.1.2 Anisotropic planar interphase free energy 

When considering an anisotropic solid-solid interphase, an additional 
a - » 

dependency on the nine geometrical parameters (R, t and n) has to be taken 

into account [11, 12]. Consequently, parameters such as the variation in the 
A A 

angle of misorientation dR, the variation in the rigid body translation dt, 

and the variation in the grain boundary plane orientation dn also contribute 

to the change in free energy. 

Hoffman and Cahn [ 13] proposed a vector function that describes the 

change in surface free energy with a change in grain boundary orientation 

dn. It is defined as 
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? - o i  • ( £ ) ; .  ( > • " »  

A 

where t0 is the unit tangent vector pointing in the direction of maximum 

angular rate of increase of a, (80/8n) is also known as the torque [14] and 

n is the surface normal. Thus, 

da = ?• dn (1*11) 

Figure 1.6 illustrates the components of the vector £ for an anisotropic 

surface of orientation n. Both terms in equation (1.10) represent the 

tendency of free energy minimization through contraction and rotation of 

the interphase, respectively. This relationship is valid in cases were surface 

contraction and rotation occur by diffusive molecular motion and not by 

elastic deformation. 

Finally, the complete form for the variation in surface free energy is 

r S -I r V -I N, 
do = -

XY dT + XY dP - £ 
i 

XY 

+ £?,dn + J^dR + £xdt 

A A 

where <I> is equal to {da/aR), x  is (da /a t )  and is the tangent component 



max 

Figure 1.6 Components of £ for an anisotropic surface of orientation 
n. 
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from the function ? or torque. 

A more specific application for this expression is the case of a grain 

boundary. A grain boundary is composed of an interface between two 

regions of the same phase which simplifies equation (1.12) to 

-s- V  X  da = - X  dT + X d P  - E  i  X 

+ 52?tdn + J^dR + £*dt 

1.1.3 Maxwell's relations 

From the full expression for the variation of free energy (a), several 

Maxwell type relations can be obtained. All the Maxwell relations were the 

geometrical parameters are kept constant are applicable to both fluid and 

solid interphase. However, the interest of this research is on grain 

boundaries in which the torque component is very important. The following 

are some of the relationships which involve the variation in torque with 

other variables, such as chemical potential, pressure and temperature. 

All these relationships are derived from mixed second derivatives with 

torque, chemical potential, temperature and pressure, respectively. The first 

relation and the most important in this study: 
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N, 

al 3 XY (1.14) 

dfi{ an 

was previously derived by Shewmon and Robertson [15]. It relates the ratio 

between the change in torque and the change in chemical potential with the 

change in the layer amounts at the boundary, the bulk quantities and the 

change in interphase norm. Therefore, it relates chemical changes to the 

morphology of the interphase. 

Some other examples of Maxwell relations obtained from mixed 

derivatives of o are: 

r S i 
9?, 3 XY (1.15) 

aT an 

and 

€. V i 
(1.16) 

8 XY 3 XY 

aP an 
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1.2 Objectives 

The principal objective of this project is to determine the effect of a 

segregated species, such as Mg and vacancies on the aluminum grain 

boundary structure. 

In the Al-Mg case, a binary system was selected because the number 

of unknowns and thermodynamic parameters are minimal. Also, curved 

boundaries were expected in the Al-Mg system because of the similar 

metallic nature of the solvent and solute. Both A1 and Mg are considered 

simple metals and drastic changes in morphology because of mixing are not 

expected. In contrast, the previously mentioned experimental observation 

in the A1 system showed drastic changes in grain boundary morphology 

(curved to straight) because of phosphorus contamination. In Al-Mg alloy 

a grain boundary enrichment of at least 10 was expected, based on the 

Hondros [3] correlation between grain boundary enrichment and solid 

solubility. Finally, a previous theoretical study of A1 provided insight on the 

driving forces for segregation [16]. 

The first part of this effort consists of determining the effect of a 

segregated species, such as Mg, on the grain boundary structure 

(microscopic degrees of freedom). Several boundaries were found suitable 

for HREM and among them an Al-Mg 2 = 5 (310) boundary which had been 

previously observed only in pure fee metals. This is the first time that it has 
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been experimentally observed in an A1 binary system. This provides a great 

opportunity to compare the effect of the Mg species on the structure. After 

the structure was characterized, it was necessary to investigate the grain 

boundary chemistry to determine the level of segregation and its extent. 

Another part of this work consists of studying the effect of the 

previously mentioned macroscopic geometrical parameter (relative to 

variations in the direction of the grain boundary plane) on grain boundary 

segregation and chemistry. Previous Auger measurements by Powell [17], 

on the fractured surface of a Bi-Cu alloy, indicated a variation in 

concentration of approximately 20% on the same grain. In addition, 

measurements on Al-Zn grain boundaries [18] indicated concentration 

variations of up to 15% on grain boundary regions of high curvature. These 

observations correlate the grain boundary curvature and changes in 

concentration, although this was not further investigated or confirmed. 

Consequently, a more rigorous study is needed to understand these 

observations and the thermodynamics involved. Accordingly, an experiment 

was designed to study this relationship through the use of Cahn's 

thermodynamicformalism [11,13,19] and TEM/STEM-EDS measurements. 

A relationship first derived by Shewmon [15] and later by Cahn [11] 

could provide the basis to further investigate these observations through 

experimental and quantitative means. Their derivations established a 

relationship between grain boundary morphology (curvature) and its 
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chemistry. An experiment was designed with this purpose in mind. 

However, the analysis of the Al-Mg grain boundaries found showed no 

segregation at high annealing temperatures and precipitation at low 

annealing temperatures. These observations further complicate the torque-

chemical potential analysis. Consequently this part of the study will be 

postponed until an appropriate system can be identified. Nevertheless, the 

thermodynamic details on the curvature-chemistry grain boundary 

relationship and the designed experiment are discussed in detail in Chapter 

3. Chapters 2 and 3 also contain discussions on the details of sample 

preparation and characterization. 

The third part of the research is a study of the effect of segregated 

vacancies on the A1 grain boundary plane location. The influence of 

vacancies on the microscopic degree of freedom was studied through 

Molecular Dynamics Simulations (MDS). The Al-Mg system would have 

been the ideal choice for this study; however an expression for the 

interaction forces resulting from the A1 and Mg atomic interaction 

(interatomic potential) is not available and would require a major effort. 

On the other hand, an interatomic potential for the simple metal Al-Al 

interaction is already available [20, 21]. Also interfaces, such as A1 grain 

boundaries (GB) found in 2 = 5 bicrystals, are well understood [21]. 

Consequently, a 2 = 5 (210) aluminum bicrystal was selected for this 

simulations. The (210) specifies the location of the grain boundary plane. 



31 

Chapter 5 describes the simulation procedure and the results of these 

simulations. 
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CHAPTER 2 

ALLOY AND SAMPLE PREPARATION 

2.1 Introduction 

The first step in this study was the selection of the alloy system. The 

Al-Mg binary system was the optimum selection (the reasoning behind this 

selection was described in Chapter 1). However, high purity Al-Mg alloy is 

not commercially available. It was then necessary to produce the alloy 

under controlled conditions in the laboratory. 

When selecting the concentration of Mg it was decided to prepare a 

single phase alloy because the grain boundary structure can only be resolved 

completely if there is no precipitation at the boundary. Also, this will 

minimize the number of parameters needed in the thermodynamic analysis. 

This single phase region exists at Mg concentrations of less than a few 

weight percent at room temperature. However, in order to optimize the 

amount of Mg for best possible deconvolution of the A1 and Mg X-ray peaks, 

the Al-2% Mg alloy was selected and produced. In addition, Al-5% Mg alloy 

was also produced. Interestingly, the latter alloy provided a great deal of 

information which is discussed later in detail. 

The following sections describe the Al-Mg system and the different 

aspects of sample preparation. 
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2.2 Al-Mg system 

The Al-Mg system, shown in Figure 2.1, could contain up to five 

equilibrium solid phases [22]. These include a face-centered cubic A1 solid 

solution (a), a close-packed hexagonal Mg solid solution (6), the fi 

compound of approximate stoichiometry Mg5Al8, the compound e of 42 wt.% 

Mg approximate composition and the compound y with approximate 

stoichiometry Mg17Al,2 [23]. The melting point for A1 is 660 °C, and that of 

Mg is 649 °C. The solid solubility of magnesium in aluminum (a phase) 

ranges from a couple of percent at room temperature up to approximately 

15 wt.% at the eutectic temperature of 450 °C. The maximum solubility of 

A1 in Mg (<5 phase) is approximately 12 wt.% at the eutectic temperature of 

437 °C. The interfacial energy between A1 and Mg5Al8 is relatively low, and 

this allows rapid coagulation of precipitate particles [24]. The composition 

limits of additional impurities found in the Al-Mg commercial alloys include 

Si (up to 2%), Mn (up to 2%), Zn (up to 3%) and Li (up to 3%). In 

addition other impurities such as Fe, Cr, Cu, Ni, Ti, B, Be and Zr are 

usually found in lower concentrations [24]. 

A comparison of the Al-Mg system and pure A1 showed grain size 

differences of approximately one to several orders of magnitude, after one 

hour of annealing at 600 °C. The Al-Mg grain size was smaller than the 

pure Al; this grain size ranged from 50 fim to 100 nm. 
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Figure 2.1 Al-Mg phase diagram. (Ref. [22]) 
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The interdiffusion coefficient of Mg in Al, obtained through thin 

sectioning of Al-5% Mg alloy [25, 26], is shown in Figure 2.2. This figure 

also shows the tracer diffusion coefficient (or self diffusion) of Mg in Al. 

The later is given by the following expression: 

D = D0 e'H 

where the activation energy, Q, is equal to 31.15 kcal/mol and the pre-

exponential factor, D0, is equal to 1.24 cm2/s, T is the temperature in K and 

R is the gas constant (1.98725 x 103 kcal/K mol) [27]. There is not much 

difference between these two coefficients at high temperatures; however, 

they differ, at lower temperatures, by more than an order of magnitude. 

2.3 Alloy preparation 

The alloy was prepared from 99.999% purity Al rods and 99.98% 

purity Mg. This high purity Mg comes in very small pieces and contains a 

very high surface area; therefore it contained a higher amount of MgO than 

expected. The presence of large quantities of MgO made the alloy 

preparation more difficult and time consuming. 

The first attempt consisted of placing 3 grams of Al and 61 mg of Mg 

in an alumina crucible. The alumina crucible was then placed inside a 
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stainless steel tube vacuum furnace at 680 °C for 10 minutes, after which 

the furnace was allowed to slowly cool while the chamber remained under 

vacuum (104 torr). A cross section of the resulting piece of alloy was then 

examined with a Scanning Auger Microprobe (SAM). 

In the SAM, the incident electron beam interacts with the material 

inner shell electrons through a series of inelastic scattering. The sample 

volume affected by the interactions is shown in Figure 2.3. This causes the 

ejection of an inner-shell electron leaving the atom in an ionized state. The 

atom then tends to relax to its original ground state through the transition 

of electrons from one shell to another. As a result two possible events 

happen: an Auger electron is ejected or the excess energy can be released 

in the form of a photon or X-ray. 

When an Auger electron is released its kinetic energy is relatively low 

compared to the photon energy. Consequently, only the electrons which are 

produced close to the surface (10-25 A) have enough energy to escape the 

sample so that the composition extremely close to the surface can be 

measured. However, the technique has a spatial resolution of only 500 A 

approximately. 

The SAM energy analyzer measures the energy and the number of 

Auger electrons (which is proportional to the peak intensity) generated from 

the interactions. The intensity peaks appear as small perturbations on a 

high background. In order to enhance these peaks, it is necessary to obtain 
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a differential of the intensity with respect to the energy. The spectra is 

usually presented as a nine point differential of this intensity versus the 

kinetic energy. The energetic level of the peaks identifies the element, and 

the ratio of the peak heights determines the relative atomic concentration. 

The SAM requires an ultra high vacuum to reduce the contamination 

build up on the specimen; in addition, the vacuum increases the number of 

electrons in the incident beam that reaches the analyzer. Another important 

feature is the ion beam sputtering gun, which is used to clean the surface of 

the specimen. The sputtering gun removes measurable amounts of material 

while the spectrometer measures the element concentration thereby 

providing concentration versus depth information. There is high uncertainty 

in the depth concentration measurements, however because of the 

unavailability of alloy targets for sputtering yield calibrations. Instead, pure 

element sputtering yields are utilized in the calibration. 

The SAM has a concentration detection limit of approximately 1 

atomic percent. Segregation studies require that the specimen is fractured 

in situ and then surface and depth concentration profiles are measured. 

However, it is necessary that the material has appropriate mechanical 

properties for in situ fracture. An important advantage of this microscope 

is the minimum sample preparation requirements [28, 29]. 

A general survey of a cross section of this first sample showed a 

uniform distribution of bright spots (regions of high secondary electron 
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signal). The surface of this region of high secondary electron signal was 

cleaned through the use of the ion sputtering gun for approximately 30 

minutes (the sputtering rate for A1 is approximately 90 Aper minute) [28]. 

Chemical analysis was then performed. Auger peaks were found for A1 and 

Mg along with a very strong oxygen peak (see Figure 2.4). The oxygen peak 

remained after an additional 30 minutes of sputtering. The usual time 

needed for surface contamination cleaning was approximately 15 minutes. 

It was then concluded that the bright regions were MgO particles and that 

instead of an alloy, a composite had been prepared. The regions outside 

this bright spots did not contain any measurable amounts of Mg or O (not 

measurable through the use of the SAM). 

It was then attempted to produce the Al-Mg alloy by Mg evaporation 

onto an A1 melt. The evaporation was performed in a stainless steel vacuum 

tube furnace. This alternative seem very attractive because the vapor 

pressure could be easily controlled through temperature; Mg has a relatively 

high vapor pressure and its evaporation into the A1 melt eliminates the MgO 

contamination. 

Figure 2.5 shows this experimental arrangement. This technique 

depended on the vapor pressure of the different components. It is obvious 

from the vapor pressure curves for A1 and Mg (Figure 2.6) [30] that there 

are 7 or 8 orders of magnitude difference between the A1 and Mg vapor 

pressures at the operating temperature (between 721-771 °C). This results 
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in a relatively large pressure of mostly Mg (3 mm Hg) in the vapor at the Al 

melting point. 

The Al was contained in an alumina crucible which was inside a 

tantalum crucible containing the Mg pieces. The Ta vapor pressure is more 

than 8 orders of magnitude less than the Al vapor pressure at the operating 

temperatures, thus avoiding the possibility of Ta contamination. 

The Ta crucible was made from 0.1 mm Ta sheets. It was designed 

with the purpose of trapping the vapor and creating a slightly different 

equilibrium pressure inside it. This could be accomplished as long as the 

leakage area was much smaller than the Mg evaporating surface area. It was 

very important to properly seal the crucible in order to avoid excessive 

leakage. A small opening was made in the cap for easier pumping. 

The crucible was made from two separate pieces, a 3.25 x 5 inches 

rectangle and a 2 inches diameter circle. The rectangle (which formed the 

crucible body) was given a toothpaste container like form and the circle 

(which formed the cap for the crucible) was given a cup cake like form (see 

Figure 2.5). The center and one end of the toothpaste like container were 

carefully welded in order to seal the ends properly. The cap was welded into 

place after the alumina crucible and the Mg pieces were introduced in the 

crucible. 

Several samples were prepared for calibration in order to determine 

the temperature needed to achieve a given Mg concentration. The first 
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sample was prepared from 3/4 inch long piece of A1 (1/4 inch diameter rod) 

weighing 1.6 grams and 0.8 grams of Mg pieces. The furnace was kept at 771 

O 

C for approximately 15 minutes. The furnace was turned off, and the 

sample was allowed to cool inside the furnace under vacuum (104 torr). 

A cross section of the resulting sample was analyzed under the SAM 

at 3 kV. The sample had to be sputtered for approximately 5 to 10 minutes 

to remove surface contaminants. The sputtering was done at 25 mA and 3 

kV on an area of 2 mm2. No measurable amounts of Mg were detected. 

Careful analysis of the crucible showed inappropriate sealing because of 

deficient welding of the crucible cap. 

An additional sample was prepared, under the same conditions and 

with special care taken in the fabrication of the crucible. Nevertheless, the 

results were the same. Figure 2.7 shows a nine point differential plot for the 

Auger intensity peak versus the kinetic energy of the electrons for pure A1 

and one of the A).-Mg samples. The energy levels for the A1 peaks 

correspond to 68 and 1396 eV respectively. Both plots look identical even 

though the bottom one corresponds to the Al-Mg sample. 

The same sample was then analyzed using a Scanning Electron 

Microscope (SEM) with an Energy Dispersive Spectrometer (EDS). The 

EDS has a detectability limit of approximately 0.5 atomic percent. The 

photons are generated within most of the interaction volume (Figure 2.3) 

providing element concentration information from the bulk. 
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In the EDS measurements, the A1 and Mg K0 X-rays produce the best 

intensity (counts) for chemical analysis, but their energies slightly overlap. 

This makes the deconvolution of the intensity peaks difficult. The electron 

energies for the Mg and A1 Ka X-rays are 1.254 and 1.487 kV, respectively. 

One advantage of the EDS is the availability of software specially developed 

for the user which minimizes the effort to analyze the data. [31] 

Surprisingly the concentration measured with the EDS technique 

showed a concentration of approximately 5% Mg, contrary to the previous 

Auger measurement. Figure 2.8 shows the EDS spectrum from the same 

sample. There is a clear Mg peak corresponding to approximately 5% Mg 

concentration. Two additional samples with higher Mg concentration were 

prepared by melting a piece of Mg with A1 in an alumina crucible. Similar 

measurements were performed with both the SAM and EDS. The Auger 

spectra were first obtained before cleaning the surface. The surface showed 

high levels of contamination including oxygen, carbon and a small amount 

of Mg, although after sputtering all the peaks disappeared except Al. The 

EDS measurements showed Mg present in concentrations close to 10 and 

20%, respectively. It was then concluded that the absence of Mg in the SAM 

measurements was attributable to the sputtering. The Mg was removed from 

the surface, probably by either evaporation or preferential sputtering. 

The rate of evaporation of Mg in Al was estimated in order to 

determine if evaporation was the cause of this artifact. From the 
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geometry of the sample, the rate of evaporation was estimated from the 

solution to Fick's second law for a slab of infinite length and thickness 2L 

(2L = 0.25 mm). The slab is initially (t = 0) at concentration C, and suddenly 

a concentration C8 is impose at the surface, (Cs = 0 and Cj = 0.05) . The 

concentration profile could be obtained through the following expression 

[32]: 

C-C8 4A (-1)* 
* > Lexp 

C.-C ~ x£s 2n+l 
-(2n+l)VDt cos (2n+l):r x (2.2) 

where C corresponds to the Mg concentration at time t and position x from 

the surface, and D is the interdiffusion coefficient at the needed 

temperature. A temperature of 400° C was used for this calculation mainly 

because this type of temperature have been observed during ion mill 

thinning which is similar to ion sputtering. The value for x was fixed at 25 

A since the Auger signal is obtained from the top 20-25 A of the surface. 

The calculation showed that after 20 minutes of sputtering (material 

removal was ignored in this calculation), the concentration of Mg at x = 25 

A was approximately 4.997%. Indicating very little loss of Mg. Hence, 

evaporation could not possibly explain the absence of Mg in the Auger 

spectra. 

Another explanation for the absence of Mg is the possibility of 

preferential sputtering of Mg from the A1 rich matrix. Signs of preferential 
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sputtering have previously been observed in Ni-P films prepared by 

electrodeposition [33]. A fully and comprehensive study would be necessary 

to reach any definite conclusions. The focus of this project is on segregation 

and the A1 grain boundary structure; thus it was decided not to further 

investigate this point. Rather, it was simply decided that SAM is not an 

appropriate technique when trying to measure concentration differences in 

the Al-Mg system and, consequently, is not suitable for segregation 

measurements in this alloy. Subsequent concentration measurements were 

performed with EDS. 

Two other samples at this same temperature (771 °C) were prepared 

with very good reproducibility. In one of these two attempts, a higher 

quantity of Mg was used to prove the independence on amount of material 

for the alloy preparation technique. 

In order to obtain lower Mg concentrations, the vapor pressure was 

reduced from 30 mm Hg at 771 °C to 15 mm Hg at 738 °C. This reduction 

in vapor pressure (of half) interestingly resulted in close to half the 

reduction in Mg concentration (2.5%) as seen in Figure 2.9. This 

measurement was then repeated with good reproducibility. 

2.4 Sample preparation 

The Al-Mg pieces were removed from the alumina crucibles by room 
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temperature etching for approximately 30 minutes in a solution of equal 

parts of HN03, HC1 and water. The etching dissolved part of the material, 

loosening the alloy from the crucible and facilitating the removal. The 

resulting material was turned into 3 mm diameter disks of 0.25 mm thickness 

for Transmission Electron Microscopy (TEM). To do this, the material was 

cold rolled approximately 90% reduction to a 0.25 mm thick plate. The cold 

rolling was done in the same direction in increments of 10% approximately. 

The resulting Al-Mg sheets were spark cut to 3 mm diameter disks. 

Some of the 3 mm diameter disks were annealed at high temperature and 

the rest at low temperature. The high temperature annealing was performed 

at 600 °C for an hour (Al-2% Mg) and at 400 °C for two hours (Al-5% Mg). 

The low temperature annealing was performed at 200 °C for a week. The 

annealing times for equilibrium were estimated from the solution to 

transient grain boundary diffusion problem found in Mclean [2] and 

Aucouturier [34]. The solution to this problem corresponds to the rate of 

diffusion in the crystal when it is quickly cooled from T;  to Tf. At any time 

t, after quenching, the concentration in the crystal at x = 0 is C = CJb(t,0), 

where Cgb(t,0) corresponds to the grain boundary concentration at time t 

(see Figure 2.10). The solution for the problem has the following form 
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(2.3) 

where 

(D*t) 
s = 2-

«2 = 

a2 d 

C(°°,0)gb 

(2.4) 

C( 0,oc) 
(2.5) 

bulk 

D* is the self diffusion coefficient for Mg in A1 at Tf and d is the segregation 

region (in this case is was approximated to 50 A). The enrichment factor, a2, 

was estimated from the Hondros correlation to be 10. 

Concentration profiles as a function of temperature were calculated 

and plotted for different temperatures including 600, 400 and 200 °C. The 

equilibrium times varied from less than a second at 600 °C, 3 seconds at 400 

°C and 10 hours at 200 °C. Figure 2.11 illustrates the change in the 

calculated concentration at the grain boundary as a function of time for the 

200 °C. Using this estimate as a guidance, the calculated equilibrium times 

were increased by an order of magnitude to ensure equilibrium. Hence, the 

equilibrium time for the 600, 400 and 200 °C annealing were selected to be 

one hour, two hours and one week, respectively. 

The disks were then electropolished at room temperature, with a jet 
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Figure 2.11 Change of grain boundary concentration with time for 
a2 = 10. 



56 

thinner, until perforated. The electropolishing solution consisted of 73% 

methanol (CH40), 25% concentrated nitric acid (HNOj) and 2% 

concentrated hydrochloric acid (HC1). The voltage was set at 60 volts. This 

provided multiple perforations with a large thin region (100-200 nm thick), 

around the perforations. After electropolishing the samples were cleaned 

with methanol and acetone alternatively to eliminate any organic residues 

left by the electropolishing solution. 

The samples were first surveyed with a 120 kV TEM (Hitachi H-500) 

to determine if the thin region had any boundaries and to localize and 

classify the type of boundaries contained in the specimens. In the cases in 

which the organic film was not completely eliminated with the first cleaning 

an additional cleaning, through 10 minutes of ion mill thinning, was 

performed before chemical analysis. The following chapters discuss the 

observations from sample characterization as well as the details of the 

measurements performed in all Al-Mg samples. 
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CHAPTER 3 

EFFECT OF Mg ON A1 GRAIN BOUNDARY STRUCTURE 

3.1 Introduction 

As mentioned earlier one of the objectives of this project is to study 

the effect of a segregant, such as Mg, on the A1 grain boundary structure. 

TEM and HREM were used in this part of the study. The TEM was used to 

determine the general characteristics of the boundaries, such as curvature 

and misorientation between the grains. This preliminary TEM investigation 

also determined the feasibility in using the boundaries for HREM work. 

HREM was used mainly to obtain a detailed picture of the atomic structure 

at the Al-Mg boundaries. 

In Electron Microscopy, when the beam electrons hit the sample a 

fraction of them are scattered inelastically. The inelastic scattering 

produces a change in the trajectory of the beam electrons. If the sample is 

thin enough a fraction of the beam electrons are transmitted through the 

sample. The transmitted beam provides information about the morphology 

and chemistry of the sample (when a spectrometer is used as well). 

In TEM, the transmitted electrons are redirected by a series of 

intermediate lenses in order to magnify the image on a fluorescent viewing 

screen. In the diffraction mode the pattern formed by the scattered beams 
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is characteristic of the interatomic distances as well as the crystallographic 

directions of the crystals so that information about the misorientation 

between the crystals can be obtained. 

HREM is essentially the same as TEM with a higher voltage (usually 

400 kV) and better optical lenses. This combination provides a point to 

point atomic resolution of approximately 1.7 A,making it possible to clearly 

resolve the atomic spacing in the A1 grain boundary structure. The major 

difficulty when using HREM is that it can only image low index planes such 

as (100), (110) and (111) which may have a minimum point to point distance 

of 2.02 A. In a bicrystal, the crystals have to be perfectly oriented with no 

more that 1 or 2 degrees deviation, in order to resolve the grain boundary 

structure. 

Under optimum conditions, the HREM micrographs appear as an 

organized conglomerate of dark and bright spots. The bright spots are 

regions where the beam is being transmitted through the sample while the 

dark spots represent regions were the beam has been blocked. Thus, the 

white dots represent empty sites while the dark dots identify the location of 

the atoms. 

Both TEM and HREM require 3 mm disks as samples with a very thin 

region of no more than 400 A to produce an appropriate image. This 

requires very careful and extensive sample preparation, as described in the 

previous Chapter. 
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All the prepared samples were surveyed first with a TEM to determine 

if additional thinning was needed for the analysis. Also, it was necessary to 

determine if the grain size was adequate and provided enough grain 

boundaries in the thin region. During this preliminary survey, several 

boundaries were found suitable for HREM work. The following sections will 

describe the results of both the TEM surveys and the HREM analysis. 

3.6 TEM sample characterization 

The TEM analysis was performed with a Hitachi H-500 microscope. 

The Al-2% Mg samples contained a large number of grain boundaries all 

with general misorientation. Some were highly curved (on the order of 90 

degree change in curvature) while others were straight, especially close to 

trijunctions. Figure 3.1 shows a highly curved boundary. No precipitation 

was observed in any of the boundaries even at magnifications up to 100 kX. 

None of the boundaries found in the Al-2% Mg samples was suitable for 

HREM. 

The Al-5% Mg samples contained similar type boundaries, also of 

general misorientation, with many precipitates in most of the boundaries. 

However, five boundaries did not contain any precipitates, and of these, 

three had low index and the same relative [001] orientation between the 

crystals, perfect for HREM. Two of the HREM suitable boundaries were of 
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Figure 3.1 Al-2% Mg highly curved grain boundary. 
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the 2 = 5 (310) type (the (310) specifies the location of the grain boundary 

plane), which has been rigorously studied in pure fee metals and is well 

understood. The other boundary was of a more general type ([100]//[112] 

(210) with a 13° misorientation between the grains). Both misorientations 

were determined from their respective diffraction patterns. The grain 

boundary plane location and misorientation (with respect to the (001)) were 

determined from the HREM micrographs. Figure 3.2 shows the diffraction 

pattern for one of the 2 = 5 (310) boundaries (this boundary had perfect 

alignment of both crystals). 

Figure 3.3 shows two of the general type boundaries where 

precipitation occurred. The top TEM micrograph was taken close to a 

trijunction. The precipitates in this micrograph are distributed along and 

across the thickness of the specimen (shown by the fringes). The bottom 

micrograph was taken from a boundary containing a higher amount of 

precipitates. This micrograph was taken in a central portion of the 

boundary. Figure 3.4 shows a boundary without precipitates from the same 

specimen as the previous one. 

In summary, curved boundaries were found in both the A1 2% and 5% 

Mg alloys. None of the Al-2% Mg boundaries had precipitates. On the 

contrary, precipitates were found at most of the boundaries in Al-5% Mg. 

From these, three were suitable for HREM analysis. Two were 2 = 5 (310), 

and one was (100)//(112) (210) 13° type boundary. 



Figure 3.2 Electron diffraction pattern for a 25 (310) Al-Mg 
boundary. 
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Figure 3.3 TEM micrographs of Al-5% Mg samples where 
precipitates were found (a) close to a trijunction and (b) in the center 
portion of a boundary. 
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Figure 3.4 TEM micrographs of an Al-5% Mg boundary without 
precipitation. 



3.4 HREM results 

The three low index boundaries were studies under a JEOL 4000 EX 

HREM at 400 kV. This microscope has a 1.7 A point to point resolution 

limit. The point to point distance in the projection of the A1 crystal 

structure (100) plane is approximately 2.02 A,which is within the resolution 

limit of this microscope. 

A very important aspect of the HREM measurements was that it did 

not require additional sample preparation because the same type of samples 

are used in both the TEM and HREM microscopes. These samples were 

from the first set where the annealing took place at 600 °C for two hours. 

The [100]//[ 112] (210) 13° boundary presented the difficulty of poor 

atomic resolution in the [112] side of the bicrystal (Figure 3.5). The grain 

corresponding to the [100] could be resolved completely but the [112] grain 

could not. A High Resolution Microscope with better atomic resolution will 

be needed to fully analyze this grain boundary. Consequently, further 

analysis on this grain boundary structure will have to be delayed until such 

instrument can be used. 

One of the 2 = 5 (310) boundaries could not be resolved completely 

because it had a deviation of approximately 3 degrees from the necessary 

perfect alignment between the crystals in the 001 direction. The additional 

2 = 5 (310) boundary had nearly perfect alignment and was analyzed. 
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Figure 3.5 HREM micrograph for the [100]//[112] (210) 13° Al-5% 
Mg grain boundary. 
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Figure 3.6a shows a diagram of the ideal rigid 2 = 5 (310) structure for 

an fee metal (notice the two atomic sites at the center of the unit structure 

or kite). However, this structure had been previously identify as highly 

unstable from the results of atomistic computer simulations in pure fee 

crystals such as Au and Ni [35, 36]. Furthermore, the 2 = 5 (310) Al bicrystal 

had been simulated [37] with similar results. In all these cases the initial 

rigid structure contained two atoms in the center. However, this initial 

structure is very unstable, and simulations show that the resulting structure 

contains only one atomic site at the center of the structural unit or kite. 

Figure 3.6 shows both initial and final structures. Additional experimental 

HREM observations have identified the structure with one atomic site in the 

center as stable in the Au case [38]. Consequently, it is believed that single 

center atomic structural unit would correspond to the pure Al 2 = 5 (310) 

case. 

The 2 = 5 (310) grain boundary was analyzed, and two different 

structures were found within the same boundary. The first unit contained 

one atomic site in the center while the second structural unit contained two. 

Figure 3.7 illustrates the HREM micrograph for the first structural 

unit where one atom was found in the central portion of this unit. The 

arrows represent the crystallographic relative direction of the crystals. The 

central "kite-like" structure is shown to delimit the grain boundary periodic 

structure and for comparison purposes. Because of the similarity between 
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Figure 3.6 Grain boundary atomic arrangement for the £5(310) (a) 
rigid structure and (b) relaxed structure after simulation. 



Figure 3.7 25 (310) Al-5% Mg grain boundary (a) HREM 
micrograph for the one atom in the center case (b) rigid atomic 
structure. 
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this structure and those previously observed in several pure fee metals 

including Al, it is believed that this structural unit corresponds to a segment 

of the pure Al 2 = 5 (310). 

Figure 3.8 illustrates the rigid structure and HREM micrograph for 

the second structural unit with two atomic sites in the center. This portion 

of the boundary contained seven "kite-like" structures with perfect 

periodicity. The previously observed high instability in the pure Al case [37] 

is reason enough to believe that Mg might be playing an important role in 

the stabilization of this particular structural unit. In the Al-Mg pair 

interaction, the coulombic repulsion force is lower than the Al-Al repulsion 

force by approximately 33%. This reduction is attributable to the different 

ionic valences of Al and Mg (+3 and +2, respectively). Thus, if Mg atoms are 

positioned in the locations were a high repulsion energy occurs (right at the 

center where close atomic proximity occurred), the 33% reduction in the 

repulsion forces might be enough to stabilize this particular structural unit. 

The lack of distortion and good symmetry in this structural unit indicates the 

possibility of two Mg atoms at the center. This type of local ordering has 

been previously described theoretically in segregation at 2 = 5 grain 

boundaries [39]. Calculations to determine the validity of this possibility are 

in progress. Consequently, the central atomic sites could both be Mg atoms 

or an Al-Mg pair. 

A very interesting aspect of this later conclusion is the presence of at 



(a) 

Figure 3.8 25 (310) Al-5% Mg grain boundary (a) HREM 
micrograph for the two atoms in the center case (b) rigid atomic 
structure. 
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least one additional atom of Mg within the grain boundary structure, which 

confirms that at least one Mg atom segregated and positioned itself within 

the Al-Mg grain boundary. 

Figure 3.9 brings about the possibility of an additional structure with 

three atomic sites in the center. Because of lack of resolution in this region 

and the distortion at the grain boundary, it was not possible to fully analyze 

the micrograph of Figure 3.9 and reach a definite conclusion. Analysis 

through other means such as image simulations should be done as 

complements before any final conclusions are reached about this structure. 



Figure 3.9 25 (310) Al-5% 
micrograph for the three atr»*"-structure. 

» Mg grain boundary (a) HREM 
atoms in the center case (b) rigid atomic 
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CHAPTER 4 

Al-Mg GRAIN BOUNDARY CHEMISTRY 

4.1 Introduction 

Another objective of this project is to determine the effect of Mg on 

the Al-Mg grain boundary morphology and chemistry. This effort required 

a comparison between the concentrations of Mg at the boundary and in the 

bulk. The concentration measurements were used to calculate changes in 

grain boundary torque with respect to chemical potential through Cahn's 

thermodynamic formalism, which was discussed in Chapter 1. The torque-

chemical potential measurements and calculations could provide an 

additional way to relate grain boundary morphology and chemistry. The 

understanding of this relation could very well establish the bases for the 

design of better materials microstructure. 

Chemical analysis of interfaces could be performed through several 

analytical techniques (e.g., the SAM, TEM-STEM with EDS and TEM-

STEM with a Parallel Electron Energy-Loss Spectroscopy (PEELS)). 

As previously discussed, the transmitted energetic electron beam in 

the TEM-STEM is responsible for the Auger and X-ray generation. The 

beam energy lost during the generation is also characteristic of the elements 

in the material. The PEELS spectrometer collects the transmitted portion 



of the beam and analyzes the momentum energy of the electrons. Figure 4.1 

illustrates the beam in its path through a sample of thickness, t. Different 

than the SEM/EDS technique, the X-ray generation in the TEM is limited 

by the thickness so that if the sample is thin excellent spatial and depth 

resolution are obtained. The spatial resolution is on the order of 20 Aat the 

surface. However, the resolution is not quite as good through the sample. 

There is some beam broadening as shown in Figure 4.1. 

The Al-2% Mg PEELS spectrum is shown in Figure 4.2. In this case, 

the problem of deconvolution of the A1 and Mg peaks, found when using the 

EDS analytical technique, have been eliminated. The energy loss 

corresponding to A1 and Mg is 1560 and 1305 eV, respectively. Both of the 

energies are identify in the figure as MgK and A1K. The K corresponds to 

the energy lost in the production of X-rays and Auger electrons because of 

the interaction between the beam and the K energy level. Because of the 

low Mg concentration the signal appears as a small perturbation within the 

background. Consequently, the portion of the spectrum where the Mg peak 

is located had been expanded to better show this peak (see Figure 4.2b). 

The integral of the increase in signal, after background substraction, is used 

as a measured of the Mg alloy content. The ratio of Mg to A1 concentration 

is the ratio of the integral for the two signals after background substraction. 

[40] 

The SAM had been found unsuitable for the Al-Mg system, as 
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Figure 4.1 Incident electron beam path through a 400 A thick 
sample where the characteristic X-rays are produced. 
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Figure 4.2 (a) PEELS spectra for the Al-2% Mg alloy, (b) Scale 
expansion of the PEELS spectra around the Mg energy peak. 
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described in Chapter 1. The EDS and PEELS analytical techniques are both 

suitable for this alloy, although the PEELS has the advantage of eliminating 

the deconvolution problem for the A1 and Mg energy peaks. Both 

instruments were used in this part of the effort, and the results from the 

analysis are described in the following sections. 

4.2 On Al-Mg grain boundary torque 

As previously discussed, equation (1.14) provides a very practical 

tool in calculating changes in torque with respect to changes in the solute 

chemical potential. For the test case of a single phase grain boundary of the 

Al-Mg system, the torque relationship reduces to 

N 

N 
Mg 

A] (4.1) 

an 

where 

[N"J PM 
'N Mg 

N 
N" 

Mg 
N" 1 A1 

A1 N" 
A1 

(4.2) 
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The brackets stand for the layer amount or concentration of the desired 

element at the interphase while the a stands for the bulk amounts. 

Consequently if one wants to calculate this relation it will only need to 

measure changes in the concentration of one of the elements along a curved 

grain boundary, the grain boundary surface area containing that 

concentration, the concentration of the same element in the bulk and the 

change in norm from one measurement location to another. 

Simplifying equation (4.2) with NMg = 1 - NA1 and NMg" = 1 - NA1" gives 

"N. 
Mg 

N 
Al 

j. 
A 

ey 
N° 
1 Al 

(4.3) 

where A stands for the grain boundary surface area, [NAI] is the 

concentration of Al at the grain boundary per unit of interface area and NA,° 

is the Al bulk concentration. This relation clearly shows the need for 

measurements of the relative amounts of magnesium at the boundary and 

the bulk as well as the grain boundary area (A). 

Concentration measurements were done at different locations along, 

and across the boundary and in the bulk. Figure 4.3 demonstrates the 

concentration measurement path along the boundary and the grain boundary 

area measurement. 
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Figure 4.3 Schematic for grain boundary concentration 
measurements and grain boundary area. 
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4.3 Mg grain boundary concentration 

The first set of samples was annealed at 600 °C for approximately 2 

hours. These were surveyed in a TEM-STEM microscope (Phillips EM 400 

FP at 100 kV) equipped with EDS and PEELS to perform the chemical 

analysis. Because of a heavy oxide like layer it was necessary to ion mill the 

specimens to clean the surface prior to the chemical analysis. The ion mill 

thinning was done at room temperature and 3 kV with an angle of 15 

degrees for approximately 15-30 minutes. 

The first set of measurement was completed with no detectable 

amounts of segregation found. The concentrations in the boundary and the 

bulk were compared on both 2% and 5% samples. In the 5% samples the 

measurements were done on boundaries where no precipitation was found. 

The results were similar using both EDS and PEEL measurements. 

Figure 4.4 illustrates the PEELS AlK/MgK ratio of the intensities versus the 

position across a grain boundary. The concentration measurements were 

obtained across the boundary in approximate probe diameters increments, 

where the location of the probe from one measurement to the other was 

slightly overlapping. The grain boundary is located at the position 

corresponding to 270 A approximately. Although, the data in Figure 4.4 

tends to indicate and apparent depletion of Mg at the grain boundary, the 

variation is statistically insignificant. All the grain boundaries found in the 
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Figure 4.4 PEELS AlK/MgK ratio of intensities across one of the 
Al-2% Mg boundaries. 
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2 and 5% specimens were analyzed with similar results. From these 

measurements it was determined that there was no segregation of Mg in A1 

at this annealing temperature. 

Nevertheless, segregation was expected from Hondros correlation and 

from previous HREM observation in the 2 = 5 (310) boundary. An estimate 

of the expected increase in concentration at the boundary, from this 

structure, showed a 3 to 1 ratio of concentration. The volume affected by 

the interaction between a 20 Aprobe and an extremely thick sample of 2000 

Awas approximated to a cone frustum with a base diameter of 200 A,which 

is an order of magnitude larger than the probe diameter (see Figure 4.5). 

The 2% Mg concentration was idealized to be uniform up to the grain 

boundary structural unit or kite. The number of layers contained within the 

sample thickness was approximately 247. From the HREM micrograph, the 

first layer was determined to contain 4.24 Mg atoms and 60.76 A1 atoms, 

while the last layer contained 5777 and 82785 Mg and A1 atoms, respectively. 

The total number of Mg atoms, NMg, within the volume was obtained from 

the following expression 

(n+l)(N -N ) 
Nu. = nN, + = 
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Figure 4.5 Approximate interaction volume form by a 20 Aprobe on 
a 2000 A thick sample. 
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where n is the total number of layers, and N, and N„ are the number of Mg 

atoms in the first and last layers, respectively. The resulting Mg 

concentration within this interaction volume was approximately equal to 

6.52%, which could definitely be detected by either the EDS of PEELS 

spectrometer. 

Because the discrepancy in the results, it was decided to go to lower 

annealing temperatures where the solubility limit of Mg in A1 is lower. 

The second set of measurements was done in different specimens that 

had been annealed at 200 °C for a week to ensure complete equilibrium. 

This set was exclusively prepared among the 2% concentration alloy because 

this alloy did not show precipitation. The determination of the annealing 

time was done from the calculations described in Chapter 2. 

Surprisingly the results were similar. The EDS technique was used in 

this measurements. Concentration measurements were performed in all the 

boundaries found in the specimens. However, no statistically significant 

difference was found between the grain boundaries and the bulk. The bulk 

measurements were performed with the use of the STEM raster on an area 

10 times larger than the probe diameter. In one case, the average of six 

different measurements along a boundary was approximately 1.6 Mg wt% 

with a standard deviation of 0.08. The bulk concentration in that same 

region was also equal to 1.6 Mg wt%. 
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4.4 Recent observations 

One aspect which was overlooked in this second set of specimens was 

the effect of cleaning the surface with the ion mill thinner on the 

concentration of Mg. Ion mill thinning at room temperature could produce 

heating of the specimen up to 400 °C. From the diffusion calculations, it 

was estimated that 10 minutes at this temperature was sufficient to reach a 

different equilibrium state with a solubility of approximately 15%, which 

would strongly reduce segregation at the boundaries. This could explain the 

absence of Mg segregation in Al, found in previous measurements. 

A different set of samples (Al-2% Mg) was prepared for which the ion 

mill thinning was done at a lower temperature. The ion mill sample holder 

was connected to an attachment maintained at liquid nitrogen temperature. 

Preliminary TEM/STEM EDS measurements were obtained which 

indicate the presence of small precipitates (on the order of 50-100 A)in the 

grain boundaries. This precipitation demonstrates concentrations at the 

boundary higher than the solubility limit. In addition, preliminary EDS 

measurements on one of the boundaries showed a 30% increase in Mg 

concentration. These observations indicate that segregation of Mg at Al 

grain boundaries took place. Nevertheless, additional analysis is needed 

before any definite conclusions can be reached. 

Additional TEM/STEM EDS measurements are in progress to fully 
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characterized the Al-Mg grain boundary chemistry. The observation of 

precipitates, however, indicates the need to find a more suitable alloy system 

for the torque-chemical potential measurements and calculations. 
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CHAPTER 5 

SEGREGATED SPECIES EFFECT ON A1 
GRAIN BOUNDARY PLANE LOCATION 

S.l Introduction 

The third part of this project embraces the determination of the effect 

of a segregated specie on the location of the grain boundary plane. The 

selected system for this study was an A1 2 = 5 (210) bicrystal where vacancies 

were used as the segregated specie. The reasoning behind this selection was 

previously discussed in the introduction. 

This part of the study was performed with the use of Molecular 

Dynamic Simulations (MDS). The MDS technique has the advantage that 

it could be employed in cases where experimental techniques are impossible 

to use. 

The main purpose of this technique is to numerically solve the 

Newtons equations of motion of all the interacting atoms involved in the 

simulation. 

The equations of motion for N interacting atoms have the following 

form 

m / r ^ F y  ( 5 . 1 )  
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where 

a <l>..(r . . , i j )  

.—aLaliI (5.2) F = 
'J 3r, 

The variables r;, m„ F^ and p are the position, mass, the force acting on 

particle i due to particle j and the atomic density respectively. The forces 

of interaction between particles are assumed to be caused by two body 

interaction only (pair potential). The A1 potential used in these simulations 

is an analytic interatomic pair potential derived from pseudopotential theory 

[20, 21]. It is the sum over three contributions, a short range repulsive 

contribution, a medium range attractive near neighbor contribution and a 

long range oscillatory contribution. It also depends on global atomic 

density. Figure 5.1 shows its dependency on the interatomic distance (r) as 

well as the atomic density (p). 

The equations of motion are normalized and solved numerically. The 

time derivatives are solved using a finite difference approximation scheme. 

The initial positions of the particles at some initial time t = 0 and at some 

latter time t=At are used to solve for the positions at a latter time t = 2M. 

This scheme generates a discrete representation of the continuous 

trajectories. 

Two types of boundary conditions were used in the simulations. 
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Figure 5.1 Interatomic pair potential for Al. (Ref. [21]) 



91 

Periodic Boundary Conditions were used in the x and z directions, however 

a different type of boundary conditions (t vector) was used in the y 

direction. This chapter will describe the details of the simulation 

construction as well as the boundary conditions used and the results 

obtained from the simulations. 

5.2 Periodic boundary conditions 

Periodic Boundary Conditions (PBC) consist of positioning the 

particles at the borders of the simulation cell in such a way that it could be 

possible to repeat this cell in all directions of space with perfect continuity. 

The simulation cell is a mathematical representation of the structure to be 

simulated. 

This type of boundary condition is utilized to provide a mechanism of 

interaction outside the borders of the simulation cell. The particles at the 

borders of the original simulation cell can interact with the particles in the 

"image" cells. This provides the necessary continuity for a bulk like behavior 

in the regions outside the simulation cell. Also providing continuity at the 

boundary itself. In all the simulations performed PBC were impose in the 

x [100] and z [001] directions. 

Figure 5.2 illustrates an original cell with the surrounding "image" 
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Figure 5.2 Periodic boundary conditions applied to the original cell 
1 to obtain a continuous structure. 
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cells through the use of PBC. Notice that when using PBC in bicrystal 

simulation an additional grain boundary is formed at the border of the 

simulation cell. It is necessary in this case to maintain the crystals large 

enough to avoid interference between the interfaces. 

S.3 t vector boundary condition 

In the y [010] outside border of the simulation cell the situation was 

slightly different. When PBC are imposed, in this border, instead of bulk 

continuity a second grain boundary is formed. This creates the possibility 

of a net force across the outside border and also the possibility of influence 

between the boundaries. In order to minimize this effect, a different type 

of boundary condition (t vector) was used [21, 42]. 

When a parallel net force on the outside borders is encountered the 

t vector automatically compensates for it and forces it to zero. The value 

of the t vector is calculated from this net force. The t vector has dimension 

of distance. This distance is added to the inter atomic distances to reduce 

the interatomic forces, through the pair potential. 

The t vector acts as a small perturbation applied only to the atoms 

close to the outside borders of the simulation cell creating a free surface 

like atmosphere at those borders. Consequently decoupling the outside 
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border boundary to the boundary at the center. This condition relieves 

some of the constraints imposed by PBC that may obstruct the relaxation of 

the grain boundary at the center. 

S.4 A1 bicrystal construction 

The first part of the simulation is the construction of the initial matrix 

(simulation cell). This matrix contains the coordinates for the location of 

all the atoms that form the bicrystal. 

A1 has a face center cubic (fee) structure with a lattice parameter (A) 

equal to 4.05 A or 7.65 Bohr radii (one Bohr radi = 0.53 A). Figure 5.3a 

illustrates the A1 crystal structure. Any of the outside planes of this 

structure forms the pattern labelled top, while a cross section of this crystal 

produces the pattern labelled bottom (see Figure 5.3b). It is important to 

differentiate this two patterns for the purpose of the later discussion. 

The nine degrees of freedom discussed in chapter 1 need to be specify 

when constructing an ideal bicrystal [41]. The first step in this construction 

is to set the rotational degrees of freedom by fixing the axis of rotation as 

well as the magnitude. A planar grain boundary will be utilize for purpose 

of simplicity. 

The crystals were rotated about the z axis ([001]) with a magnitude of 
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Figure 5.3 Schematic of (a) the fee A1 crystal structure showing the 
location of the atomic centers (b) top and bottom layers of the crystal. 
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36.9 degrees (this corresponds to a 2 = 5 bicrystal). Once the rotational 

degrees of freedom have been set to 36.9 degrees and the translation has 

been set to zero, it was necessary to select the location of the grain 

boundary plane to completely specify the bicrystal. The selected location 

of the grain boundary plane was the 45 degree angle to the coincident side 

lattice (CSL) which passes through points s and q in Figure 5.4a. This plane 

corresponds to the (210) crystallographic plane. Following the selection of 

the boundary plane it was necessary to eliminate the atoms corresponding 

to the bottom crystal from the top portion of the bicrystal and vice versa. 

This was accomplished by the elimination the white dots from the top crystal 

and the black from the bottom crystal. Figure 5.4b depicts the complete 

bicrystal. Kite like structures were drawn along the boundary to be use as 

reference for the geometry of the grain boundary. 

5.5 Point defects 

Once the bicrystal was generated two types of vacancies were 

introduced. Atoms were removed from the expected highest energy sites. 

These correspond to positions 1 and 2 in Figure 5.4b. In the first case (type 

I vacancies) atoms were removed form all the positions at 1. In the second 

case (type II vacancies) all atoms from positions 1 and 2 were removed 
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Figure 5.4 (a) First and (b) last stage of the A1 bicrystal 
construction. 
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simultaneously. Type I vacancies were asymmetric while type II were 

symmetric. This two cases were selected in order to investigate if symmetry 

had any effect in the behavior of the grain boundary. 

5.6 Simulation cell preparation 

The coordinate matrix was extended to accommodate six and two CSL 

lattices approximately in the x and y directions respectively. A total of eight 

layers of atoms were stack in the z direction. The overall dimensions of the 

simulation cell were 103 x 35 x 27 Bohr radii approximately. 

An important consideration when constructing the simulation cell are 

the boundary conditions. PBC were used in the construction of the bicrystal. 

Figure 5.5 shows a projection in the z direction of the simulation cell 

for the type I and type II vacancies. The black and white circles correspond 

to the crystal top and bottom layers, previously defined in Figure 5.3. The 

type I simulation cell had a total of 928 particles while the type II simulation 

cell contain 896 particles. 

5.7 Simulation procedure 

All the simulations were ran at constant external stress and 
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temperature for a period of 3000 time steps (one time step=2.31x1013 

seconds). 

The following temperatures were used during the simulations, 300, 

400, 600 and 800 K. The results for the 600 and 800 K simulations were 

similar to the results from the 300 and 400 K simulations. Therefore will be 

omitted since these did not generate additional information in the study. 

The trajectories of the particles were monitored at 100 step intervals, which 

is close to an atomic vibration, in order to investigate the mechanism for any 

change in grain boundary structure and to better define the mechanism for 

any transformation. The results for the simulations will be discuss later in 

the following section. 

The Fortran code used in this simulations was generated by V. 

Campos [21] using the external constant stress MDS technique developed by 

Parrinello and Rahman [43]. 

S.8 Results 

Figure 5.6a and b show the initial and final positions for the type I 

vacancies ran at 400 K for 3000 steps. Interestingly all the vacancies were 

filled. In addition grain boundary sliding and migration toward the vacancy 

sites was observed. The mechanism for this type of behavior has been 
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previously observed and described by Bishop, et. al. [45] for the high 

temperature simulation of a 2 = 5 {310} in a fee crystal. Bishop 

demonstrated that grain boundary migration is not a one atom type motion 

but it is a correlated motion of atoms for which sliding and migration 

movements are coupled. Grain boundary sliding-migration of aluminum has 

previously been experimentally observed in <110> 211 {113} symmetric tilt 

boundaries [44]. 

The mechanism for this type of grain boundary migration was 

determined from atomic trajectories recorded every 100 time steps. 

Figure 5.7 shows the atomic displacement sequences. The grid corresponds 

to the DSC lattice for this crystal and the vectors at S (for sliding) and M 

(for migration) corresponded to the atomic translations through which the 

final stable structure was obtained. The lines labeled i and f represent the 

initial and final positions of the grain boundary respectively. The atoms 

from the top crystal move as a block by S which corresponds to a perfect 

DSC lattice translational vector. Therefore conserving the original 2 = 5 

crystal structure. This movement resulted in grain boundary migration to 

a new position placed in the atomic layer were the vacancy was located, 

consequently filling it. The initial boundary and kite is shown at point i. 
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Figure 5.7 Mechanism for the type I grain boundary migration. 
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Figure 5.8a and b show the initial and final positions of the type II 

vacancies simulations ran at 300 K for 3000 time steps. All the vacancy sites 

were also filled. In this case, compression of the grain boundary was 

observed. The volume of the simulation cell was reduced by approximately 

5%. Figure 5.9 shows the atomic sequences for grain boundary compression 

and migration. The atoms located at the coincident point locations moved 

to the next atomic layer. This type of atomic rearrangement happened within 

the first 400 time steps. This displacement provided additional relaxation 

for the compression to occur. The compression vector at C corresponded to 

a perfect DSC lattice vector translation, therefore conserving the initial 

structure. 

The final structure in both cases corresponds to the same final 

structure obtained from previous simulations where no vacancies were 

introduced [21]. This shows that this final structure is the most stable for 

the 2 = 5 (210) structure. 
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Figure 5.8 (a) Initial and (b) final positions for the type II 
simulations. 
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Figure 5.9 Mechanism for the type II simulations. 
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CHAPTER 6 

CONCLUSIONS 

Several conclusions can be drawn from the observations made in this 

study. First, it has been determined that an alloying agent such as Mg plays 

an important role on the A1 grain boundary structure. Mg not only modifies 

the A1 grain boundary macrostructure, it also modifies its grain boundary 

microstructure. Previous macroscopic observations have indicated the 

possibility of impurity induced grain boundary structural transformation in 

small angle [001] twist boundaries in Fe-Au alloys [46]. However, this is the 

first time that it has been observed at the atomic level. 

The 2 = 5 (310) Al-5% Mg boundary contained at least one Mg atom 

within the Al-Mg structural unit. The symmetrical atomic arrangement in 

the center of the kite and the lack of distortion indicate the possibility of 

not only one but two Mg atoms at the center. A theoretical investigation of 

the energetic state of the boundary with this structural arrangement is in 

progress. 

Although the initial TEM/STEM EDS and PEELS measurements did 

not show signs of Mg grain boundary segregation in Al, recent observations 

from the nitrogen cooled ion mill thinning indicate Mg segregation at Al 

grain boundaries. Nevertheless, further chemical analysis will be needed 
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before the segregation of Mg in A1 can be corroborated. This demonstrates 

the extreme difficulty of segregation studies. 

Special care should be taken in the sample preparation to avoid 

exposure to different temperatures than the annealing temperatures. 

Preferably, ion mill thinning should be done at liquid nitrogen temperature. 

An experimental procedure for the determination of the variation of 

grain boundary torque with impurity chemical potential has been 

established. It is believed that such an experiment has never been 

performed. 

Even though the Al-Mg contains the necessary curved boundaries for 

the torque-chemical potential calculations, it is not a suitable system for 

obtaining experimental verification of the calculations. In order to avoid 

precipitation it will be necessary to work at concentrations less than 2%, but 

this could bring about a limit in detectability. In addition, differences at 

such low concentrations will not likely be statistically significant. 

The SAM is not a suitable analytical instrument to study Al-Mg 

systems were surface cleaning with the sputtering gun is required. Any 

concentration or depth profile determination in this system will require the 

use of other analytical techniques. 

A different system such as Al-Zn could be the ideal choice. 

Segregation has already been observed on Al-Zn grain boundaries where 

concentration differences of up to 15% were observed on highly curved 
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sections of a boundary [18]. 

The molecular dynamics technique has been employed to study the 

interaction between vacancies and grain boundaries. Segregated vacancies 

produce grain boundary migration or relocation of the grain boundary plane 

toward the vacancy sites. The grain boundaries act as sinks for the 

vacancies. The migration of the boundary could be driven by either sliding 

and migration or restructuring of the atomic arrangement close to the grain 

boundary plane. 

6.1 Future work 

In order to fully understand the effect of impurities in the A1 grain 

boundary structure, future work should be expanded to the following tasks: 

1. Study of the torque-chemical potential relationship for the Al-

Zn system. 

2. Perform a theoretical investigation of segregation including 

Molecular Dynamic Simulations of 2 = 5 (310) Al-Mg grain 

boundary. Develop additional macroscopic type models for 

segregation involving classical and statistical thermodynamics 

and or quantum mechanics. 

3. Obtain further characterization of other grain boundaries 

atomic structures, either in the Al-Mg or any other system, 
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through HREM. Only boundaries were there is no segregation 

should be considered. When high concentrations of the 

segregating species are present, the grain boundary is highly 

distorted and this will interfere with the structural analysis. In 

the Al-Mg case, this could be accomplished at temperatures 

close to the eutectic where a high solubility limit exist. 

Simulation techniques, such as image simulations, should be 

performed as an additional tool to fully characterize some of 

the HREM micrographs where the resolution is poor. 
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