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Abstract

The specific heat Cp and electrical resistivity p of four iron-aluminum alloys (30, 38, 43,

and 48 at.% Al) were measured as a function of temperature and composition. The

alloys were step-cooled from 1000°C to minimize vacancy concentration and induce

maximum order. At room temperature the 30 at.% Al alloy was in the FesAl phase

region (DO3 structure) while the other three were in the FeAl phase region (B2

structure). The resistivity at 25°C increased with increasing disorder (increasing Al

content for FesAl and increasing Fe content for FeAl), reaching a maximum value of

-165 pQ-cm at the FesAl-FeAl phase boundary.

A pulse-heating calorimeter was used to measure simultaneously Cp and p fi'om 25 to

approximately 1000°C. The samples were initially heated at 73''C/s (except for the 43

at.% Al which was heated at 90°C/s), then cooled back to 25°C at 1.5''C/s. They were

then repulsed to examine the effect of the pulse treatment and of heating rate. For the 30

at.% Al alloy, p increased to a maximum at 485°C, at which a slight decrease occurred.

This was taken as due to the DO3 to B2 phase transformation. Then in the FeAl region,

p decreased slightly to the upper temperature of measurement (~1200''C). The slope of

the p-T curves decreased with decreasing Al content, becoming negative for the 30 at.%

Al alloy in the FeAl region. The relatively high resistivities and the tendency for the p-T

IV



curves to approximate a common value at high temperatures is »milar to the saturation

behavior of some amorphous and disorder transition alloys discovered by Mooij.

For the 30, 38 and 43 at.% A1 alloys, the p-T curves were identical for the initial slowly

cooled condition and after cooling from high tenq)erature at 1.5°C/s. The curve for the

48 at.% A1 alloy was about 30% higher after cooling at 1.5°C/s from high temperature.

The p-T curves were the same for the heating rates that were used in this study.

The specific heat was determined for the alloys, and it showed a dramatic increase at

high temperatures. The Cp-T anves were the same for the initial slowly cooled

condition and for pulse treatment. For the 43 and 48 at.% A1 alloys the Cp-T curves

wCTe independent of heating rate for the rates tested, but for the 38 at.% A1 alloy, the

temperature corresponding to the dramatic rise in Cp shifted to higher temperature with

higher heating rate.

The Cp-T curves in the lower temperature linear re^on were extrapolated to higher

temperature, and subtracted from the experimental Cp curve to determine the enthalpy of

formation of defects responable for the dramatic increase in Cp. The enthalpy of

formation decreased from 135 kJ/mol at 30 at.% A1 to 95 kJ/mol at 48 at.% Al. The

vacancy concentrations nv were calculated from these values by assuming triple defect

formation. At 900°C nv was constant (<0.2 at.%) from 30 to 38 at.% Al but increased



to -1.2 at.% for 48 at.% Al. This is in agreement with the results from other

experimental studies and the Chang-Neumann model.

For the 38 at.% Al alloy, Cp was affected by the heating rate but p was not. Therefore,

it was determined that the P sublattice dominates the resistivity since vacancies form

primarily on the a sublattice through the formation of triple defects.
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Chapter 1

Introduction

The iron-aluminum intermetallic compoimds FesAl and FeAl are currently being

investigated as high temperature materials since they exhibit excellent oxidation

resistance and strength. The structure-property relationships for these materials are not

well understood, but are known to be related to the compositional defect structure and

the formation of thermal vacancies. The aystal structures of FesAl and FeAl are

designated DO3 and B2 respectively and are based on a body-centered cubic lattice (bcc).

Vacancies and antisite atoms are created in the FeAl B2 structure as a result of triple

drfect formation, the kinetics of which are not imderstood. Since the mechanical

properties of these alloys are known to be influenced by the presence of point defects,

sudi as vacancies, it is dearable and informative to have a knowledge of the

con^ositional dependencies of the vacancy concentrations of FeAl and FesAl as a

fiinction of temperature.

Rationale

The study of specific heat has contributed greatly to the knowledge of properties of

materials. The atomic and molecular phenomena that occur in a solid during heating

contribute to the specific heat. These include vibrational and rotational movements of

atoms, excitation of electrons, magnetic effects, and the formation of lattice defects.



Magnetic and structural transformations are usually manifosted as a discontinuity or

abnormality in the specific heat versus temperature data. However, the observed specific

heat includes contributions from all these sources and separation of the individual

contributions can be difficult. The formation of lattice defects such as vacancies is

believed to provide a significantly larger contribution to the specific heat than the

dilation, electronic, or lowest-order anharmonic sources. This lattice defect contribution

is believed responsible for the dramatic increase in ̂ lecific heat that occurs at

temperatures below melting for some refractory metals and alloys, including FeAl. There

exist several techniques to separate the lattice defect formation to the specific heat. One

of these is representing the dilation, electronic and lowest-order anharmonic

contributions by baseline extr^olation. The difference in the observed specific heat and

the baseline with temperature allows 1) determination of the temperature of defect

formation, 2) derivation of the enthalpy of defect formation, and 3) the thermal defect

concentration at a given temperature.

Another method of evaluating the structures of conducting materials is to measure the

electrical resistivity as a fiinction of ten^ierature. Lattice defects scatter dectrons

thereby increasing the resistivity. This increase is normally proportional to the defect

concentration. Therefore, reastivity measuremoits are a common method of evaluating

the kinetics of defects and also their concentration.



Statement of the Problem

Preliminary specific heat and electrical resistivity investigations of several FeAl alloys

showed that the p-T behavior did not correspond to the dramatic upswing in Cp

observed at higher temperature. This upsAving is believed to be caused by thermal defect

or vacancy formation. In addition, the kinetics associated A*ith vacancy/defect formation

in FeAl are not understood. The literature contains few references concerning the

kinetics associated with defect formation for these alloys. Studies involving positron

lifetime measurements and Mossbauer spectroscopy all suggest that the vacancy

difihisivity is slow at low temperatures (eg., 400°C) and very rq)id at elevated

temperatures (eg., 800°C).

It is important to note that the enthalpy of formation values reported in the literature for

FeAl alloys represent the oithalpy associated with the vacancy generation only. They do

not represent the enthalpy associated with the formation of the triple defect, which

includes antisite atoms in addition to vacancies. As a result, the enthalpies of formation

reported in the literature do not include the enthalpy contribution associated with antisite

defects.

An interesting feature of FesAl alloys are their unusual p-T behavior. The p-T curve

exhibits a maximum at temperatures just below the DO3 to B2 tran^tion. One group of

researchers attributed this maximum to the Curie temperature, while others believe that it

is caused by a semiconductor effect in which additional electrons are excited into a

conduction band.



Objectives of the Study

One of the advantages of pulse-heating caiorimetry is that the high heating rate allows

measurements to be made at high temperatures. As the length of time at high

temperature increases, the materials composing the calorimeter begin to degrade.

Because of rapid heating, the length of time at high temperature is too low to seriously

degrade the calorimeter materials. In addition, the resistivity and specific heat data are

^ultaneously. This allows a direct con^)arison of the electrical and thermal

behavior with temperature and because of the rapid heating, these measurements can be

made on metastable states. The purpose of this study was to investigate thermal defect

formation, structural kinetics, and compositional effects of FesAl and FeAl by measuring

specific heat and electrical resistivity as a fimction of ten^)erature for one FesAl alloy and

three FeAl alloys. The results have {nrovided insight into 1) the formation of thermal

defects/vacancies, 2) the structural kinetics associated with the defect formation, and 3)

the compositional effects associated with thermal defect formation for the FeAl phase.



Chapter 2

Theory of Specific Heat and Electrical Resistivity

Specific Heat

Definition of Specific Heat

According to a standard textbook (1), the heat edacity is the quantity of heat required

to increase the temperature of a ̂ stem or substance one degree of temperature. The

molar heat capacity is the quantity of heat necessary to raise the temperature of one

molecular weight of the substance one degree. The specific heat is sometimes defined as

the ratio of the heat capacity to that of water at 15°C. However, in this dissertation

specific heat will be defined as the heat capacity per unit mass in keeping with common

usage. The heat c^adty of a system of arbitrary mass is defined as

■««■(§)Ar-»oV Ai/
(2-1)

where AQ is the quantity of heat added to raise the tenq>erature by AT. Both c and AQ

are associated with arbitrary mass. This relation is divided by the mass to obtain the

expression for specific heat that is independent of mass

C.- = ̂  (2-2)
m dT



where is the quantity of heat required to raise the temperature of a unit mass of the

substance by an amount dT. In general dq wiU depend on the temperature of the system

and other physical changes taking place in the substance during the temperature rise.

The physical properties of a thermodynamic system are interrelated by an equation of

state, which involves the volume V, temperature T, and the pressure P. Since one of

these variables can be expressed in terms of the other two, only two variables can have

arbitrary values at the same time. Therefore as T is increased, only P or V can be kept

constant. As a result, the specific heat is defined at constant pressure (Cp) and also at

constant volume (Cv) by

(")dTJp

dq-]
(2-4)

Because it is very difficult to measure Cv directly on solid substances, Cp is the quantity

that is normally determined by experimentation (2). At constant pressure, the change in

enthalpy (dH) is equal to dQ, therefore

■(f) (2-5)

Experimentally, Cp is determined by measuring the temperature and heat input to the

specimen or by measuring the change in enthalpy of the ^)edmen with changing

temperature. The SI units for spedfic heat are J/g-K.



Historical Background

The classical theory of specific heat states that it is independent of ten^erature for a

solid material (1,2). The molar heat capacity was determined by Dulong and Petit in

1819 as

Cv * 3R (2-6)

where R is the universal gas constant (8.3143 J/mol-K). This value is in good agreement

with experimental values of most solids at room temperature, with the exception of

boron, carbon, and silicon. The biggest difficulty with the classical theory is that it

violates the third law of thermodynamics that the specific heat must tend to zero as the

absolute ten^erature is approached.

With the advent of quantum theoiy, Einstein fonmilated a heat edacity equation by

considering each atom in a solid as an independent harmonic oscillator. Each atom has

the same fimdamental fi'equency v and is related to the specific heat at constant volume

by

Cy «
^^bTJ

g-M-zv (T ̂  0) (2-7)

where N is Avagadro's number (6.022 x 10^^/mole), kn is the Boltzmann constant

(1.381 X 10"^J/K), and h is the Planck constant (6.626 x IC'^J s). In Einstein's model

the specific heat approadies zero as T 0 and has a limiting value of 3R as T -> oo in

accordance with the classical theory. However, subsequent experiments showed that



while the i^ecific heat of solids decreases with temperature it does not decrease as &st

as predicted by the Einstein modd (1,2).

A more sophisticated model was devdoped by Debye who considered that the atoms in a

solid vibrate at a range of frequendes rather than at a single value. These range of

frequendes are characterized by a distribution function and are cut off at a particular

frequency Vd, which is determined by the properties of the solid. According to the

Debye model, the specific heat at constant volume is

Cy = 9Nkg
f  \ ̂ 4 X' T \ t X e

((Tfr
where x = hv/ksT, Xa, = hvo/l^T, and 0d is the Dd)ye temperature defined by hvo/kB-

The Debye modd has been found to fit the experimental low tonperature specific heat

better than the Einstein modd (1, 2). At tenq)eratures much less than the Debye

tenq)erature, the equation reduces to

Cy = j/r'Aft,

3

(2-9)

The Debye model shows that the specific heat ̂ proadies zero as T in accordance with

experimental observations.



Contribution of Lattice Defects

In many solids, especially refractory metals, a r^id rise in specific heat occurs before

melting. This r^id rise has been attributed to lattice vacandes, ance the vacancy

concentration nv increases rapidly according to

ny = Aexp(- /kgl^ (2-10)

where is the enthalpy of vacancy formation, and A is equal to exp(Sf^/l^), where

Sf^ is the entropy associated with vacancy formation. The vacancy contribution to

specific heat ACp^ can be determined from the increase in internal energy ariang from

vacancy formation and is given by

bCl^riyR-^ (2-11)
\ Kl )

According to this equation, nv can be determined from the experimental values of ACp^

and AHf^. However it is not easy to separate the ACp^ cdntributions from the measured

value of Cp. In particular, it is especially difficult to establish the dilation, electronic and

lowea-order anharmonic contributions (2).

One potentially useful technique to establi^ ACp^ is to represent the dilation, electronic,

and lowest-order anharmonic contributions (Cp*) as a linear expression which can be

extriqiolated to high temperature as shown in Fig. 2-1 (2). The additional specific heat

associated with the rapid rise is then attributed to lattice vacancies. The reliability of this

method depends on validity of representing Cp^ as a linear ̂ proximation. It is not



cp

Observed Cp

ACpV

Cp"^ Baseline

Temperature

Fig. 2-1. Baseline extr^lation from the observed specific heat.
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expected that Cp^ will vary from the linear approximation by more than a few percent

which is relatively insignificant when compared to the exceptionally large rise in C?. For

FeAl the formation of vacancies is accompanied by an antisite Fe atom in accordance

with triple defect formation (discussed in a later section). Therefore (for FeAl), ACp\

AE^^, and nv actually reflect the entire triple defect contribution rather than just the

vacancy contribution and are labeled as ACp^, AE^'', and no in order to distinguish these

terms from the actual vacancy contribution.

Electrical Resistivity

Definition of Electrical Resistivity

Electrical resistivity is defined as a measure of the extent to which electrons are deviated

or scattered from a straight line path as they move under an external electric field. The

electrical re^stivity originates from perturbations in the movment of electrons produced

by the presmce of crystal imperfections. The contributions to electrical resistivity,

therefore, come from electron-matter interactions that reduce the parallel flow of

electrons. For most metals at room temperature, the reastivity mainly dep^ds on the

interaction of electrons with phonons. Phonons are the energy quantum associated with

atom vibrational movement. At room temperature, the amplitude of the vibrating atoms

is on the order of 5 to 10 % of the interatomic distance. Point defects such as vacancies,

interstitial atoms or substitutional impurities are lattice features that contribute to the

11



electrical resistivity of a mat^al. Other contributions come from dislocations and lattice

strain. The contributions from each of these effects are considered additive and

contribute to the total reastivity of a substance. The primary contributions to resistivity

are phonons, chemical impurities, structural imperfections, and lattice strain. The

contributions from chemical impurities are considered to be independent of temperature.

Lattice strain (arising from cold working, etc.) is removed by annealing, and thus is not a

temperature dependent contribution.

Temperature Dependence of Resistivity

The other two contributions (phonons and structural imperfections) are teiT^)erature

dependent. E?q)eriments and theory have shown that the phonon contribution reduces to

zero as the temperature approaches absolute zero. Between 0 and ~400°C, the phonon

contribution predominates. In this temperature range, the resistivity increases linearly

with temperature and is ̂ proximated by

p(T) = po[l+(TCR)T] (2-12)

where po is the residual reristivity, TCR is the ten^)erature coefficient of reastivity, and

T is the temperature. The residual resistivity is the resistivity measured at 0°C, but often

is represented as the room temperature reastivity. The temperatiure coefficient of

resistivity is on the order of 4 xlO'^/K in pure metals, and is a little less for alloys.

At higher temperatures vacancies begin to form in the lattice and, for ordered alloys, the

structure may become disordered. The vacancy contribution predominates at

12



temperatures approaching melting. The increase in resistivity with temperature is

considered to be proportional to the vacancy concentration. Therefore, the change in

electrical resistivity can be used to evaluate the formation of thermal vacancies in a

substance.

As shown previously in equation (2-10), the vacancy concentration increases rapidly with

temperature. Since defects such as vacancies are typically present in low concentrations,

it is assumed that the properties associated with defects (such as vacancies) are additive

in proportion to their concentration. That is to say, the electrical resistivity effect of two

vacancies in a given crystal is twice that of a single vacancy. Therefore, the electncal

resistivity of a crystalline material is given by

p = Pc + NvPv (2-13)

where pc is the resistivity with no vacancies present and N* is the luunber of vacancies,

pv is the contribution arising from a single vacancy and is assumed to be constant. This

rearranges to become

Nv = (p - pc)/pv = Ap/pv (2-14)

The vacancy concentration iw is the number of vacancies divided by the total number of

lattice sites. The vacancy concentration can be related to Ap by

anv = Ap (2-15)

where a is a constant. The variation in iv with temperature can now be determined from

the above relation. However, the result caimot be quantified unless the value of the
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constant a is known. Measurement of Ap as a function of quench temperature is a

common method of evaluating vacancy/defect formation in conducting materials. The

technique is often referred to as resistometry.

14



Chapter 3

Review of Literature

Jron-Aluminum Phase Diagram

The iron-aluminum phase diagram has been intensely studied since the 1930's when it

was discovered that two long-range order-phases, FesAl and FeAl, occurred within the

iron-rich segment of the equilibrium phase diagram. A recent equilibrium phase diagram

of the iron-aluminum system is shown in Fig. 3-1 (4). In spite of numerous studies of

FesAl and FeAl, there is still disagreement as to the exact position of the boundary

separating these two phases. One of the peculiarities of this syst^ is the lade of a two-

phase region between FeAl and oFe. A two-phase region is also missing between FeAl

and FesAl. It is important to note, however, that FesAl and FeAl have very similar

atomic structures. This is discussed in detail in a later section.

Although there are a number of phases present in the iron-aluminum system, only three

are in the compositional range of interest for this proposal. They are (as listed in the

diagram):

1. oFe - a disordered solid solution of aluminum in the body centered cubic (bcc) iron

structure,
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2. FbbAI - an ordered DO3 structure, and

3. FeAl - an ord^ed B2 structure, often denoted as a2.

Aluminum is soluble in iron up to 46 at.% Al, and in this range forms the superlattices

FesAl and FeAl as shown in the phase diagram. The FesAl phase region is crosshatched

for clarification. FesAl undergoes a transformation to FeAl according to the boundaiy

(labeled 1 in Fig. 3-1) separating the two r^ons. At even higher temperatures, FeAl

tran^orms into the oFe solid solution according to the phase boundary (labeled 2 in Fig.

3-1). For exan^le, an alloy containing 30 at.% Al (as shown in the diagram) will

transform fî om the FejAl phase to the FeAl at 485°C under dow heating. The FeAl

phase will fiuther transform to oFe around 1050°C.

FeAl, which is our primary phase of interest, occurs over a wide range of solubility as

shown in the phase diagram. This phase ranges firom a minimum solubility at 22 at.% Al

and 650°C to a maximum of 55 at.% Al at 1102°C. Because of this wide range of

solubility, the formation of constitutional defects is especially in^rtant in determining

the mechanical and phy»cal properties.

The Curie temp^ature represents the boundary at which the alloy changes fi'om

magnetic to nonmagnetic as a fimction of compoution and is labeled Tc in the Fig. 3-1.

As shown in the diagram, the Curie temperature for oFe decreases slowly with the
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addition of aliuninum to ~500'*C near the FesAl phase boundary and further additions

cause further decrease (5).

Crystal Structures of FesAl and FeAl

Both FesAl and FeAl have ordered bcc oystal structures. The Bravias lattice is simple

cubic consisting of two interpenetrating simple cubic sublattices with two atoms per unit

cell. The ideal stoichiometric structures for FesAl and FeAl are shown in Fig. 3-2 along

with lattice site labeling for discusaon. At stoichiometry (25 at.% Al) the ideal crystal of

FesAl (DO3 structure) has the a sublattice occupied by the Fe atoms. The P sublattice

has Al atoms located at alternate sites (labded Pi in the diagram), while the other sites

(P2) are occupied by the iron atoms. Bradley and Jay (6) studied the atomic positions of

Fe and Al atoms for FejAl between 25 and 37 at.% Al. They showed that with

increasing Al content (up to 37 at.% Al) excess Al atoms begin to occupy the P2

sublattice positions with Al atoms continuing to occupy the Pi positions. However, once

the structure becomes B2 (around 37 at.% Al), Al atoms will leave the P2 positions to

form a random arrangement of Al atoms on the Pi and P2 ates. Therefore, the B2

structure can be viewed as ordered on the a sublattice and disordered on the P

sublattice.
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The crystal structure of FeAl has the Strukturbericht designation of B2, but is also

known as the CsCl or L2o structure. This atcnnic arrangement is similar to the DO3

structure in that only Fe atoms occupy the a sublattice sites. At the stoichiometnc

composition (50 at.% Al), all of the 3 sublattice sites are occupied by A1 atoms.

However, with increasing Fe content, the arrangement of Al and Fe atoms at the 3i and

32 positions is random. This structure typically forms between elements of Group VlilB

(in our case Fe) and the el^nents of Group niA (in our case Al).

Structure Effects on the Hardness and Strength

It is well known that point defects, such as vacancies, have a significant impact on the

mechanical properties of metallic materials (7). This is especially true for strongly-

ordered intermetallics which ronain ordered at high temperature (e.g., 1 lOO^C).

Stoichiometric FejAl has a DO3 structure in which each lattice ate is occupied by a

specific atomic species. This highly ordered structure is responsible for the improved

mechanical properties of FcjAl (8). Above ~530°C FejAl transforms to the FeAl phase

which has the B2 structure. This structure is very similar to the DO3 structure except

that the Fe and Al atoms occupy the 3 sublattice sites at random. The B2 structure is

more ductile than the highly ordered DO3 structure and is desirable for {^plications

requiring toughness (9).
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Most strongly-K)rdered alloys having the B2 structure exhibit a nunimum in hardness and

strength near the stoichiometric composition. In contrast, the hardness of FeAl was

shown to increase monotonically with increaang aluminum content (9-14). Since

Nagpal and Baker (10) ̂owed that the thermal vacancy concentration also increases

with A1 content for FeAl, this behavior was attributed to the presence of vacancies. In

feet, Chang et al. (14) showed that the hardness was proportional to the square root of

the vacancy concentration. These excess vacandes enhance the hardness and yield stress

of FeAl alloys, but also reduce the ductility and toughness as well (9-14).

Lattice Parameter Measurements and Defect Structure of FeAl

In 1932, Bradley and Jay (6) publidied the results of a detailed X-ray diffraction study of

the iron-rich region (0 to 50 at.% Al) of the iron-aluminum system. This included a

systematic investigation of the lattice parameter of annealed and quenched alloys

measured at room temperature. This composition range includes what we now know as

the FesAl and FeAl phases. From 35 to 50 at.% Al (FeAl phase), Bradley and Jay found

that the lattice spacing increased with Al contrat to a maximum at 50 at.% and then

decreased v^th further increases in the Al concentration. Subsequent investigations (13,

15, 16) have confirmed this lattice spacing relationship with coiiq}osition, those of Ho

and Dodd (15) are shown in Fig. 3-3. This lattice parameter spacing behavior was seen

by Chang and Neumann (17) and also by Ho and Dodd (15) as evidence that triple

defects were formed in FeAl alloys.
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The triple defect concept was first established by Wasilewski (18) as the result of a

detailed theoretical analysis of defect formation in B2 structures. He concluded that the

structural symmetry requires that antisite and triple defects form as compoational defects

in B2 structures. This was experimentally confirmed by later theoretical and

experimental studies (15, 16, 17). A two-dimensional schematic diagram showing these

two defect types is shown in Fig. 3-4 along with an ideal crystal for comparison. In the

ideal crystal perfect ordering occurs when the A atoms occupy the a sites and the B

atoms are at the P sites. An upset in the crystal order occurs if an A atom occupies a 3

site or, likewise, a B atom occupies an a site. These defects are known as antisite (or

antistructure) defects. A triple defect occurs when an A atom jumps fi'om an a site to a

P site (thereby becoming an antisite atom) creating a vacancy on the a site. In order to

maintain stoichiometry another vacancy is formed on an a »te as shown.

A comparison of the enthalpies of formation for various B2 structures led Neumann (19,

20) to suggest that both antisite atoms and triple defects were present in FeAl.

However, the decrease in lattice parameter with increasing A1 content past stoichiometry

(50 at.% Al) suggests the presence of constitutional vacancies since this decrease is most

certainly due to vacancy relaxation. If Al antisite atoms were the dominant constitutional

defect then the lattice parameter would increase since the Al atoms are larger than the Fe

atoms. Field ion microscopy studies by Paris et al. (21) have further confirmed that

triple defects predominate in FeAl alloys.
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Vacancy Formation and Compositional Dependence of FeAl

For FeAl alloys, a knowledge of the vacancy concentration with temperature is especially

important ̂ ce the mechanical properties of these alloys are very sensitive to point

defects. The most oftai-used tediniques to measure the equilibrium vacancy

concentration (nv) and the enthalpy of vacancy formation (AI^^) are resistometry and

differential dilatometry. Other inqiortanl methods are field ion miCTOSCopy and positron

annihilation.

Constitutional Defect Formation

In 1977, Riviere (22) theoretically modeled the constitutional defect structure of FeAl

aaaiming that excess Fe atoms occupy the A1 sites. He derived a ccmiplicated expression

to describe the concentration of vacancies on the Fe lattice as a fimction of A1 content at

a given state of disorder. The model predicts that the concentration of antisite Fe atoms

increases with decreating A1 concentration for FeAl compoations less than

stoichiometric (50 at.% Al). The vacancy concentration, however, be^ to increase

with Al content for FeAl alloys having compositions greater than 50 at.% Al. To

confirm his model. Riviere measured the d^itity of FeAl as a fimction of conqiotition

and conqiared the results to theoretically-calculated dentity values. His results

confirmed that large quantities of constitutional vacancies were formed for FeAl alloys

having Al concentrations greater than 50 at.% Al.
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A simplified veraon of this model was derived fi-om statistical thermodynamics by Chang

and Neumann (17). Using the expresrion for configurational entropy and ignoring all

second order or higher mergy terms, they developed the following relationship between

triple defect concentration and composition;

z^(z-2X) = aD^ (3-1)

where z is the concentration of triple defects and X is the deviation firom stoiduometry.

The disordw parameter (c^) is the defect concentration at the stoichiometric

composition at a given temperature. They further developed their model to describe the

distribution of atoms and vacancies on the a and P suUattices

2[nv"f [nA^] = aD' (3-2)

Here, nv° is the concentration of vacandes on the a sublattice and nA^ is the

concentrations of antisite A atoms on the P sublattice. Therefore, for a given disorder

parameter, the relationship between the concentrations of vacandes and antisite atoms

can be determined. A graphical representation of this model is shown in Fig. 3-5. For

compositions less than stoichiometric (A-rich region), antidte A atoms predominate,

while vacancies dominate at compodtions greater than stoichiometric (B-rich region).

This model compares well with the eqierimental results of other researchers (10-14).

However, it cannot be used quantitatively without an experimentally determined disorder

parameter. Their model also does not explain the differences in the structure-property

relationships that exist between different B2 structured alloys.
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Thermal Vacancy Formation

A review of literature shows that the formation of thermal vacancies in FeAl alloys has

not been extensively researched. In 1972 Troschkina and Kutcherenko (23) measured

the specific heat on sev^al FeAl alloys that were initially quenched fi"om 800°C. Their

results showed a dip in the specific heat around 400°C that was attributed to the removal

of retained vacancies. They found that the size of this dip increased with increasing A1

concentration. In 1975 Riviere and Grihle (24, 25) determined the enthalpy of vacancy

formation (AEt^) in FeAl alloys by measuring the reastivity ino-ease as a function of

quench temperature. For FeAl alloys containing 38.5, 40, 44, and 50 at.% Al, they

obtained a AHf^ values of 90.7, 87.8, 80.1, and 74.3 kJ/mol respectively. They also

foimd that the enthalpy of vacancy mobility (AH/*) for a 40 at.% Al alloy was

^proximately 155.3 kJ/mol. This deaease in AHf^ with Al content was associated with

the increase in nv with increasing Al content for a given temperature. In a later

investigation, Hasaka (26) theoretically modeled AI^^ as a function of composition for

FeAl using the Bragg-Williams £q)proximation. Although his model does not compare

well with Riviere and Grihle's results, it does show a decrease in AI^^ with increasing Al

concentration. Another theoretical study was performed by Fu et al. (27) who used the

supercell approach to obtain a value of 93.6 kJ/mol for a stoichiometric FeAl alloy.

More recent values of AI^^ and AHf^ were obtained by Wiirschum et al. (28) by

observing the equilibration process of the nv by positron lifetime measurements. For
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alloys having 37 and 39 at.% Al, AHf^ was found to be 100.3 and 94.5 kJ/mol

respectively. These results are in agreement with Riviere and Grihle's results although

they are somewhat higher. For both alloys AH/* was approximately 164 kJ/mol which is

in good agreement with Riviere and Grihle's result (24) and also agrees with the values

obtained for bcc transition metals (e.g. Ta, Nb, W, Mo, etc.) as reported in a review

paper by Schultz (29). However, the values of for FeAl (74 to 100 kJ/mol) are 2

to 3 times lower than for pure metals as reported in Schultz's paper. It is important to

note that these enthalpies are for vacancies only and do not include the energy required

for Fe antisite formation.

Thermal Vacancy Concentration Measurements

Paris et al. (21) first began studying the vacancy behavior in FeAl alloys by investigating

the distribution of vacancies in a near-stoichiometric (49.5 at.% Al) alloy using field ion

microscopy. They compared the structure of an alloy quenched firom 1000°C to one that

was annealed at 425°C for 24 hours. Their results showed that the Al atoms did not

occupy the Fe-sites and that the m^oiity of the vacancies occupied the Fe »tes. This is

consistent with triple-defect formation. They also noted that lower but significant

number of vacancies (0.65 x 10"^) occupied the Al-sites at 1000°C. Paris and Lesbats

(16) then performed the first detailed study evaluating the nv of FeAl with composition.

Using differential dilatometiy, they determined that, at a given temperature nv for alloys

between 46 and 51 at.% Al increased in accordance with the triple defect model

developed by Chang and Neumann (17). Thdr results indicated that thermal vacancies
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begin to form in FeAl between 400 and 500°C and that nv at any given temperature

increases with increasing A1 content. They noted that the vacancy concentration reaches

a maximum around 1100°C and then begins to decrease with temperatwe. This is

probably associated with the B2 structure becoming more disordered.

Ho and Dodd (15) also used dilatometry to determine nv in FeAl as a function of

compostion. A comparison of their results with those of Paris and Lesbats is shown in

Fig. 3-6. Although the agreement is good between the two data sets, the results for Ho

and Dodd are 2 to 4 times lower than those obtained from Paris and Lesbats'

investigation. In addition, their results do ̂ ow a dramatic ino'ease at 50 at.% A1 as

predicted by the Chang and Neumann model (17). In eith^ case the vacancy

concentrations are very high compared with pure metals, typically 0.01%.

Defect Kinetics of the FeAl B2 Structure

The first investigation into the kinetics of the structural changes came from several

studies of the effect of heat treatment of FeAl alloys on hardness (10, 12). For

compositions between 33 to 50 at.% Al, Nagpal and Baker (10) found that the hardness

was the same after either water quenching or air cooling from 1000°C. According to

Wiirschum et al. (28), the unusually low AHf^ values combined with a high were an

indication of low vacancy difhiaon for these alloys. Evidence that the atomic diffiision

for FeAl is more complicated than for pure metals was provided by the Mossbauer
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spectroscopy studies of Vogl et al. (30, 31). They showed that Fe atoms difiuse by a

double jun^ process illustrated in Fig. 3-7. In order for this jun:^) process to occur, an

Al atom must jump onto the Fe sublattice, and therd)y create a vacancy on an Al site on

the P sublattice as shown in Fig. 3-7(b). The Fe atom then jumps back to a position in

the Fe (or P) sublattice as illustrated in Fig. 3-7(c). Vogl et al. (30) also showed that this

jump mechanism was independent of compoation and that the readence time between

jumps increases with Fe content. As the Al content decreases, the number of sites

available for difiusion to occur also decreases. This effect would explain why the

residence time of the diffusing Fe atoms increases with increasing Fe concentration.

Another resistometiy study was done Dinhut et al. (32) for a 40 at.% Al alloy. They

quenched a series of 40 at.% Al alloys from 900°C and then measured the response of

the electrical reustivity (p) with time for various annealing tenq)eratures. The resistivity

began to drop in value after 1 min. (ti) above ~420°C, and took about 10 min. (tf) to

become constant. At 380°C, p began to drop after ti = 10 min. and became constant at tf

= 200 min. These changes were attributed to the removal of vacancies. Extr^lation of

ti and tf to higher t^peratures suggests that only rapid cooling (e.g. water quenching)

would retain thermal vacancies during cooling. The results of Dinhut et al. are puzzling

when compared with the oth^ kinetic stucUes. However, this discrepancy may be an

indication that the highly ordered nature of the B2 structure causes the electrical

resistivity to become less sensitive to the presoice of vacandes.
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D03-B2 Phase Change

A survey of the literature shows that a number of studies have been undertaken to

investigate the DO3-B2 ordoing transition (33-42). In most, p was measured as a

function of quenching temperature and annealing time. Because p of an ordered material

is sensitive to defect concentration and degree of order, it is a widely used means of

investigating and interpreting these phenomena. Several independent investigations (35-

42) have shown that the kinetics associated with DO3-B2 ordering are exceptionally fast

and that only high quench rates (e.g., water quench) will retain the B2 structure at low

temperature.

In a recent study Kim and Morris (43) determined the long range order parameter for the

DO3 and B2 structures for 28 and 32.5 at.% A1 alloys by neutron powder diffraction.

They found that DO3 order begins to break down around 350°C and becomes completely

disordered at the FesAl-FeAl phase boundaiy. Below 350*'C, the Fe difiusivity is very

low, which is to be expected for a highly ordered structure. For the B2 structure they

observed that disorder begins on the Fe (or a) sublattice around 500°C and is complete

at the FesAl-FeAl phase boundary. Kim and Morris defined disorder within the B2

structure as the decrease in Fe concentration on the a sublattice as vacancies are formed

(also on the a sublattice). As a result, the temperature at which they define as the onset

of disorder is also the temperature at which vacancies begin to form. Their results

agreed with the positron lifetime measurements of Schaefer and Wurschum (44) that 1)
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stmctural vacancies do not form within the FejAl DO3 structure, and 2) appreciable

quantities of thermal vacancies form at temperatures around 800°C.

Another interesting feature of FesAl is its unusual p-T behavior. Numerous

measurements (34, 36,45-47) have shown that, for FesAl alloys, the p-T curve exhibits a

maxima at temperatures just below the DO3 to B2 transition. One group of researchers

(47) attributed this maxima to the Curie temperature, while others (36) believe that it is

caused by a semiconductor effect in which additional electrons are excited into a

conduction band. Recent investigations by Kishino et al. (46, 47), Kawamiya (48) and

Shirai (49) have shown similar resistivity versus tenqierature behavior for types of

intermetallic alloys.

Pulse-Heating Calorimetiy and Resistivity Measurements

Pulse-heating calorimetry was developed as a means of overcoming heat losses

associated with conventional calorimetry techniques. These inaccuracies and heat losses

increase with temperature and are especially high at temperatures greater than 1000°C.

In addition the mat^ials used in conventional calorimetry equipm^ cannot withstand

high temperature exposure. Because pulse-heating calorimetry reduces the time of

exposure at high temperatures, the heat losses are less and the accuracy improved.

Because of this, pulse-heating calorimetry is used extensively by the National Institute of

Standards and Technology to determine the thermophysical properties of materials at
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high temperatures. One important feature of pulse-heating calorimetry is that the

specific heat and electrical resistivity of the specimen are detmnined ̂ ultaneously.

This allows a direct comparison of these two properties as a fimction of temperature.

The first reported successful attempt to use pulse-heating calorimetry was by

Worthington in 1918. He used a battery operated unit to determine the C? values of

tungsten and carbon. This technique has been modified and improved of the past 70

years, especially with the advent of high speed data acquisition systems and computer

programming. Around 1965 Kpllie (50) deigned and built a pulse-heating calorimeter

at the University of Tennessee in Knoxville. He used this system to determine the

specific heats of high purity iron and nickel (51). More recently, Basak (52) designed

and developed a programmable system which he used to measure the C? and p of Ni4Mo.

He also determined the accuracy of the present syston using pure nickel and found it to

be within ±1% for resistivity measuremeirt and ±2% for C? determination (45). Basak

observed a large rise in Cp for several iron aluminide alloys and successfiiUy measured

the electrical resistivity with temperature. It is this system that was used in the present

study to investigate the defect formation of several iron aluminide alloys.
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Chapter 4

Experimental Procedure

Specimen Preparation

The specimens used in this study were prepared in two batches. Four alloy samples

having compositions of 30, 38, 43, and 48 at.% A1 were cast in one setting and were

labeled Batch #1. Another group of four alloy samples having the same compositions

were prepared the next day and labeled Batch #2. Thus there were two specimens per

alloy compoation and eight specimens total. The 30 at.% A1 alloy is in the FesAl phase

at room temperature while the other three con^ositions are in the FeAl phase. A

flowchart showing each step used to &bricate the test specimens is shown in Fig. 4-1.

Alloy Fabrication

Hgh purity iron and aluminum particles were weighed to 0.01 gram accuracy. The total

mass targeted for each alloy was 30 grams. The components wo'e loaded into a copper

mixing crucible and placed inside an arc furnace. A bead of zirconium or tungsten was

placed to one side of the crucible to serve as a getter for o^gen while the components

were being melted. The fiimace chamber was sealed and the atmosphere was evacuated

to 0.05 torr. Next the chamber was flushed with Argon gas to 20 ton*. The chamber

was evacuated and flushed twice more with argon in order to minimize o^gen and
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Fig. 4-1. Flow diagram of spedmen fabrication process.
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carbon. After pulling a vacuum for the third time, argon was added until the pressure

was 5 torr.

The getter bead was melted first, then the Fe and A1 pieces were arc melted under low

power. During cooling, the melt solidified into a solid alloy billet, which was flipped

over and remelted. This procedure was repeated five times to ensure that all of the

material was thoroughly melted. The alloy billet was removed from the furnace and

weighed to 0.01 gram accuracy to determine mass lost during the alloying process. The

alloy samples were thoroughly cleaned using a wire brush to remove any surface

contamination. Each billet was roughly 2.5 cm in diameter and ̂ proximately 1.7 cm

thick. Next, the mixing crucible was removed from the fiunace and was replaced with a

copper casting mold that had an inner contour consisting of a hemispherical cavity which

funneled into a long cylindrical casting chamber as shown in Fig. 4-2(a). The billet was

loaded into the mold, the getter was replaced, and the chamber atmosphere was purged

once again as described earlier. The billet was then melted until it dropped into the

chilled mold. Because the amount of alloy material was greater than the capacity of the

cylindrical casting chambo', excess material partially filled the fimnel section of the mold

to produce a casting as ̂ lown in Fig. 4-2(b). This excess material was cut from each

cast rod using a diamond saw. The cast rods (with excess removed) measured

^proximately 0.64 cm in diameter and 5.72 cm long. A anall piece was removed from

the top end of each rod as shown. For the Batch #1 samples, these cut pieces were used

for metallography with the cut section being the viewed surface as shown in Fig. 4-2(b).
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Fig. 4-2. Schematic of casting cmciUe and cast alloy.
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In the Batch #2 alloys, these cut pieces were sampled for elemental impurity analyses

including carbon and oxygen.

Homogenization and Aimealing

The ftight specimens were individually placed in»de quartz glass tubes. The tubes were

flushed twice in argon to minimize oxygen, nitrogen, and carbon, evacuated to 8 x 10"®

torr pressure, and sealed. They were then placed in^de a resstance furnace and heated

at 1000°C for 4 hours to undergo homogenization. Following this heat treatment, the

specimens were cooled to room temperature uwig stepwise procedure to minimize the

retention of thermal vacancies in the cooled structure. The temperatures and

corresponding hold times for the step-wise cooling procedure were 800°C for 1 day,

600°C for 3 days, SOO'C for 5 days, 400°C for 7 days, 300°C for 7 days, and 200''C for 7

days. After cooling to room temperature the ̂ lecimens were sampled once again for

metallogr^hy (as described earlier) in order to determine whether homogenization was

complete.

Final Preparation

The annealed specimens were centerlessly ground to diameters of 0.2 cm that were

uniform to ±0.002 cm over the entire specimen length. The diameter of each specimen

was carefiiUy measured at ten locations using a preciaon cahper. At each location a

measurement was made in one direction (0°), then the specimen was rotated 90° and a

second measurement was made. Therefwe, a total of 20 measurements were made on
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each specimen and the average of these measurements was used in the determination of

the electrical re»stivity and specific heat.

Before either p or Cp values could be determined, it was necessary to attach a

thermocouple and a pair of voltage taps on each specimen surface. A 0.13 mm diameter

Pt:Pt-13wt.% Rh thermocouple was spot welded to the specimen surface half way from

the ends. The voltage taps were 0.13 mm diameter nickel wires that were spot welded

on either side of the thermocouple (at a distance of approximately 1 cm). The voltage

drop, Evt , across the nickel wires was measured and the material between them defined

that for which p and C? was determined.

Metallography Procedure

Each alloy had a tiny section in the ̂ lape of a small disk removed at the top of the

specimen for metallographic analy»s, as was mentioned earlier. These sections were

loaded into 1 inch diameter molds with the surface to be viewed fiidng down. The

molds were filled with a quick-set epoxy which hardened overnight. After 24 hours the

metallography samples were removed from the molds.

The samples were ground before being polished. The spedmens were ground starting

with a 20 grit sandpaper. Each sample was pressed against the sandpaper firmly and

moved back and forth across the sandpaper surface 50 to 100 times while maintaining
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constant direction. When finished the sample was rotated 90 degrees and resanded

(using the same procedure) with a higher (finer particle size) grit sandpaper. After each

run, the grit number was increased and this process was repeated. Final grinding was

done using 600 grit sandpaper. The specimens were viewed using optical microscopy to

ensure that there were no large scratch marks prior to polishing.

The metallography specimens were polished using a diamond paste technique. Diamond

paste was directly applied to a polishing cloth without using water or any other aqueous

media. Three polishing cloths were used to reach the final sur&ce finish. The specimens

were first polished with a 15pm particle size diamond paste, followed by 3pm, and

finished with 0.25pm diamond particles.

The polished specimen surfaces were chemically etched uang an mixture consisting of 50

vol.% acetic acid, 33 vol.% nitric acid, and 17 vol.% hydrochloric acid. This acid

mbcture was diluted with 1 to 2 parts water prior to etching. After etching, the surfaces

were examined using an optical microscope and photogr^hed.

Knife-Edge Measurements

A knife-edge ̂ paratus built by Basak (45) was used to determine the room temperature

resistivity and the length, L, between the voltage taps, is diown schematically in Fig. 4-3.

A quartz rod with a sharp radius knife-edge glued to each end was used to define a

distance, Lke. This distance was determined using an optical comparator which was
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accurate to between +0.01% and -0.005% (50). The knife-edge was carefully placed on

the specimen, which was in series with a 0.99994 Q standard resistor and power supply.

A current of approximately 0.1 amps was passed through the specimen for less than 20

seconds in order to obtain measurements without significantly increasing the temperature

of the specimen. The voltage drops across the quartz tube knife-edges (Eke), the

standard resistor (Esr), and the specimen (Es) were measured using a preci^on digital

voltmeter (see Fig. 4-3). The current was reversed and the measurement was repeated.

The average distance L was calculated from

L =Lke (Es/^ce) (4-1)

This length, L, was determined to be accurate to within ±0.01 nun.

The knife-edge apparatus was also used to measure p of the ̂ )ecimens at room

temperature. The resistivity was calculated from

p = (7t/4)(d'/L)[EsAs] (4-2)

where d is the specimen diameter, Es is the voltage drop across the specimen, and Is is

the current passed through the specimen and is equal to Esr divided by the resistance of

the standard resistor (0.99994Q).

The variable that has the greatest influence on the accuracy of p is the diameter, since it

is smaU and is squared in the equation. Based on the accuracy of the quantities in the

measurements, p was estimated to be accurate to ±0.5pQ-cm or about 0.7% for our

specimens.
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Operation of Pulse-Heating Calorimetry System

Principals of Operation

A schematic showing the calorimeter and the data acquisition system is shown in Fig. 4-

4. The current and length of pulse are entered into the conq)uter which then triggers the

programmable power supply to provide the current pulse. The power supply is

connected in series with the specimen and a standard resistor (0.0100000

±0.00000010). The specimen temperature increases by Joule heating. Three transient

signals are acquired during the pulse as shown in Fig. 4-4. They are the voltage drop

across the standard resistor (Esr), the voltage drop across the nickel wire taps (Evr), and

the thermocouple emf (Ea). These three signals are amplified, converted fî om analog to

digital format, and then stored in the compute memory with the accompanying time

interval. These signals are processed by the computer such that the thermocouple emf is

converted to degrees Kelvin (T) and the system current (I) is determined by

Esr/O.OIOOOOOO.

Pulse-Heating Operating Procedure

Each specimen was loaded individually into the specimen holder as shown in Fig. 4-5.

The thermocouple wires and nickel leads were attached to the data acquisition circuitry

described in Fig. 4-4. The specimen holder was placed inside the test chamber which

was then sealed. The test chamber was depressurized using a oil mechanical pump to
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below 10 torr. Once the pressure was below about 10 torr, a dififiision pun^) was

activated. Wh«i the diambo- pressure fell to approximately 2 x 10"' torr, the ̂ )ecimen

was ready to be tested.

The current and pulse duration parameters were ento'ed by the operator into the

computer. A typical current was 50 an^s and the pulse int^al was rdativdy ̂lort (10

to 20 seconds). The con^ter then prompted the power supply to send a ̂)ecified

current pulse (e.g., 50 amp) through the test ̂ )edmra. The three agnals (I, Evr, and T)

acquired Hnring a test run are shown schematically as a hmction of tune in Fig. 4-6.

While the current (I) is constant throughout the pulse, both the voltage (Evr) and

temperature (T) increase with time. These three signals wo^e recorded at 0.2 to 0.5

second intervals during the pulse, but only the tenq>erature was recorded during the

cooling period. The predaon of the data collection syston was evaluated using a

predsion voltage source whidi was set at levds similar to those of the actual readings.

These measurements agreed with the input values within the resolution of the computer

(i.e., ±1 count).

Detennination of Electrical Resistivity

The current (I) and voltage drop across the specimen (Evr) were used to determine p as

a function of temperature. The redstivity was calculated from the rdation

p = [Evr/I](ti/4)(d^/L) (4-3)
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where d is the specimen diameter averaged from 20 locations as discussed earlier and L

is the distance between the nickel wire t^s determined using the knife-edge ̂ paratus.

No corrections were ̂plied for themud expanatm, which would increase the actual

resistivity by 1 to 2% at high temperature. The temperature coeflBdent of resistivity

(TCR) was determined from the p-T curves by dividing the slope associated with the

initial rise in p by the initial resistivity.

Determinatioii of Specific Heat

Before the specific heat could be calculated it was necessary to first determine the actual

specimen mass between the voltage tq}S. The total mass (mr) of each specimen was

measured using a preddon Mettler balance to 0.1 mg accuracy. Next the total specimen

length (Lt) was measured using a preddon caliper to 0.01 mm accuracy. The specimen

density (D) was then calculated by

D = mK4/x)[ 1/(Lt d^)] (4-4)

The actual mass between the voltage taps (m.) was then determined by

m. = D(7c/4)(Lrd^) (4-5)

The formula used to calculate Cp at eadi time interval was derived by balancing the

different rates of oiergy. The power (I>) is the rate of energy input to the specimen and

is the product of the current (I) and the voltage (in our case Evr).

I>= rate of energy input = I Evr (4-6)
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The amount of energy absorbed by the specimen is equivalent to the term (m,CVf7)-

Therefore, the rate of energy absorption can be expressed as

rate of energy absorption = m, Cp (dT/dt)HEAmG (4-7)

where m is the specimen mass, Cp is the specific heat, and dT/dt is the rate of

temperature change with time. If there were no heat losses during testing, then the rate

of energy input is equivaleitt to the rate of heat of absorbed. However, there always

exists a finite heat loss associated during testing ̂ ven by

rate of energy loss = -m, Cp (dT/dt)cooling (4-8)

From a power balance, the power input = rate of energy absorption + rate of energy loss.

By substitution this becomes

I> = nil Cp (dT/dt)heating -nu Cp (dT/dt)coouNG (4-9)

which rearranges to

Cp = (I> m.) \l{(dT/dt)heating -m, Cp (dT/dt)coouNG\ (4-10)

The temperature was determined by measuring the thermocouple emf and converting the

emf signal to the absolute tempwature scale. The National Institute for Standards and

Technology has tabulated the emf signals with corre^nding temperatures (absolute

scale) for R-type thermocouples. These tables are publi^ed in NIST Monogr^h 175:

Temperature-Electromotive Force Reference Functions and Tables for the Letter-

Designated Thermocouple Types Based on the ITS-90 (International Temperature

Scales of 1990). In order to maintain high accuracy Basak (45) previously fitted the

tabulated data to a fourth order polynomial between 100 and 400''C and between 400

and 1100°C. IDs converaon polynomials were accurate to ±0.1%. Because the
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thermocouples used during this study were not calibrated, the actual error is estimated to

be±2°C.

The current and voltage were measured directly by the test apparatus and the resulting

power versus ten^)erature data were fitted to a polynomial expression. The rate of

change of temperature during the heating and cooling periods was calculated by

individually fitting the temperature and time data for each period to a polynomial

fimction. This fimction was differentiated with respect to time to determine (dT/dt)

during heating and cooling. Then the heating and cooling (dT/dt) terms were plotted

versus T and fitted to polynomial fimctions. Because the dependracies of P,

(dT/dt)heating , and (dT/dt)cooling on temperature were all described as polynomial

fimctions, Cp could to be determined at any temperature using the above equation. In

this study, C? was determined at SO°C increments, which were sufdcient for curve

generation and baseline determination. Note that (dT/dt)cooLiNG is essentially constant

for each run. However, (dT/dt)heating can be increased by increasing the heating rate

applied to the specimen. Therefore, as the heating rate is increased, the heat losses

associated with cooling become less significant since the expression [(dT/dt)heating -m.

Cp (dT/dt)cooLiNc\ dominates the C? calculation.
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Deteimination of AH®, dd, and nv

In this dissertation, represents the enthalpy of triple defect formation which

includes both the formation of vacancies (on Fe sublattice) and antiate Fe atoms (on the

A1 sublattice). Likewise, is the concentration of triple defects that form in these

alloys. Both the and no were determined using Cp-T data derived from pulse-

heating calorimetiy. In order to determine the defect contribution to specific heat

(ACp^, it was first necessary to present the dilation, electronic, and lowest-order

anharmonic terms to the specific heat (Cp^ as a linear rise in tenqrerature. This linear

term was fitted to all experimental data points in the straight line region (typically

between 500 and 900°£) using linear regression. This linear expres»on was then

extrapolated to higher temperatures as shown in Fig. 2-1. The ACp° was determined by

subtracting the linear extrapolated Cp^ results from the empiricaUy-derived Cp results at a

given temperature in the high temperature region (T ̂  800°C). This was performed for

each specimen test.

The A£^" was det^mined from the following relation^p;

ln(ACp^ T^) = InB - AHf® (1/RT) (4-11)

where B is the ln(ACp° T^) intercept. The values of ln(ACp° T^) were plotted against 1/T

for each data set. The data fell onto a straight line as shown in Fig. 4-7. The slope of

this line was measured and multiplied by the gas constant R (8.3143 J/mol-K) to obtain

ah/* for each set of data.
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The triple defect concentration, no, was determined by

nD = ACp°R(T/AHf°)' (4-12)

Since each triple defect consists of two vacancies on the a sublattice, the actual vacancy

concentration nv is determined by

nv ~ 2 ito (4"13)

For each test run or data set, nv was calculated at selected temperatures between 800

and 1000°C.

Test Protocol

Each of the annealed specimens was initially pulsed to ~1000°C at an average rate of

73°C/s ± 3°C/s, except for the specimen containing 43 at.% A1 which was initially pulsed

at 90°C/s. The specimens were cooled back to room temperature under vacuum at a rate

of approximately 1.5°C/s. These results gave p and Cp as a function of temperature for

the specimens in the annealed condition. Next the specimens were repulsed under the

same operating conditions in order to determine whether p and Cp were affected by the

thermal treatment of the initial pulse (heated to 1000°C then cooled at TS^C/s). The

specimens were pulsed several times at different heating rates (50 to 170°C/s) to

determine the influence of heating rate on p and Cp.

As part of the test protocol, data were taken with the current direction reversed to

determine if an emf pickup was induced in the thermocouple. For the 30, 38, and 43
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at.% A1 alloys, the data were within the reproducibility of the measurements. The

resistivity data for 48 at.% A1 alloy differed slightly (e.g. up to 2%) with the current in

opposite directions. These results were averaged to produce the p-T and Cp-T curves

for the heat treated condition. The origin of the difference for this san^le was not

identified, although it was shorter than the other specimens.

Unfortunately, the 48 at.% A1 alloy broke during a test run before the application of high

heating rate. In addition it was discovered that heating past lOOO'C caused the

specimens to buckle in the holder. Therefore, the spedmens were not heated to

temperatures greater than 1000°C until the last run.
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Chapter 5

Error Analysis

As part of this dissertation, the errors of estimate were determined for the calculated Cp-

T baseline, and iw values used in this dissertation. These errors are tabulated in

Table 5-1 for each test run.

Prior Analysis

The errors associated with the e^qierimentally determined p and C? were previously

estimated by Basak (45, 52). The variable that has the greatest influence on the accuracy

for both of these measurements is the diameter, since it is small and is squared in the

equations. Based on the accuracy of the quantities in the measurements, p obtained from

the knife-edge apparatus was estimated to be accurate to ±0.5pQ-cm, or about 0.7% for

our specimens.

The accuracy of the pulse-heating syston was evaluated by comparing electrical

reastivity and specific heat data obtained for nickel from 25 to 1200°C. KoUie (51)

previously had measured the resistivity of high purity nickel by a static method of

equilibrating at a series of temperatures, and by using a pulse-heating q)paratus »milar
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to that used for the present research. Kollie's original spedmen was tested in the present

device by Basak (45). The agreement with Kollie's data indicated an accuracy of 0.6%.

Basak (45) also calculated the error of the e9q>erimental Cp data by combining the errors

associated with the e}q)erimental and physical measurements, and estimated an error of

=0.9%. The Cp data that Basak (45) obtained using Kollie's specimen agreed within 1%

with those ofKollie from about 300 to 1200K, except just above the Curie temperature,

where they agreed within 3%. The Curie ten^)erature derived by Basak (45) from his

measurements on Kollie's Ni specimen agreed to ± IK with Kollie's earlier value. Recall

that only one thermocouple was on the specimen in the present research, and thus the

axial temperature gradient is unknown. The agreement of the Curie temperature, and of

p and Cp with the values ofKollie, is taken as an indication that the gradimt is negligible.

Error Associated with Establishing the Cp-T Baseline

The error of the calculated values of and Uv are primarily determined by the error in

establishing the Cp-T baseline which represents the dilation, dectronic, and lower order

anharmonic contributions. These baselines were determined by the least squares method

for the linear region in the experimental Cp-T curve (typically between 270 and 500°C).

The standard error of estimate (Se) for a sinq)le linear regresrion is determined by

S =
n-2

where the coefficients bo and bi are given by
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K = (5-3)
n  n

where yi is the observed variable and xj is the indepoulent variable. The standard errors

of estimate were calculated for each baseline run. The percmt of error (normalized

error) was determined by dividing Se by the maximum value of C? in the linear region in

accordance with standard statistical practice. As shown in Table S-1 there was some

variance in the error between the runs. This is because the error associated with

establishing the baseline was different for each nm. For most of the runs, this error was

less than 0.2%. However for the 38 at.% A1 alloy heated at 162°C/s, the normalized

error was 0.8%.

Error Associated with Determining AHf^

For each test run, tSp was determined by multiplying the slope of the line of the

ln(ACpT^) versus 1/T data by the universal gas constant R. The ln(ACp''T^) versus 1/T

data were fitted to a straight line using the least squares method and the error associated

with the straight line was determined using the technique described above. This error is

labeled slope error in this discussion. Because the slope is determined directly fi'om the

straight line, the slope error is equivalent to the oror associated with the straight line fit.

This error is shown in Table 5-1 for each test run. Since the e:q>erimental and baseline

Cp-T curves were used in the determination of tSp, their error contributions must be
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jnc-l^iHfd in the error estimate for Therefore the error of estimate for is

determined by

Error {bJTf ) = ■^{Ejqferimentaiy + {BaseUnef + {slopey (5-4)

The experimental error used in this equation was previoudy determined by Basak (45) to

be ^.9%. The estimate of error associated the enthalpy of vacancy formation for each

test run is shown in Table 5-1. The scatter in values reflects the influence of the baseline

error on each error estimate. Plots of the ln(ACp^T^) versus 1/T data for each test run

are shown in Appendix A along with the calculated straight line fits.

Error Associated with Determining ny

The defect concentration no is determined by ACp° R (T/AHf°)^ and the vacancy

concentration nv equals 2ito. As a result the error of estimate contains the contributions

from the experimental and baseline Cp-T curves and tSp. However, because Ai^° is

squared in the calculation, its oror must be doubled in determining the error estimate of

nv. Therefore the error estimate for the vacancy concentration is determined by

Error = ^(Experimenta/y + (Baseline) ' +2(A^r;£rror)' (5-5)
As shown in Table 5-1, the estimate of errors of the calculated vacancy concentrations

varied considerably between the test runs. The error associated with the 38 at.% A1

alloy in the aimealed condition is high because of high error associated with establishing

both a baseline curve and a straight line of the ln(ACp'^ T^) versus 1/T data. This further

61



Ta
bl
e 
5-
1.
 E
st
im
at
e 
of
 er

ro
r (
%
)
 fo
r t

he
 ba

se
li
ne
, s

lo
pe

, A
Hf
*,
 an

d 
nv

 fo
r e

ac
h 
te
st
 ru

n.

Al
lo
y

H
e
a
t
 T
r
e
a
t
m
e
n
t

Ba
se
li
ne

Er
ro

r (
%
)

Sl
op

e
Er

ro
r (
%
)

AH
/'

Er
ro
r (
%
)

Il
v

Er
ro

r (
%
)

3
0
 a
t
.
%
 A
1

a
n
n
e
a
l
e
d

0
.
0
3

1
.
5

2
3

3
8
 a
t
.
%
 A
1

a
n
n
e
a
l
e
d

0
.
2

3
.
2

3
5

4
3
 a
t
.
%
 A
1

a
n
n
e
a
l
e
d

0
.
0
6

1
.
0

1
2

4
8
 a
t
.
%
 A
1

a
n
n
e
a
l
e
d

0
.
2

1
.
2

2
2

3
8
 a
t
.
%
 A
1

he
at
ed
 t
o 
10
00
°C
, 
co
ol
ed
 a
t

1.
5°
C/
s,
 a
nd

 r
ep

ul
se

d 
at
 4
2°
C/
s

0
.
1

1
.
3

2
2

3
8
 a
t
.
%
 A
1

he
at
ed
 t
o 
l
O
O
C
C
,
 co

ol
ed
 a
t

l.
S'
C/
s,
 a
nd

 r
ep
ul
se
d 
at

 5
2®

C/
s

0
.
0
5

1
.
8

2
3

3
8
 a
t
.
%
 A
1

he
at
ed
 t
o 
10

00
°C

, 
co
ol
ed
 a
t

1.
5°
C/
s,
 a
nd
 r
ep
ul
se
d 
at
 1
62
°C
/s

0
.
8

0
.
9

2
2

4
8
 a
t
.
%
 A
1

he
at
ed
 t
o 
10

00
°C

, 
co

ol
ed

 a
t 
1.
5°
C/
s

0
.
1

0
.
8

1
2



Chapter 6

Results and Discussion

Specimen Chemical Analysis and Metallogaphy

The microgrq)hs of the "as-cast" grain structures for the Batch #1 alloys are shown in

Fig. 6-1. The average grain »ze was determined by the line intercept method which was

performed 5 times on each micrograph. The average grain size for each alloy is listed

below in Table 6-1.

Table 6-1. Average grain size for each cast alloy.

Alloy
Avg. Grain
Size (um)

30 at.% A1

38 at.% A1

43 at.% A1

48 at.% A1

184 ±15

159 + 9

132 ±11

122 ±11

There is a noticeable decrease in the grain size associated with increasing A1

concentration, though why this should be so is not clear. Coring was present which

indicates that homogenization was required. Following homogenization and slow

cooling, it was noted that the quartz glass annealing tubes had darkened uniformly to a

yellow-browni^ color. This suggests that a chemical reaction had occurred in the glass

during heat treatment. There was no indication that the glass had reacted directly with

the alloy specimens since the specimens were not stuck to the glass. It was also noted
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that the sur&ces of the alloy ̂ )edmens had also darkened and their surface texture had

become rougher. In addition, very large grains were visible on the spedmen surfeces.

This may be indication that some vaporizaticm had occurred on the ̂ ecimen surfaces

resulting in thermal etching at the grain boundaries. If vt^rization did occur, then it

might account for the darkening of the quartz glass if metal atoms were able to difhise

intn the glass structure. The machined sur&ces did not have the dark coloratimi.

The microstructures afl«" homogenization and slow cooling treatments are shown in Fig.

6-2. Coring is no longer visible and substantial grain growth had occurred in the 30,43,

and 48 at.% A1 alloys. These results indicate that the ̂ ledmens wo-e homogenized by

the heat treatment. The two 30 at.% A1 alloys were found to be fOTomagnetic at room

temperature while the otho- alloy conqx)sitk»is were not.

The results of the elemental impurity analysis are shown in Table 6-2. The oxygen

content was measured u»ng natron source activation and is consido'ed accurate to

within 3%. Kitrogen was determined by dionical sqwration, wWle the remaining

elements were determined by ̂)ark spectrognq)hic analysis. The spectrogrjq)hic analysis

results showed that the oidy elonents present in measurable quantities were copper,

nickel, and ̂ con. The levds of these impurities present in the alloys are considered

low. The levels of A1 and Fe in the specimens were not detomined and are assumed to

be the starting amounts of both these elements prior to melting.
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Table 6-2. Impurity analysis for Batch #2 cast alloys
(in^urity levels are expressed as at. ppm).

Element 30 at% Al 38 at% Al 43 at.% Al 48 at% Al

Oxygen 31.6 28.6 51.6 57.7

Nitrogen 11.1 5.4 3.4 6.9

Copper 10 10 14 11

Nickel 10 6 <8 490

Silicon 41 52 88 75

Electrical Resistivity Measurements

Electrical Resistivity Data at 25°C

FeiAl Allov. Data from other sources (39, 40, 42, 45, 47) ̂ow that p increases with

increasing A1 content for FesAl alloys (Fig. 6-3). The data point for our 30 at.% A1 alloy

falls in the trend band. This increase in p with increasing A1 contort corresponds to the

reduction in the degree of order as the composition deviates from the stoichiometric

FesAl composition (25 at.% Al). At 25°C the poation of the phase boundary between

FeAl and FesAl is unknown. However, a currently assessed phase diagram (4) positions

the boundary at 36 at.% Al at 400°C, which is shown in Fig. 6-3. The trend of the

resistivity increase with Al content indicates that, at the phase boundary, the resistivity of

FeAl and FesAl are close to the same value. It is important to note that the results for

FejAl in Fig. 6-3 are for a wide variety of heat treatmrats, which are listed in Table 6-3.

The significance of this is commented on in the following section.
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Fig. 6-3. Hectrical reastivity of FejAl and FeAl at 25°C.
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Table 6-3. Summary of heat treatments for references used in Fig. 6-3.

Reference Heat Treatment

Basak (45) Heated to 1000°C thra

cooled at 1.5°C/s

Nishino (47) Heated to 1000°C then
slow cooled

McQueen and
Kuczynski (40)

Heated to 1100°C for 24 hours,
annealed at 250''C for 28 hours

Mardnkowski and

Smoluchowski (42)
Heated to 300°C for one hour
then quenched

Sykes and Evans (39) Heated to 700°C for 20 minutes
then cooled at 30°C/hour

FeAl Alloys. The electrical resistivities at 25°C for the annealed alloys are presented in

Fig. 6-3 as a function of A1 concentration. The decrease in p is associated with

increasing improvement in proper ate occupation as the con^ation approaches

aoichiometiic FeAl. This is illustrated by the schematic diagrams in Fig. 6-4. In these

diagrams, it is assumed that the vacancy concentration is negligible. As the A1 content

increases, the number of clusters of Fe-Fe nearest neighbor bonds decreases. If these act

as sources of electron scattering, then the resistivity will decrease. A comparison of the

electrical reastivities of the FeAl (B2) structure and the FesAl (DO3) structure for

mmpn.«titinns between 25 and 36 at.% A1 can be made by extr^x}lating the p data for

FeAl in Fig. 6-3. Note that the extrrqrolated resistivity of the FeAl B2 structure, for a 25

at.% A1 alloy, is about three times higher than that of the DO3 structure. However, this

extrapolation is discussed relative to the p-T extrr^lation in a later section.
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Further explanation of the low t^perature resistivity behavior for FesAl and FeAl is

provided by the Mott s-d electron scattering model for transition metals and alloys (53).

In the Mott model, the high resistivity associated with the transition metals is due to

interactions of the 4s electrons with the holes of the 3d shell (state). Fe is a transition

element in which the 3d electron state is only partially filled (contains 4 holes) as shown

in Fig. 6-5. The 4s shell is the lowest energy band and, therefore, provides the

conducting electrons.

According to the Mott model, the s-dectrons scatter due to fluctuations in the local

environment by structural disorder, and this scatter causes a conducting s-electron to

jump into a vacant d-state, thereby increasing the reastivity. Increasing the structural

disorder increases the scattering, and therefore increases the probability that an s-

electron will jump into a vacant d-state, and thus reastivity ino-eases with increased

disorder. This relationship corresponds to the data diown in Fig. 6-3. The resistivity (at

25°C) for both FesAl and FeAl increases with increased disorder which is caused by

deviations fi*om their aoichiometric compositions (25 at.% A1 for FesAl and 50 at.% A1

for FeAl). For the FeAl structure, the resistivity increase resulting fl-om the scatter of

electrons by the Fe-Fe clusters is also a valid e}q)lanation. Motts' model is considered to

be relatively independent of temperature (although it does predict that the Fermi level

will increase with temperature) and cannot therefore be used to describe the f>-T

behavior for these alloys (53, 54).
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Shell K L  M N

Subshell is 2s 2p 3s 3p 3d 4s

13AI 2

Bl
MC

OC

MC

21 Sc 2 2  6 2 6 T 2

22 Ti 2 2  6 2 6 2 2

23 V 2 2  6 2 6 3 2

24 Cr 2 2  6 2 6 4 01
25 Mn 2 2  6 2 6 5 2

26 Fe 2 2  6 2 6 6 2

27 Co 2 2  6 2 6 7 2

28 Ni 2 2  6 2 6 3. 2

29 Cu 2 2  6 2 6 10 0
30 Zn 2 2  6 2 6 10 2

Fig. 6-5. Electron states for the first period of transition metals plus aluminum.
Unfilled states are double fi-amed.
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Pulse-Heating Electrical Reristivity Data

F&.A1 (20 at.% AlV The ten^)erature dependence of p for the FesAl alloy (30 at.% Al) is

shown in Fig. 6-6. The resistivity increases to a maximum at 485°C, where there is a

slight discontinuity at which p decreases. It then continues to decrease slightly to the

limit of measurement (~1150*'C). The sh^e of the curves closely resembles that

reported for this and similar FesAl con^ositions (34, 36, 45, 47). Note that our

specimens were heated much faster (between 50 and 70°C/s) than those of previous

studies (e.g., 3°C/min).

For a stoichiometric FesAl alloy, Nishino et al. (47) attributed the maximum to the

ferromagnetic-paramagnetic change, which has a Curie temperature close to 485°C.

However for the 30 at.% Al alloy, the Curie tenq)erature is reported to be close to 200''C

(4). Typically an inflection in the p-T curve occurs at the Curie temperature for

ferromagnetic materials. However, such an inflection is not present in the data shown in

Fig. 6-6. Cahn and Feder (37) have argued that the maxinmm is the result of two

competing phenomena. At t^peratures below the maximum, phonon scattering

predominates which causes p to increase, while at higher tra^)eratures the reristivity

decrease associated with increased conduction electrons becomes the overriding factor.

This resistivity maximum has been reported for other DO3 and LI2 intermetalhcs having a

tranrition metal con^onent (48,49).
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The aforementioned investigations based their interpretations that the p-T maximum

occurs before the structure changes from DO3 to B2, and hence the comments do not

address the decreasing reastivity in the higher temp^ture range (see below). For the

30 at.% A1 alloy, the DO3-B2 transition ten^)«'ature occurs near 480°C in the evaluation

of Elattner and Burton (4) which is in good agreement with the discontinuity at 485°C in

Fig. 6-6. Thus this feature is taken to be assodated with this phase change. At high

temperature, the 30 at.% A1 alloy changes from the B2 structure to the disordered oFe

solid solution. Kattner and Burton give this temperature as 1070°C, although there

exists considerable uncertainty in the value of this transition. There is no clear indication

in the in Fig. 6-6 of a phase change in this range. In contrast, iron undergoes a fee

to bcc change at 1400°C which causes a change in resistivity of about 2% (51).

Once the alloy transformed to the B2 structure (at about 485°C), the resistivity decreases

slightly with temperature. Similar behavior has been reported for stoichiometric FesAl

(45). This effect is discussed in the section with the behavior of the higher A1 alloys,

which have only the B2 structure.

We now turn to an examination of the kinetics of the structural changes. There are two

considerations here: 1) the initial degree of order and the accompanying lattice defect

concentration, and 2) the formation of these defects on rapid heating and retention

during cooling. Keep in mind that the initial annealing of the specimen was designed to

induce maximum order and minimum (essentially zero) vacancy retration.
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It is to be noted that the data in Fig.6-6 are identical for either the initial annealed

condition (prior to pulse) or cooled at about l.S'C/s from 950 to 1100°C. Also note that

the data are identical for heating rates from 50 to TO'C/s. In addition, the resistivity at

25°C for the FesAl alloys in Fig. 6-3 is for a variety of heat treatments, most involving

aging treatments or relatively slow cooling. The data at 25°C from our research, for the

annealed condition and after cooling from high temperature at about 1.5''C/s, also agree

with the results in Fig. 6-3.

The similarity of the p-T curves for various heat treatments implies that the

transformation from the ordered B2 structure to the DO3 is quite rapid. This is

confirmed by aging studies of similar FesAl alloys by Branski and Rudman (41),

McQueen and Kuczyn^ (40) and Sykes and Evans (39). They ̂ ow that cooling from

the B2 region (e.g., 1000°C) at about TC/s or slower will result in the DO3 structure.

Mich faster cooling (e.g., water quenching) is required to retain the B2 structure. For

FesAl alloys for which this has been done, the resistivity at 25°C versus quenching

temperature curve is similar in shape to that in Fig. 6-6, but the values are lower by

about 15pn-cm.

Kim and Morris (43) showed recently that for a similar conqiosition the DO3 structure

begins to disorder between 300 and 350°C. However, there is no anomaly on the p-T

curve associated with this feature.
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These results show that the p-T curve is characteristic of the structure at each

temperature. That is, on heating rapidly (e.g., 70°C/s) the kinetics of disordering are

sufficiently rapid to maintain the equilibrium degree of order. Such r^id kinetics are

probably related to the highly-ordered structures of these alloys and are discussed in

further detail in a later section.

FeAl (30. 38. 43. and 48 at.%AlV The p-T data for the higher A1 alloys (38, 43, and 48

at.% Al) are shown in Fig. 6-7 through 6-9. According to the phase diagram of Kattner

and Burton (4), these compositions all lie in the B2 structure re^on for our temperature

range of measurement (up to ~1000°C). A phase change to the disordered oFe structure

occurs above the B2 region. Kubaschweski (55) indicates a more complex behavior

involving phase changes within the tmperature range of measurements. However, the

curves in Figs. 6-7 through 6-9 do not show any indication of a high temperature phase

change.

The data for the initial annealed condition are compared in Fig. 6-10. The curve for the

30 at.% Al alloy is included since it has the B2 structure above 485°C. The resistivity at

low temperature decreases with Al content (see also Fig. 6-3), but the curves cross over,

so that at high temperature the resistivity increases with increasing Al content. The

temperature coefficient of resistivity (TCR) is plotted versus Al content in Fig. 6-11. It

is interesting to note that the TCR values are low and decrease with decreasing Al

content. The significance of this is discussed in detail in a later section.
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For the 38 and 43 at.% A1 alloys, there is little difieroice betweoi the p-T data for the

initial annaalflH ccMidition and for cooling from high tenq)erature (e.g. lOOO'C) after the

first pulse (Figs. 6-7 and 6-8). However, the 48 at.% A1 alloy shows a measurable

increase in the resistivity after an initial pulse to high temperature (Fig. 6-9). This

diSerence becomes less at high ten^erature. (The diffo'ence between the second and

third pulse data is probably due to spedmen buckling.) For all of the alloys tested, there

was no effect of heating rate on reastivity for the heating rates tested. This ̂ ect is

examined fiirther in the following discussions (m the ̂ lecific heat residts.

Analyas of the FeAl Defect Structure

To assist in the explanation of the reastivity behavior of these alloys as a fimction of

composition and ten^ierature, we have provided two-dimensional schematic diagrams of

the atomic arrangement for two FeAl alloys. Both low and elevated temperature

arrangements of Fe and A1 atoms on the B2 lattice structure are shown in Fig. 6-12 for a

37.5 at.% A1 alloy and in Fig. 6-13 for a 47.2 at.% A1 alloy. The location of excess Fe

atoms on the A1 sublattice was randomly selected for the low temperature structures.

For the purposes of discussion, the room ten^ierature diagrams in Figs. 6-12 and 6-13

represent the annealed structures as ideal crystals in whidi excess Fe atoms occupy A1

sublattice positions. Con^iarison of the low ten^rature structures shows that the

degree of order is higher for the 47.2 at.% alloy, which is closer to stoichiometry than

the 37.4 at.% A1 alloy, and therefore p is lower. This is consistent with our earlier
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assessment of the low-temperature reastivity b^vior (Fig. 6-3). The elevated

temperature diagrams were determined using two simplifying assumptions:

1. Triple defects are the only defect type formed. Several studies (15-17) have shown

that for FeAl triple defects predominate at elevated temperature. As a result, Fe

atoms jump to the A1 sublattice creating a vacancy. This is demonstrated in the

diagrams by arrows that show the direction of the Fe atom nK)v^ent. To maintain

composition, an additional vacancy is located on the Fe sublattice adjacent to the

antiate Fe atom.

2. The number of vacancies adjacent to any Fe atom is limited to two. This assumption

prevents the occurrence of an Fe atom bdng surrounded completely by vacancies.

The presence of divacancy formation in these structures was noted by a previous

investigation (30).

The structural diagrams depicted in Figs. 6-12 and 6-13 show that the number of

vacancies formed at elevated temperatures rises with increaang A1 concentration and for

the composition near stoichiometiy (47.2 at.% Al) is quite large. This analysis

corresponds to experimental and theoretical studies of vacancy formation of FeAl.

Chang et al. (14) calculated the vacancy concentration as a fimction of temperature and

Al content. There is a mariced increase in the vacancy concentration as the

stoichiometric 50 at.% Al is approached. Xiao and Baker (12) obtained »milar results.

They also determined the Fe antisite atom concentration and showed that it decreases
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almost linearly as the A1 content increases, ̂ proaching close to zero at stoichiometric

FeAl. Our analysis also corresponds to the theoretical model developed by Chang and

Neumann (17) for B2 phases exhibiting triple defect formation. Further evidence that

the thermal vacancy concentration was exceptionally high for the near stoichiometric

alloy (48 at.% Al) can be obtained by con^aring the resistivities in the annealed state to

the resistivity data obtained following the first pulse. For the 38 and the 43 at.% Al

alloys, the resistivity data were unchanged. However, for the 48 at.% Al alloy (see Fig.

6-9), the resistivity increased 30% fi-om 63 to 86 pQ-cm.

It is important to note that if the resistivity was influenced by electron scattering at

vacancies, then the rise in reastivity should be proportional to the vacancy increase with

temperature. However, the resistivity curves for these alloys do not s^ow a dramatic

upswing associated with vacancy formation. Instead, the slope decreases with increasing

temperature. Kim and Morris (43) determined that for the B2 phase, atomic disorder (or

vacancies) begins to form on the a sublattice around 500°C. However, the p-T curves

for these aUoys do not contain any anomaly that corresponds with this feature. This is

discussed in more detail in the later section on specific heat.

Comparison with Disordo'ed or Amorphous Transition Metals and Alloys

Before further discussing the p-T curves for FesAl and FeAl, a brief description of the p-

T behavior for disordered or amorphous transition metals and alloys is needed. Disorder

is defined as random atom arrangement within a crystal lattice. The p-T behavior of
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disordered or amorphous transition metals or alloys is peculiar in that it almost always

contains the following general features (54, 56, 57):

1. the residual resistivities (the resistivity at 0°C, denoted as po) are high (po>40nn-

cm),

2. the temperature coefficients of resistivity (TCR) are small and are always positive for

Po<150pfl-cm, and negative for Po>150pf2-an, and

3. the alloys exhibit re»stivity saturation at high tenq)eratures.

As we will demonstrate in the following discussion, each of the above features occurs for

FeAl even though it has an ordered B2 structure.

The residual resistivities were determined for each FeAl alloy by extr^wlation of the p-T

curves in Fig. 6-10 to 0°C. For the 30 at.% A1 alloy, only the region that was in the FeAl

phase was used for the extrapolation. Note that this extrapolation gives a resistivity

value at 25°C that is conaderably less than the one determined from the Fig. 6-3

extrapolation. The TCRs were determined for 25°C and are plotted against Po to obtain

the Mooij plot for FeAl shown in Fig. 6-14. The Mooij plot is a gn^hical representation

of the empirical relationship of TCR with po and is associated with the second feature

listed above (54, 57). For disordered or amorphous transition metals and alloys, the

TCR always decreases as the po increases and is zero at ̂ proximately 150pfl-cm. As
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shown in Fig. 6-14 for FeAl, the Po values are high (po > 40pQ-cm) and the TCR

decreases with increasing po similar to that of disordered or amorphous transition metals

or alloys (54). The TCR values for FeAl are also positive for po<150nfl-cm and

negative for po>150pfl-cm.

The third feature is the resistivity saturation phenomena which is depicted in Fig. 6-15.

As the temperature increases, the resistivities for each curve all converge to a single

value (usually around 150pn-cm). The resistivity saturation phenomena is not

understood but it is theorized that d-band conduction or electron-phonon hopping may

be responsible (54).

For FeAl, the p-T curves in Fig. 6-10 resemble the resistivity saturation phenomena but

differ in that they do not converge to a single value. Instead they cross each other at

devated temperature. This crossover ̂ ect can be explained as the result of thermal

vacancy formation, which increases the reastivity. This additional contribution to

resistivity increases the slope of the p-T curve causing the CTOssover and preventing each

curve from ̂proaching a single value. It is known that the fonnation of thermal

vacandes increases with A1 concentration. When this effect is taken into account, the

curves in Fig. 6-10 more closely resemble the resistivity saturation behavior illustrated in

Fig. 6-15.
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Temperature

Fig. 6-15. Resistivity saturation in a disordered or amorphous transition metal
or alloy.
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The general features of the p-T curves for FeAl correspond to those observed for

disordered metals and alloys containing a transition element. Because the FeAl B2

structure c-otis'st" of a highly ordered <x-sublattice and a disordered P-sublattice, these

results indicate that the reastivity for this alloy is dominated by the disorder in the 3-

sublattice. If the vacancies on the a-sublattice contributed significantly to p, then p

should increase in proportion to nv. Howevw, this is clearly not so. As a result, the p-T

behavior is unaffected by heating rate (see Figs. 4-7 through 4-9). In addition, the

resistivity is not especially sensitive to retained thermal vacancies in the cooled structure,

except for the 48 at.% A1 alloy, in which the retained thermal vacancy concentration was

exceptionally high.

This study represents the first time that the resistivity saturation phenomena has been

noted for an ordered B2 structure. Triple defect formation is likely responrible for this

behavior since vacanaes do not form on the 3 sublattice. The in^ortant discovery of the

saturation phenomena in FeAl alloys has three important consequences:

1. Resistivity measurements were made to high temperatures, which fro amorphous

structures is limited because reaystallization cannont be prevented.

2. The saturation of the resistivity at high tenqieratures means that FeAl alloys have use

for applications whwe an approximately constant reristivity is required.
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3. Resistometry studies of FeAl at high ten^)erature will have to consider the resistivity

saturation phenomena when using resistivity measurements to study defect

concentrations and kinetics.

Specific Heat Measurements

Baseline Extrapolation

The general shape of the experimental Cp-T curves was amilar to those obtained for

refractory metals such as tungsten. Between 275 and 475°C (550 and 750K), the C?

rise with temperature was linear, but at higher ten^ratures the Cp rise was much &ster.

The linear region is believed to represent the Cp contributions from dilation, electronic,

and lowest-order anharmonics. This region was extrapolated to higher ten^eratures by

performing a linear regression. The baseline is important for two main reasons: 1) the

thermal defect contribution of the Cp can be determined by subtracting the experimental

value from the baseline value at a given temperature and, 2) the tai^)erature at which

thermal defects begin to form for a given alloy and test condition can be determined as

the point at which the e}q>erimental Cp-T curve deviates from the baseline curve. This

temperature is designated as To in the following discusaon.
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Effect of Compoation

The experimental Cp-T curves for the alloys in the annealed condition are shown in Fig.

6-16. The heating rate for these alloys averaged 73 ± 3°C/s, except for the 43 at.% A1

alloy which was heated at 90°C/s. The results show that the dramatic upswing in Cp

occurs at decreaang temperature with increasing A1 content. The extrapolated baseline

linear region for each alloy is shown in Figs. 6-17 through 6-20 along with the respective

experimental Cp-T curve. U^g these curves. To was determined and is liaed in the

Table 6-4 below for each alloy. The values for To are conadered qiproximate because

of the errors associated with baseline extrapolation and visual determination of the

separation point.

Table 6-4. Defect formation temperatures for the annealed alloys.

Alloy TdTO
30 at.% A1 680

38 at.% A1 530

43 at.% A1 530

48 at.% A1 480

As shown in Table 6-4, To for the 38,43, and 48 at.% A1 alloys does not change

significantly with composition. These three alloys are entirely within the FeAl phase or

B2 structure. The To is in agreement with the findings of Paris and Lesbats (16) and

Kim and Morris (43). In a natron powder diffraction study, Kim and Morris (43) found

that disorder be^hs on the a sublattice of the B2 structure around 500°C. They define

disorder as the concentration of Fe atoms on the a sublattice, with the remamder being

vacancies. Therefore, by their definition, disorder describes the vacancy defect
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formation for these alloys. Our results are in good agreement with their data. In

contrast, lattice parameter measurements by Ho and Dodd (15) and Pike et al. (13) have

indicated that thermal vacancies begin to form in FeAl around 700°C. However this

technique may not be sensitive enough to detect the onset of these defects.

It is interesting to note that the To value of680°C for the 30 at.% Al alloy occurs well

within the FeAl phase or B2 structure. According to a recent equilibrium phase diagram

by Kattner and Burton (4), the DO3-B2 transition for this composition occurs near

480°C. This agrees with the findings of Feder and Cahn (36), Shaefer and Wurschum

(44), and Kim and Morris (43) that thermal defects do form within the FesAl phase or

DO3 structure. Another interesting feature is that the e:q>erimental Cp-T curve for this

alloy does not show a discontinuity corresptmding to the DO3-B2 transition. This may be

due to the fiu:t that the crystal structures for DO3 and B2 are very amilar and that the

transition is gradual.

Effect of Thermal Treatment

During the initial pulse the annealed specimens were heated to approximatdy 1000°C

and then cooled at 1 .S'C/s. Ahhough h has been wdl established that vacancies will

form in these alloys at this temperature, it is not known whether this cooling rate is fast

enough to retain them. The effect of this thermal treatment was evaluated by comparing

the treated Cp-T curves with the aimealed Cp-T curves.
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The Cp-T curves for each alloy composition in the annealed and thermally-treated

conditions are shown in Figs. 6-21 through 6-24. Only the 48 at.% A1 alloy showed a

change in the Cp-T curve as a result of the thermal treatmait (Fig. 6-24). The dramatic

upswing in Cp for the annealed condition was shifted to higher temperature by the

thermal treatment (the extrapolated baseline for this curve is shown in Fig. 6-25). The

Td results for the annealed and treated conditions wa-e determined to be about 480°C

and 600°C respectively. This indicates that a large concentration of thermal defects was

retained in tlw low ten4>erature structure during cooling. Since these defects were

already present, they did not need to be reformed during heating. If the heating rate was

low, the retained vacancies would anneal out at low temperature producing a dip in the

Cp-T curve, as shown in Fig. 6-26. Howevo", because the heating rate was high, the

energy release associated with retained d^ect anneahng was suppressed to high

ten^erature. Thus, the dramatic upswing in Q> was suppressed to higher ten^erature.

The Cp-T curves for the lower A1 alloys (30, 38, and 43 at.% Al) were identical to that

obtained for the initial annealed condition. This suggests that the cooling rate was not

sufficiently high to retain significant concentrations of thermal vacandes for these alloys,

which is a further indication that the defect concentratirms for these compositions are not

nearly as great as the 48 at.% Al alloy.
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Effect of Heating Rate

The three FeAl alloys (38,43, and 48 at.% Al) were pulsed at various heating rates in

order to determine the influence of heating rate on the Cp-T curve. These results are

diown in Figs. 6-27 through 6-29. There was no observable diange in the Cp-T curves

with heating rate for the 43 and 48 at.% Al alloys for the rates tested as shown in Figs.

6-28 and 6-29. However, for the 38 at.% Al alloy (Fig. 6-27) the temperature

corresponding to dramatic upswing in Cp increased with increasing heating rate. For this

alloy the extrapolated baselines for these curves wwe determined (see Figs. 6-30 through

6-33) and To for each run is listed below in Table 6-5.

Table 6-5. Temperature of defect formation for the heating rates tested for the
38 at.% Al alloy.

Heating Rate (°C/s) Tore)

42 480

52 530

73 530

162 630

These results cleariy show that the dramatic upswing in Cp was suppressed to higher

temperatures for the 38 at.% Al alloy. However, the curves do not cross over at high

temperature, as would be e?q)ected as shown in Fig. 6-34. The vacancy concentration at

Ti is the same for both heating rates. The curve for the high heating rate shows a large

rise in Cp as T2 (temperature near melting) is {^tproached. During slower heating the

curve exhibits a more gradual rise whidi CTOSses over the high heating curve, as shown in
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Fig. 6-34. At Ta the vacancy concentrations nva for both heating rates ̂ ould be

identical and the areas under both curves should likewise be identical. This effect is not

observed for this alloy. The reason for this is undear but may be related to the defert

mobility and/or the need to go to higher temperature. These results suggest that the

vacancy/defect mobility for this particular alloy is low. This is in agreement with the

results of Wiirschum et al. (28) that FeAl alloys of 37 and 39 at.% A1 have exceptionally

slow vacancy diffusion. As previously discussed, Vogl et al. (30) showed through

Mossbauer spectroscopy that the difiusion is a two-step process involving an Al vacancy

site, and that time constants increase with increasing Fe cont^. Because the probability

of finding a vacant Al site decreases with increasing Fe content, the mobility also

decreases with increasing Fe content. It is this low vacancy diffiisivity that is responsible

for the heating rate effects observed for the 38 at.% Al.

Defect Formation and Concentration

The enthalpy of vacancy/defect formation was determined by plotting ln(ACp'^ T^) versus

1/T for eadi test run. The data were fitted by a least squares method to a straight line.

The slope of this line was multiplied by the universal gas constant R to obtain AHp for

each test condition. It is important to restate that the formation of vacandes occurs via

triple defects. In other words, an antisite Fe atom is created along with two vacandes.

Therefore, the enthalpy of formation AHf° is actually the enthalpy of triple defect

formation.
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The ln(AQ>°T^ vctsus 1/T plots for each annealed alloy are shown in Fig. 6-35. The

range of data for 38,43, and 48 alloys increase by an order of nuignitude with increasing

A1 concentration for a given temperature. However, the data for the 30 at.% alloy lies in

the sanie range of values as the 38 at.% A1 alloy, even though thdr dopes are diff^ent.

The ralnilflteri AHf° values are diown as a fimction of composition in Fig. 6-36 along

with the experimental (note that this is not AHf^ results of Riviere and Grihle (25)

and Wiirschum et al. (28) and the theoretical result of Fu et al. (27). Our results are

shown with the associated error. Comparison of the data shows that AHf^ mcreases with

decreadng Al concentration, and roughly parallels the values of Riviere and Grihle

and Wurscluun et al. Note that the literature values of Rivio-e and Grihle, and

Wmschum et al. are for resistometiy and positron lifetime measurement techmques,

re^ectivdy. These techniques measure vacancy formation and concentration. They do

not include the Fe antisite atom fcmnation and concentration that occurs with triple

defects. Therefore, our values are higher since liHp includes the enthalpy to form

^^ntisitft Fe atoms in addition to enthalpy of vacancy formation. Subtraction of their

results from AHP data indicates that the enthalpy of antisite Fe formation is

approximately 25 kJ/mol.

From the AHp values, the triple defect concentration was determined for each alloy

composition. There are two vacancies that are formed with each triple defect (Fig. 3-4).

Thus, the vacancy concentration nv was determined by multiplying no by 2.
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Our results are shown in Fig. 6-37 along with the results of Ho and Dodd (15) and Paris

and Lesbats (16) in Fig. 6-38. The results show that the vacancy concentrations for the

30 and 38 at.% A1 alloys are veiy low, in accordance with the prediction of the Chang

and Neumaim model (17). For the higher A1 compositions, nv ino-eases with ino-easing

A1 concentration in a manner similar to the data of Paris and Lesbats and corresponds to

the Chang and Nounann model. The results are in good agreement with the range of

data obtained by Ho and Dodd and Paris and Lesbats.
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Chapter 7

Conclusions

For both the FcjAl (DO3 structure) and FeAl (B2 structure) alloys annealed to minimize

vacancy content and maximize the degree of order, the electncal resistivity at 25°C

increases with deviation from stoichiometry. This shows that the resistivity is

controlled by the degree of order.

For the 30 at.% A1 FesAl alloy, the electrical resistivity was identical for an initial stq)-

cooled condition and for cooling at 1.5°C/s from high temperature (e.g., 1000°C). The

resistivity was the same for heating rates from 50 to 70°C/s. There was a ̂ ght

decrease at 480°C, corresponding to the change from the DO3 to the B2 structure. This

resistivity change did not correspond to the Curie temperature for this alloy. In the B2

structure range p decreased dightly (see below). However, the ̂ lecific heat showed a

very mark-eH increase, but beginning around 680°C, in the B2 ten^ierature range, and is

attributed to the formation of defects (see below). The Cp results diow that the DO3

structure has a low defect content, but in the high^ temperature range in the B2

structure defects do form. However, the p-T curve is not affected by heating rate or

annealing which ̂ lows that the scattering of electrons is not affected by the lattice

vacancies.
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The 38, 43, and 48 at.% A1 alloys were all in the B2 structure range. The p-T curves

for the 38 and 43 at.% A1 alloys were identical for the initial slowly cooled condition

and after cooling from high temperature at 1.5°C/s. The curve for the 48 at.% A1 alloy

was about 30% higher after cooling from high ten^)erature, which is taken to indicate

that more vacancies are present as the stoichiometric composition is approached. After

cooling from high temperature subsequent p-T curves were independent of heating rate

for all alloys (including 30 at.% Al). None of the curves showed any indication of

structural changes. Howevo", the Cp-T curves showed a marked ina-ease in Cp at high

tenq)eratures. It is concluded that the resistivity for FeAl alloys is determined by the

antisite occupation on the ̂  sublattice and not vacancies.

The enthalpy of formation values of defects derived from the Cp data are similar to

those obtained by other methods, and the derived vacancy concentrations are similar to

those reported in the literature.

One of the most important findings in the present research is the behavior of the p-T

curves of the B2 structure (including the high temperature data of the 30 at.% Al

alloy). As the Fe content increases, the dope of the p-T curves decreases, becoming

slightly negative for the 30 at.% Al alloy. Also, these curves showed a tendency to

approach a constant (w saturation) value, a behavior found for amorphous and

disordered transition alloys. The causes of this charactoistic are unknown.
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Chapter 8

Recommendations

The pulse-heating ̂ paratus is an extremely useful tool for studying physical phenomena

in metals and alloys. It has the ability to measure simultaneously the electrical resistivity

and specific heat to high temperatures (e.g., 1200°C) as a fimction of heating rate.

Although not utilized in the present research, the system can be used to measure the

electrical reasfivity and power during isothermal treatment and during controlled heating

and cooling. The recommendations listed below suggest measurements using the pulse-

heating device on Fe-Al alloys to provide additional information about their behavior.

Measurements on other aUoy systems would also provide information about

interpretation of the p-T and Cp-T curves and defect structures for ordered alloys.

1. The electrical reastivity and specific heat of the alloys ̂ ould be measured using

higher heating rates. The power supply is now being altered to increase the

maximum current to about 200 amps. This should increase the heating rate to

approximately 400°C/s. These data will establish better the baseline fen- the

calculation of the enthalpy of defect formation.

2. Data should be taken to higher temperatures. This is espedally important in

interpreting the specific heat results for the 38 at.% A1 alloy, which didn't go to

sufficient temperature to establish the high ten^)erature behavior (Fig. 6-27).
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3. After the appropriate measurements indicated under 1 and 2 have been made, the

specimens should be sent to Dr. Dd) Basak at NIST. Dr. Basak has agreed to make

measurements of the electrical resistivity and ̂)ecific heat using his pulse-heating

device which heats from 25°C to above the melting point in microseconds. This will

supply data at extremely high rates. Note that in his method the specimen is melted

and thus any de^ed prior measurements must be completed first.

4. The pulse-heating j^paratus should be used to measure the dectncal reastivity and

specific heat of other intermetallic alloys chosen to provide insight into structural

defects. For example, FBAl, CoAl, CuZn, AuZn and FeCo are all B2 alloys which

have antiate defects or triple defects.

5. Measurements should be made to examine fiirther the reastivity saturation

phenomenon.
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Appendix A

Curves Used to Determine the Enthalpy of Defect Formation
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Figure

A-1 ln(ACp T^) versus 1/T data for the 30 at.% A1 alloy in the annealed
condition.

A-2 ln(ACp T^) versus 1/T data for the 38 at.% A1 alloy in the annealed
condition.

A-3 ln(ACp versus 1/T data for the 34 at.% A1 alloy in the annealed
condition.

A-4 ln(ACp T^) versus 1/T data for the 48 at.% A1 alloy in the annealed
condition.
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Fig. A-1. ln(ACp T^) versus 1/T data for the 30 at.% A1 alloy in the annealed
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B-1 Legend.
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Table B-1. Legend.

Run Number Specimen Current (Amps) Cable Position

F1210T1 38-Batch #1 35 crossed

F1210T2 38-Batch#l 35 crossed

F1210T3 38-Batch #1 35 uncrossed

F1213T1 38-Batch #1 40 crossed

F1213T2 38-Batch #1 50 crossed

F1213T3 38-Batch #1 50 crossed

F1215T1 38-Batch #1 80 crossed

F1230T2 38-Batch #1 50 crossed

F103T1 38-Batch #2 50 crossed

F103T2 38-Batch #2 50 imcrossed

F0109T1 43-Batch#l 55 uncrossed

F0110T2 43-Batch#l 55 crossed

F0112T1 43-Batch#l 48 uncrossed

F0112T2 43-Batch#l 40 imcrossed

F0112T3 43-Batch#l 65 uncrossed

F01I6T1 48-Batch #1 50 uncrossed

F0116T2 48-Batch #1 50 uncrossed

F0116T3 48-Batch #1 50 uncrossed

F0116T4 48-Batch #1 50 uncrossed

F0122TI 48-Batch #1 50 crossed

F0122T2 48-Batch #1 40 uncrossed

F0122T3 48-Batch #1 60 uncrossed

F0124T2 30-Batch#l 50 uncrossed

F0124T3 30-Batch#l 50 uncrossed

F0124T4 30-Batch#l 40 uncrossed

F0124T5 30-Batch#l 50 crossed

F0124T6 30-Batch#l 60 uncrossed
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Table B-2. Power-T coeflScients.

Polynomial CoefBcients

Run DeKieeO Degree 1 Degree 2 Degree 3 Degree 4 Degree 5

F1210T1 10.7977 0.0188507 -2.1611E-5 1.20138E-8 .2.61239E-12 0.0

F1210T2 7.87126 0.0358778 -5.72265E-5 4.38222E-8 -1.29142E-11 0.0

F1213T1 14.4016 0.0222492 -2.3282E-5 1.11551E-8 .1.89813E-12 0.0

F1213T3 22.0402 0.0358124 -4.12759E-5 2.37702E-8 .5.43534E-12 0.0

FI215T1 74.997 .00514841 -7.08237E-7 0.0 0.0 0.0

F1230T2 17.3681 0.0456961 -5.56918E-5 3.2095E-8 -7.01043E-12 0.0

F103T1 17.5768 0.0443562 -5.44783E-5 3.1982E-8 -7.18651E-12 0.0

F103T2 16.6441 0.0473912 -5.90714E-5 3.47676E-8 -7.77377E-12 0.0

F0109T1 8.22192 0.0436634 -3.01986E-5 7.93434E-9 0.0 0.0

F0110T2 8.73844 0.0445986 -3.37514E-5 9.75732E-9 0.0 0.0

F0112TI 6.71253 0.0341083 -2.5648E-5 7.3101E-9 0.0 0.0

F0112T2 4.49619 0.0242603 -1.80251E-5 5.01788E-9 0.0 0.0

F0112T3 13.4815 0.0558637 -3.88167E-5 9.99656E-9 0.0 0.0

F0I16T1 2.44881 .00387054 4.04%8E-5 -5.02612E-8 1.90412E-11 0.0

F0116T2 1.3619 0.0245929 -1.20021E-5 2.31381E-9 0.0 0.0

F0116T3 1.25001 0.0256812 -1.46685E-5 3.56696E-9 0.0 0.0

F0116T4 1.48953 0.0238818 .1.2083E-5 2.35092 0.0 0.0

F0122T2 .0596894 0.0183996 -1.70523E-5 1.29517E-8 -4.74025E-12 0.0

F0124T2 23.1525 -.0446697 .000221513 -3.59801E-7 2.49546E-10 -6.36055E-14
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Table B-3. dl/dt-T during heating coefficients.

Polynomial Coefficients

Run Degree 0 Degree 1 Degree 2 Degree 3 Degree 4 Degree 5

F1210T1 34.1499 0.072611 -.000149866 1.36667E-7 -5.89993E-11 0.0

F1210T2 34.1733 0.0702417 -.000140272 1.26358E-7 -5.63777E-11 0.0

F1213T1 51.6648 0.0667037 -0.00015214 1.36653E-7 -5.48384E-11 0.0

FI213T3 123.614 -0.23199 .000705155 -1.02823E-6 6.90483E-10 -1.81633E-13

F1215T1 296.782 -0.608251 0.00172507 -2.29662E-9 1.39183E-9 .3.24034E-13

FI230T2 99.0046 -0.105767 0.00039992 -6.36996E-7 4.45038E-10 -1.22982E-13

F103T1 113.864 -0.181749 0.00056994 -8.42717E-7 5.67746E-10 -1.50097E-13

F103T2 107.083 -0.124202 .000386151 -5.92056E-7 4.09894E-10 -1.12771E-13

F0109T1 47.0854 0.212545 -.000325056 2.45883E-7 -8.74452E-11 0.0

F0110T2 41.4122 0.233237 -.000347213 2.5566E-7 -8.93708E-11 0.0

F0112T1 26.5992 0.19322 -.000273616 1.94681E.7 -7.07203E-11 0.0

F01I2T2 30.9189 0.0881099 -.000125476 8.79017E-8 -3.46983E-11 0.0

F0112T3 74.5465 0.257896 -.000386672 2.879 llE-7 -1.02101E-10 0.0

F01I6T1 186.129 -1.18649 0.00368167 -5.11154E-6 3.44938E-9 -9.41851E-13

F0I16T2 9.48755 0.169108 6.34626E-6 .3.10941E-7 3.20677E-10 -1.13054E-13

F0116T3 -48.3777 0.50133 -.000744393 5.35766E-7 -1.63861E-10 0.0

F0116T4 -34.8556 0.423069 -.000596968 4.14365E-7 -1.25408E-10 0.0

F0122T2 5.92998 0.140109 -.000167615 1.15604E-7 -4.56693E-11 0.0

F0124T2 96.0619 -.0117362 -1.71628E-5 -1.69109E-9 -1.26499E-13 0.0
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TaUeB-4. dT/dt-T duiing cooling coeffidents.

Polynomial Coefficients

Run Degree 0 Degree 1 Degiee2 Degtee3 Degree4 Degree 5

F1210TI •18.2284 0.094982 -0.00017867 1.26221E-7 -3.21522E-11 0.0

F12I0T2 -22.2679 0.116637 -.000221466 1.62924E-7 -4.37677E-11 0.0

F12I3T1 ■4.99843 0.0304562 -5.57116E-5 2.13679E-8 0.0 0.0

F12I3T3 -27.8198 0.136745 -.00022%39 1.42002E-7 -3.1188E-11 0.0

F1215T1 -406.935 l.%501 -.00356957 3.01248E-6 -1.2408lE-9 2.01837E-13

F1230T2
T<700°C -4.30267 0.02%94 -6.67456B-5 3.78641E-8 0.0 0.0

-27.8852 0.0991983 -.000115522 3.46177E-8 0.0 0.0

F103TI
T<800°C -4.44256 0.0374739 -9.78658E-5 8.16935E-8 -2.23253E-11 0.0

T>600''C -4.44256 0.0374739 -9.78658E-5 8.16935E-8 -2.23253E-11 0.0

F103T2
T<800°C -14.7538 0.0792166 -.000135949 6.74802E-8 0.0 0.0

T>630''C -3.9752 0.040291 -6.62392E-5 2.04004E-8 0.0 0.0

F0109T1
T<700®C -1.01769 0.016444 -5.22135E-5 -5.22135E-5 3.11515E-8 0.0

T>600°C -27.1222 0.0928885 -.000108384 3.1114E-8 0.0 0.0

F0110T2
T<700X -.837529 0.0157558 -5.23875E-5 3.29512E-8 0.0 0.0

T>600''C -20.1546 0.072798 -9.10825E-5 2.71361E-8 0.0 0.0

F01I2T1

T<700°C 1.0357 .00546093 -3.61006E-5 -3.61006E-5 2.53104E-8 0.0

T>600°C -12.0531 .0476264 -6.72809E-5 2.05692E-8 0.0 0.0

F0112T2
T<675°C -1.14552 0.018234 -6.06343E-5 4.08929E-8 0.0 0.0

T>500''C -10.02% 0.0425203 ■6.564%E-5 2.2532E-8 0.0 0.0

F0112T3
T<800°C 0.740284 .00684102 -3.5341E-5 2.15541E-8 0.0 0.0

T>600''C -15.4474 0.0606771 -7.92494E-5 2.23453E-8 0.0 0.0

F0116T1
T<700''C 1.84583 -1.774E-5 -2.41032E-5 1.3848E-8 0.0 0.0

T>500°C 5.83588 -.0107819 -1.09465E-5 4.42135E-9 0.0 0.0

F0116T2
T<700°C -16.6902 0.149816 -.000466119 5.80236E-7 -2.64025E-10 0.0

T>500°C -4.25775 0.0283621 -5.37737E-5 1.69603E-8 0.0 0.0

F0116T3
T<700''C -.528719 0.0163476 -5.98683E-5 4.03256E-8 0.0 0.0

T>500°C -4.73043 0.0288994 -5.36956E-5 1.68817E-8 0.0 0.0

F0116T4

F0122T2
F0124T2
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Table B-4 (continued).

Polynomial Coefficients

Run DegreeO Degree 1 Degree 2 Degree 3 Degree 4 Degree 5

F01I6T4

T<700°C 0.941792 .00750409 -4.2941E-5 2.97623E-8 0.0 0.0

T>500°C -3.24965 0.0217564 -4.6006E-5 1.53567E-8 0.0 0.0

F0I22T2

KTOOT -.596372 0.0153402 -5.41822E-5 3.34045E-8 0.0 0.0

l^SOOT 5.92998 0.140109 -.000167615 1.15604E-7 -4.56693E-11 0.0

F0I24T2 11.6987 -0.069253 .000141489 -1.35079E-7 4.1993E-11 0.0
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Table B-5. Heating data for F1210T1.

Time(s) Temp(K) p(liQ-cm)

0.9887 314.51 155.59

1.483 337.97 156.71

1.9773 350.83 158.61

2.4716 375.93 160.16

2.966 398.04 161.83

3.4603 424.1 162.91

3.9546 446.18 164.46

4.449 472.68 165.17

4.9433 495.01 167.08

5.4376 517.86 167.8

5.9319 541.26 169.47

6.4263 566.16 170.3

6.9206 586.15 171.13

7.4149 609.88 171.97

7.9093 630.29 172.8

8.4036 657.04 173.64

8.8979 671.7 174.35

9.3922 693.67 175.31

9.8866 715.85 175.31

10.381 741.08 176.14

10.875 764.19 177.11

11.37 782.58 176.98

11.864 805.72 177.81

12.358 820.72 177.94

12.853 838.67 178.65

13.347 864.71 178.65

13.841 885.4 179.62

14.336 903.29 179.62

14.83 924.41 179.62

15.324 944.07 179.75

15.819 954.14 180.32

16.313 982.59 180.45

16.807 998.19 180.45

17.302 1011.2 181.29

17.796 1027 181.29

18.29 1048.3 181.42

18.784 1057.9 182.26

19.279 1075.8 182.26

19.773 1088.5 182.26
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Table B-6. Heating data for F1210T2.

Tiiiie(s) Temp(K) pCiitl-cm)

9.89E-01 313.176 155.211

1.48299 373.951 156.595

1.97731 356.193 158.261

2.47164 411.458 160.164

2.96597 402.339 162.192

3.4603 422.879 162.426

3.95463 440.521 164.334

4.44896 468.826 165.88

4.94329 494.462 166.837

5.43762 523.654 167.671

5.93194 538.628 169.215

6.42627 563.168 170.174

6.9206 583.702 171.008

7.41493 612.781 171.842

7.90926 636.503 172.676

8.40359 651.3% 173.511

8.89792 671.702 174.345

9.39224 699.756 174.345

9.88657 722.347 175.308

10.3809 739.213 175.179

10.8752 761.045 176.143

11.3696 780.837 176.978

11.8639 805.27 176.978

12.3582 826.483 177.813

12.8525 841.708 177.813

13.3469 863.034 178.648

13.8412 887.059 178.648

14.3355 907.894 179.482

14.8299 924.415 179.482

15.3242 944.928 179.482

15.8185 959.5 180.451

16.3129 970.689 180.451

16.8072 999.027 180.317

17.3015 1014.45 180.317

17.7958 1024.56 181.286

18.2902 1043.12 181.152

18.7845 1062.68 181.286

19.2788 1073.02 182.122

19.7731 1088.49 181.152
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Table B-7. Heating data for F1210T3.

Tiiiie(s) T(mV) p(^£2-cm)

9.89E-0I 0.205 155.473

1.48299 0.342 156.711

1.97731 0.508 158.378

2.47164 0.693 160.76

2.96597 0.845 161.712

3.4603 1.069 163.38

3.95463 1.216 164.213

4.448% 1.475 165.88

4.94329 1.904 167.054

5.43762 1.968 168.133

5.93194 2.139 169.465

6.42627 2.314 171.008

6.9206 2.534 171.842

7.41493 2.861 172.676

7.90926 2.93 173.511

8.40359 3.218 174.345

8.89792 3.325 174.474

9.39224 3.682 175.179

9.88657 3.921 176.013

10.3809 4.038 176.978

10.8752 4.326 176.847

11.36% 4.546 177.813

11.8639 4.438 177.813

12.3582 5.073 178.516

12.8525 5.332 178.648

13.3469 5.493 179.482

13.8412 5.698 179.35

14.3355 5.918 180.317

14.8299 6.167 180.317

15.3242 6.382 181.018

15.8185 6.558 181.152

16.3129 6.782 180.451

16.8072 6.948 181.018

17.3015 7.197 182.122

17.7958 7.349 182.122

18.2902 7.612 182.122

18.7845 7.803 182.417

19.2788 7.964 183.364

19.7731 8.257 182.957
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Table B-8. Heating data for F1213T1.

Tiiiie(s) T(K) p(Mt2-cm)

9.g9E-01 320.402 155.448

1.48299 335.839 157.163

1.97731 375.933 159.984

2.47164 410.838 161.549

2.96597 432.899 163.011

3.4603 468.826 165.204

3.95463 496.115 165.935

4.44896 524.189 168.346

4.94329 553.513 169.81

5.43762 585.23 170.542

5.93194 615.679 172.118

6.42627 642.793 172.85

6.9206 671.222 173.47

7.41493 699.756 175.047

7.90926 730.609 175.78

8.40359 760.12 176.512

8.89792 783.493 177.245

9.39224 815.494 177.245

9.88657 841.708 178.825

10.3809 869.041 178.093

10.8752 887.497 179.558

11.3696 920.619 179.558

11.8639 939.966 180.291

12.3582 970.266 180.291

12.8525 987.126 181.024

13.3469 1014.45 181.024

13.8412 1036.29 181.024

14.3355 1061.54 181.142

14.8299 1084.93 181.875

15.3242 1105.39 181.757

15.8185 1118.27 182.609

16.3129 1143.86 182.609

16.8072 1169.22 182.609

17.3015 1182.59 182.846

17.7958 1200.09 183.7

18.2902 1216.32 183.461

18.7845 1232.47 183.461

19.2788 1248.53 184.929

19.7731 1263.36 184.075
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Table B-9. Heating data for F1213T2.

Tiiiie(s) T(K) p

5.49E-0I 306.599 155.001

8.24E-OI 323.905 156.576

1.09851 342.758 159.04

1.37313 372.095 160.391

1.64776 401.078 162.081

1.92239 431.701 163.436

2.19702 446.18 165.125

IMIM 473.251 166.484

2.74627 504.112 167.757

3.0209 530.901 169.12

3.29552 573.164 170.038

3.57015 572.24 171.134

3.84478 607.872 172.228

4.11941 630.78 173.411

4.39403 656.066 173.912

4.66866 679.238 174.912

4.94329 708.953 175.594

5.21791 731.92 176.093

5.49254 759.195 176.87

5.76717 776.8 177.183

6.04179 803.092 178.053

6.31642 830.792 178.551

6.59105 853.017 178.551

6.86568 875.473 179.142

7.1403 900.679 179.733

7.41493 915.52 179.639

7.68956 946.21 180.324

7.96418 966.541 180.136

8.23881 984.688 180.324

8.51344 1008.79 181.507

8.78806 1029.03 180.916

9.06269 1050.75 181.412

9.33732 1070.66 181.412

9.61195 1091.23 181.907

9.88657 1108.92 182.098

10.1612 1125.69 182.594

10.4358 1147.34 182.594

10.7105 1166.55 183.184

10.9851 1178.76 183.184

154



Table B-10. Heating data for F1213T3.

Tinie(s) T(K) p(Mn-cm)

0.988657 330.2653 157.5

1.482986 377.9074 160.478

1.977315 413.9322 162.923

2.471643 470.4175 165.874

2.965972 508.3556 167.909

3.460301 557.0513 170.128

3.954629 605.9641 172.318

4.448958 648.469 173.593

4.943287 684.3131 175.187

5.437616 734.2603 176.592

5.931944 780.3785 177.866

6.426273 824.6847 178.457

6.920602 860.3789 178.861

7.41493 904.5068 179.639

7.909259 947.4058 180.136

8.403588 986.7057 180.632

8.897916 1027.791 181.412

9.392244 1065.454 181.317

9.886573 1094.373 181.812

10.3809 1136.101 182.498

10.87523 1167.336 182.993

11.36956 1194.033 183.583

11.86389 1229.093 183.775

12.35822 1258.576 184.27

12.85255 1285.139 184.366

13.34687 1306.016 185.054

13.8412 1327.203 185.054

14.33553 1356.441 185.151

14.82986 1379.184 185.248

15.32419 1392.348 185.345

15.81852 1412.673 186.035

16.31285 1428.926 186.231

16.80718 1446.571 186.133

17.3015 1458.541 186.231

17.79583 1469.481 186.329

18.29016 1463.51 225.731

18.78449 1453.28 260.458

19.27882 1440.214 205.21

19.77315 1432.112 260.458
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Table B-11. Heating data for F1215X1.

Tiine(s) T(K) pCu^-cm)

0.549254 315.9898 155.937

0.823881 378.4328 160.262

1.098508 432.3003 164.209

1.373135 484.1481 167.686

1.647762 558.6091 170.535

1.922389 621.0606 173.314

2.197016 678.2786 175.169

2.471643 720.9362 176.201

2.746271 774.9632 177.715

3.020898 837.419 178.%2

3.295524 884.5188 179.639

3.570152 941.1649 180.208

3.844779 992.4968 180.959

4.119406 1045.501 181.591

4.394033 1095.179 181.978

4.66866 1146.947 182.622

4.943287 1186.798 183.235

5.217914 1240.279 183.906

5.492541 1281.444 184.555

5.767168 1321.6% 184.892

6.041795 1356.81 185.458

6.316422 1397.019 185.841

6.591049 1421.169 186.093

6.865676 1456.092 186.415

7.140303 1479.252 186.408

7.41493 1502.043 186.535

7.689557 1535.531 186.336

7.964184 1559.447 186.063

8.238811 1591.758 184.792

8.513438 1590.339 181.078

8.788065 1632.575 185.019

9.062692 1643.619 193.132

9.337319 1639.159 189.433

9.611946 1639.159 194.03

9.886573 1649.141 192.086
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Table B-12. Heating data for F1230T2.

Tinie(s) Teinp(K) p(Mn-cm)

0.988657 339.2393 155.043

1.482986 385.4776 158.697

1.977315 425.3085 161.216

2.471643 474.2681 164.364

2.965972 519.4755 166.254

3.460301 556.5316 168.861

3.954629 602.0411 170.752

4.448958 656.5511 172.551

4.943287 696.4288 173.902

5.437616 741.0795 175.07

5.931944 782.5775 177.052

6.426273 822.0755 177.682

6.920602 862.1493 178.313

7.41493 910.4966 178.943

7.909259 947.4058 179.667

8.403588 988.3857 180.108

8.897916 1026.633 180.833

9.392244 1060.725 180.833

9.886573 1097.916 181.463

10.3809 1136.894 182.093

10.87523 1168.825 182.093

11.36956 1204.193 183.257

11.86389 1228.709 183.45

12.35822 1257.816 184.08

12.85255 1289.957 183.983

13.34687 1313.716 184.08

13.8412 1336.262 184.71

14.33553 1363.288 184.516

14.82986 1379.843 185.341
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Table B-13. Heating data for F103T1.

Tiiiie(s) Teiiq)(K) p(Mn-cm)

9.89E-01 332.416 153.688

1.48299 376.592 157.517

1.97731 426.398 160.037

2.47164 465.977 163.274

2.%597 509.441 165.165

3.4603 557.051 167.775

3.95463 598.007 170.387

4.448% 644.655 171.559

4.94329 684.313 172.73

5.43762 731.92 174.805

5.93194 777.627 175.343

6.42627 819.373 176.512

6.9206 854.349 177.236

7.41493 903.29 177.866

7.90926 942.449 179.034

8.40359 981.406 179.128

8.89792 1011.21 179.664

9.39224 1052.71 180.294

9.88657 1092.04 180.484

10.3809 1129.91 181.02

10.8752 1161.6 181.651

11.36% 1195.12 182.186

11.8639 1220.1 182.186

12.3582 1255.92 182.377

12.8525 1276.31 183.008

13.3469 1308.26 183.543

13.8412 1331.51 183.64

14.3355 1356.44 183.64

14.8299 1374.49 184.271

15.3242 1400.23 184.271

15.8185 1408.38 184.999

16.3129 1430.38 184.174

16.8072 1450.83 184.465

17.3015 1466.32 184.368
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Table B-14. Heating data for F103T2.

Tiiiie(s) Teinp(K) p(M£l-cin)

0.988657 321.7182 152.51

1.482986 365.5483 155.898

1.977315 405.978 158.647

2.471643 453.6541 161.091

2.965972 500.943 163.532

3.460301 537.6776 165.882

3.954629 588.6887 167.598

4.448958 621.0606 169.667

4.943287 669.3019 170.749

5.437616 710.3712 172.639

5.931944 752.4305 173.36

GAieiTi 800.004 174.621

6.920602 834.7346 175.159

7.41493 881.5368 175.882

7.909259 917.6818 176.419

8.403588 961.9626 177.049

8.897916 998.1908 177.679

9.392244 1027.047 177.679

9.886573 1069.849 178.216

10.3809 1102.257 178.309

10.87523 1136.101 178.846

11.36956 1161.604 179.475

11.86389 1193.644 179.57

12.35822 1216.708 180.105

12.85255 1251.499 180.735

13.34687 1275.932 180.735

13.8412 1299.798 180.735

14.33553 1322.068 181.365

14.82986 1345.96 181.365

15.32419 1370.12 182.09

15.81852 1388.769 182.09

16.31285 1408.747 182.09

16.80718 1417.976 182.09

17.3015 1438.479 181.46

159



Table B-15. Heating data for F0109T1.

Time(s) Teiiip(K) p(|i£2-cin)

0.768956 290.0897 108.564

1.153434 323.1769 114.023

1.537911 366.8907 119.794

1.922389 3%.1371 124.998

2.306867 433.4981 129.594

2.691345 460.9347 134.012

3.075823 505.2016 138.43

3.460301 542.7343 142.916

3.844779 580.7428 146.669

4.229256 614.7798 150.283

4.613734 648.469 154.187

4.998212 700.1363 157.875

5.38269 732.8566 160.903

5.767168 770.9164 163.117

6.151646 812.7843 166.149

6.536124 849.9948 167.706

6.920602 887.9348 170.003

7.305079 924.8456 171.646

7.689557 966.965 173.948

8.074035 999.4449 175.429

8.458512 1033.901 176.909

8.842991 1070.662 178.56

9.227469 1098.721 180.87

9.611946 1131.099 181.611

9.996424 1163.49 183.094

10.3809 1195.12 184.011

10.76538 1221.175 185.406

11.14986 1251.118 186.237

11.53434 1273.362 187.069

11.91881 1305.717 187.811

12.30329 1327.203 188.644

12.68777 1351.057 189.296

13.07225 1374.86 189.478

13.45673 1395.925 191.056
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Table B-16. Heating data for FOl 10T2.

Time (s) Temp (K) p(pt2-cm)

0.76896 302.067 113.968

1.15343 332.988 119.399

1.53791 369.432 123.88

1.92239 404.851 129.104

2.30687 438.149 133.594

2.69135 478.774 138.827

3.07582 513.121 142.451

3.4603 556.012 146.211

3.84478 593.152 150.046

4.22926 629.791 153.076

4.61373 674.535 156.774

4.99821 712.639 158.992

5.38269 741.546 162.028

5.76717 778.085 164.169

6.15165 826.033 166.546

6.53612 860.379 168.848

6.9206 900.679 170.988

7.30508 931.988 172.551

7.68956 975.252 173.374

8.07404 1008.37 175.024

8.45851 1040.74 176.422

8.84299 1081.37 177.82

9.22747 1115.56 178.732

9.61195 1151.21 179.559

9.99642 1182.2 180.957

10.3809 1203.5 182.44

10.7654 1236.22 183.181

11.1499 1263.74 184.665

11.5343 1288.83 185.317
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Table B-17. Heating data for FO112T1.

Tiiiie(s) Teiiip(K) p(MO-cm)

0.76896 286.347 111.52

1.15343 310.943 115.124

1.53791 340.65 119.39

1.92239 367.427 123.661

2.30687 385.478 126.957

2.69135 418.116 130.32

3.07582 447.353 133.829

3.4603 477.65 137.121

3.84478 506.29 140.486

4.22926 525.15 143.929

4.61373 559.128 146.454

4.99821 587.164 149.821

5.38269 617.674 151.505

5.76717 652.76 154.197

6.15165 678.758 156.64

6.53612 710.371 158.41

6.9206 743.317 160.938

7.30508 766.401 162.712

7.68956 799.095 164.398

8.07404 826.842 166.084

8.45851 857.366 166.927

8.84299 885.833 167.954

9.22747 908.762 170.393

9.61195 946.21 171.236

9.99642 967.812 161.114

10.3809 998.609 173.862

10.7654 1027.79 174.61

11.1499 1049.11 175.55

11.5343 1073.02 176.49

11.9188 1099.04 177.237

12.3033 1128.79 178.179

12.6878 1146.16 179.121

13.0723 1171.57 179.121

13.4567 1192.48 180.811
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Table B-18. Heating data for F0112T2.

Tinie(s) Teinp(K) pCM^-cm)

0.98866 288.69 111.224

1.48299 318.935 115.375

1.97732 338.674 118.385

2.47164 362.178 122.319

2.96597 384.829 126.493

3.4603 413.932 128.584

3.95463 437.554 132.603

4.44896 464.834 135.616

4.94329 491.813 137.715

5.43762 518.939 141.644

5.93194 542.734 143.746

6.42627 565.648 146.857

6.9206 589.603 148.676

7.41493 619.568 150.881

7.90926 648.957 153.898

8.40359 674.054 155.809

8.89792 700.136 158.127

9.39224 727.327 160.038

9.88657 755.584 160.939

10.3809 777.627 161.945

10.8752 797.276 164.064

11.3696 827.74 165.969

11.8639 854.793 166.077

12.3582 878.902 168.09

12.8526 907.113 169.096

13.3469 924.415 171.221

13.8412 947.064 172.004

14.3355 978.542 172.116

14.8299 1003.45 173.348

15.3242 1021.34 174.242

15.8185 1044.76 174.242

16.3129 1069.44 175.364

16.8072 1086.06 176.257

17.3015 1108.52 177.495
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Table B-19. Heating data for FOl 12T3.

Time(s) Temp(K)

0.6591 279.414 111.972

0.98S66 327.384 118.522

1.31821 369.432 123.712

1.64776 412.077 130.066

1.97732 460.935 135.232

2.30687 504.112 140.297

2.63642 540.735 144.74

2.96597 590.618 149.247

3.29552 636.503 153.134

3.62508 679.238 156.963

3.95463 726.013 160.168

4.28418 775.423 163.242

4.61373 819.824 165.888

4.94329 858.253 167.841

5.27284 912.577 170.425

5.60239 959.925 172.382

5.93194 998.191 173.71

6.2615 1043.53 175.742

6.59105 1086.06 177.074

6.9206 1123.7 178.261

7.25015 1171.18 179.448

7.57971 1205.74 180.928

7.90926 1235.46 402.039

8.23881 1272.61 457.679

8.56836 1298.37 230.288

8.89792 1335.52 41.641

9.22747 1364.02 176.1

9.55702 1394.83 361.668

9.88657 1417.61 271.298
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Table B-20. Heating data for F0116T1.

Tiine(s) Teiiip(K) p(Mn-cm)

0.768956 290.8659 65.957

1.153434 310.1969 70.018

1.537911 328.8266 72.649

1.922389 340.6497 77.798

2.306867 361.6362 80.391

2.691345 381.0524 85.622

3.075823 398.6763 88.309

3.460301 426.3985 92.205

3.844779 452.4916 97.4

4.229256 465.9767 101.296

4.613734 492.3653 105.192

4.998212 520.0122 109.144

5.38269 542.2085 114.342

5.767168 557.5708 118.363

6.151646 593.6588 122.329

6.536124 606.3659 127.534

6.920602 647.101 131.576

7.305079 668.3406 136.93

7.689557 698.8061 140.842

8.074035 722.3475 144.754

8.458512 761.9695 149.971

8.842991 792.4475 154.044

9.227469 820.7248 158.043

9.611946 852.6618 162.047

9.996424 884.0806 165.967

10.3809 916.3849 169.888

10.76538 946.6373 173.899

11.14986 974.4074 176.7

11.53434 1007.124 180.721

11.91881 1033.488 183.34

12.30329 1064.721 187.367

12.68777 1093.568 191.298

13.07225 1114.759 195.434

13.45673 1135.705 199.579
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Table B-21. Heating data for FOl 16T2.

Tinie(s) Teiiq)(K) p((tt2-cm)

0.768956 299.1748 86.829

1.153434 310.9433 90.906

1.537911 337.9667 96.101

1.922389 368.0961 100.101

2.306867 393.7145 105.301

2.691345 409.0977 109.201

3.075823 438.7425 114.461

3.460301 462.6574 119.789

3.844779 500.3957 123.76

4.229256 526.2173 127.601

4.613734 557.5708 132.809

4.998212 571.7259 136.787

5.38269 607.3699 141.924

5.767168 638.9634 146.059

6.151646 671.7018 151.354

6.536124 703.8376 155.268

6.920602 741.0795 159.35

7.305079 765.5708 163.268

7.689557 800.4584 167.274

8.074035 826.4827 171.284

8.458512 861.7069 175.115

8.842991 896.4969 177.915

9.227469 928.2044 180.626

9.611946 965.6941 184.456

9.996424 994.5079 187.171

10.3809 1024.565 189.888

10.76538 1059.092 192.609

11.14986 1091.23 193.817

11.53434 1116.277 196.643

11.91881 1145.762 199.265

12.30329 1172.664 202.099

12.68777 1194.033 203.518

13.07225 1218.942 204.939

13.45673 1247.382 207.676

13.8412 1265.561 208.77

14.22568 1289.205 209.973

14.61016 1311.55 211.397

14.99464 1335.891 212.598

15.37911 1352.46 212.486
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Table B-22. Heating data for F0116T3.

Tiiiie(s) TempCK) p(ut2-cm)

0.768956 306.5993 88.171

1.153434 316.7278 92.253

1.537911 346.1142 96.151

1.922389 362.8533 100.049

2.306867 391.7946 105.246

2.691345 409.0977 109.258

3.075823 435.7679 113.16

3.460301 462.6574 118.487

3.844779 491.2595 122.457

4.229256 516.2495 127.668

4.613734 550.4881 131.576

4.998212 579.721 135.555

5.38269 611.78 139.538

5.767168 643.6751 143.525

6.151646 671.7018 148.745

6.536124 698.3309 152.659

6.920602 733.3246 155.35

7.305079 766.8623 159.183

7.689557 792.4475 163.268

8.074035 825.5839 167.186

8.458512 865.5979 169.977

8.842991 893.4426 172.682

9.227469 922.6901 176.607

9.611946 953.2901 179.317

9.996424 989.5609 181.84

10.3809 1016.939 184.65

10.76538 1051.896 185.862

11.14986 1083.718 188.48

11.53434 1110.037 189.789

11.91881 1141.173 192.406

12.30329 1166.159 194.922

12.68777 1192.089 196.539

13.07225 1213.7 199.16

13.45673 1236.529 200.47

13.8412 1261.843 201.886

14.22568 1289.205 203.304

14.61016 1307.513 205.928

14.99464 1329.73 207.13

15.37911 1348.547 207.13
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Table B-23. Heating data for FOl 16T4.

TiiDe(s) Temp(K) p((tn-cm)

0.768956 308.1014 86.92

1.153434 311.6886 91.001

1.537911 344.7184 94.852

1.922389 365.5483 98.801

2.306867 392.4353 102.755

2.691345 404.2239 108.014

3.075823 436.3639 111.918

3.460301 464.8338 117.123

3.844779 492.3653 119.851

4.229256 523.6542 123.76

4.613734 551.4278 128.903

4.998212 572.6507 134.111

5.38269 601.0336 138.09

5.767168 636.5033 140.695

6.151646 661.29% 144.754

6.536124 6%.4288 150.049

6.920602 725.0733 152.579

7.305079 746.1107 156.573

7.689557 787.9748 160.572

8.074035 818.111 163.354

8.458512 850.4395 167.186

8.842991 885.8332 169.799

9.227469 914.3082 172.501

9.611946 948.2595 175.115

9.996424 976.8552 177.729

10.3809 1012.036 180.342

10.76538 1040.736 183.052

11.14986 1076.59 185.667

11.53434 1101.856 186.974

11.91881 1125.292 188.48

12.30329 1160.425 190.997

12.68777 1184.538 192.406

13.07225 1210.998 195.024

13.45673 1230.167 1%.539
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Table B-24. Heating data for F0122T1.

Time (s) Temp (K) pCpA-cm)

7.69E-01 320.987 85.578

1.15343 337.258 89.561

1.53791 353.588 93.552

1.92239 380.399 97.501

2.30687 404.224 101.401

2.69134 427.003 105.301

3.07582 454.815 110.501

3.4603 473.816 114.461

3.84478 509.983 118.425

4.22926 536.621 122.393

4.61373 563.168 126.299

4.99821 590.618 130.205

5.38269 616.677 134.181

5.76717 652.273 138.09

6.15165 682.974 143.525

6.53612 707.154 146.212

6.9206 750.202 150.049

7.30508 770.456 154.206

7.68956 804.363 156.819

8.07403 827.74 160.824

8.45851 866.923 163.439

8.84299 895.188 166.054

9.22747 926.052 170.155

9.61195 959.925 171.464

9.99642 993.251 174.173

10.3809 1026.63 176.7

10.7654 1053.53 179.317

11.1499 1081.37 180.626

11.5343 1107.31 183.244

11.9188 1139.19 184.65

12.3033 1168.82 185.959

12.6878 1186.8 188.579

13.0723 1210.69 189.888

13.4567 1245.17 192.609
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Table B-25. Heating data for F0122T2.

Time (s) Temp(K) p(Mf2-cm)

1.482986 318.9354 115.375

1.977315 338.6741 118.385

2.471643 362.1775 122.319

2.%5972 384.829 126.493

3.460301 413.9322 128.584

3.954629 437.5543 132.603

4.448958 464.8338 135.616

4.943287 491.8126 137.715

5.437616 518.9386 141.644

5.931944 542.7343 143.746

6.426273 565.648 146.857

6.920602 589.6028 148.676

7.41493 619.5675 150.881

7.909259 648.9571 153.898

8.403588 674.0543 155.809

8.897916 700.1363 158.127

9.392244 727.3266 160.038

9.886573 755.5836 160.939

10.3809 777.6265 161.945

10.87523 797.2756 164.064

11.36956 827.7402 165.%9

11.86389 854.7932 166.077

12.35822 878.9024 168.09

12.85255 907.1129 169.096

13.34687 924.4147 171.221

13.8412 947.0642 172.004

14.33553 978.5418 172.116

14.82986 1003.454 173.348

15.32419 1021.335 174.242

15.81852 1044.762 174.242

16.31285 1069.442 175.364

16.80718 1086.062 176.257

17.3015 1108.515 177.495
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Table B-26. Heating data for F0122T3.

Tiine(s) Temp(K) p(MO-cm)

0.659105 279.4142 111.972

0.988657 327.3838 118.522

1.31821 369.4323 123.712

1.647762 412.0773 130.066

1.977315 460.9347 135.232

2.306867 504.1115 140.297

2.63642 540.7353 144.74

2.965972 590.6178 149.247

3.295524 636.5033 153.134

3.625077 679.2376 156.963

3.954629 726.0125 160.168

4.284182 775.4226 163.242

4.613734 819.8238 165.888

4.943287 858.2526 167.841

5.272839 912.5765 170.425

5.602392 959.9248 172.382

5.931944 998.1908 173.71

6.261497 1043.531 175.742

6.591049 1086.062 177.074

6.920602 1123.698 178.261

7.250154 1171.176 179.448

7.579706 1205.741 180.928
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Table B-27. Heating data for F0124T2.

Tiine(s) Temp(K) p(pI2-ciii)

0.768956 315.2508 144.71

1.153434 342.0563 147.941

1.537911 370.7651 152.607

1.922389 406.6033 155.614

2.306867 445.1228 158.704

2.691345 470.985 161.797

3.075823 511.4992 164.807

3.460301 542.2085 167.152

3.844779 572.6507 169.323

4.229256 608.8748 170.917

4.613734 647.101 172.604

4.998212 676.8395 174.02

5.38269 706.6807 173.929

5.767168 734.2603 174.682

6.151646 764.648 174.682

6.536124 782.5775 173.838

6.920602 811.0662 174.02

7.305079 846.5232 173.838

7.689557 867.3644 174.02

8.074035 901.5498 174.02

8.458512 922.2588 174.02

8.842991 956.6096 173.267

9.227469 976.8552 173.176

9.611946 1007.124 173.176

9.996424 1030.682 173.358

10.3809 1057.949 173.176

10.76538 1075.778 172.423

11.14986 1100.65 172.423

11.53434 1125.69 172.423

11.91881 1147.737 172.333

12.30329 1172.664 172.513

12.68777 1190.223 172.423

13.07225 1207.984 171.76

13.45673 1227.941 171.76
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Table B-28. Heating data for F0124T3.

Tiine(s) Teinp(K) p (uO-cm)

7.69E-01 337.258 144.71

1.15343 368.765 148.0%

1.53791 402.968 151.776

1.92239 434.0% 155.695

2.30687 462.657 158.787

2.69134 501.49 161.797

3.07582 533.977 164.894

3.4603 568.639 167.065

3.84478 597.098 169.411

4.22926 632.657 171.007

4.61373 666.512 172.513

4.99821 698.806 173.176

5.38269 728.265 173.929

5.76717 752.894 174.682

6.15165 784.409 173.838

6.53612 811.88 174.02

6.9206 835.182 173.929

7.30508 869.924 173.929

7.68956 899.46 174.02

8.07403 927.774 174.02

8.45851 952.438 173.267

8.84299 980.564 173.176

9.22747 1005.% 173.267

9.61195 1035.06 173.267

9.99642 1063.5 173.267

10.3809 1082.5 172.423

10.7654 1104.59 172.333

11.1499 1129.51 172.423

11.5343 1150.42 172.333

11.9188 1175.32 172.423

12.3033 11%.67 172.333

12.6878 1217.79 171.76

13.0723 1230.55 171.76

13.4567 1254.85 171.76
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Table B-29. Heating data for F0124T4.

Time(s) Teinp(K.) p(Mn«cm)

7.69E-01 318.935 143.474

1.15343 335.128 145.527

1.53791 348.895 148.325

1.92239 366.22 150.191

2.30687 393.075 153.822

2.69134 416.888 155.788

3.07582 431.1 157.654

3.4603 458.747 159.623

3.84478 483.143 161.595

4.22926 494.462 163.463

4.61373 516.788 165.331

4.99821 541.788 167.199

5.38269 563.168 168.024

5.76717 584.721 170.112

6.15165 613.781 171.047

6.53612 633.151 171.87

6.9206 651.396 172.804

7.30508 671.222 173.738

7.68956 694.144 173.625

8.07403 705.26 173.738

8.45851 729.672 174.559

8.84299 745.18 173.738

9.22747 766.401 173.851

9.61195 780.378 173.851

9.99642 797.276 173.851

10.3809 814.14 173.738

10.7654 833.481 173.738

11.1499 851.329 173.964

11.5343 868.6 173.851

11.9188 885.395 173.738

12.3033 905.81 173.738

12.6878 919.324 173.625

13.0723 936.195 173.512

13.4567 956.184 172.804

13.8412 966.118 172.692

14.2257 988.386 172.804

14.6102 999.445 172.804

14.9946 1019.76 172.916

15.3791 1033.08 172.916

15.7636 1047.55 172.916

16.1481 1059.5 172.804

16.5326 1078.21 173.142

16.917 1091.23 172.916

17.3015 1108.52 171.982
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Table B-30. Heating data for F0124T5.

Tiiiie(s) Temp(K) p(pn<m)

7.69E-01 314.511 143.811

1.15343 337.258 147.113

1.53791 379.744 151.776

1.92239 403.596 155.532

2.30687 437.554 158.621

2.69134 476.524 161.712

3.07582 515.711 163.969

3.4603 540.209 166.977

3.84478 570.698 169.234

4.22926 604.959 170.917

4.61373 644.165 172.333

4.99821 675.015 172.995

5.38269 707.628 174.499

5.76717 734.728 174.499

6.15165 759.195 173.656

6.53612 784.409 173.747

6.9206 815.494 173.656

7.30508 835.182 172.995

7.68956 870.365 173.747

8.07403 900.679 173.085

8.45851 926.483 173.085

8.84299 955.759 172.904

9.22747 979.3 173.085

9.61195 1007.12 173.085

9.99642 1033.49 172.995

10.3809 1059.09 172.904

10.7654 1080.16 172.152

11.1499 1107.31 172.152

11.5343 1122.9 172.243

11.9188 1148.53 172.243

12.3033 1165.77 171.67

12.6878 1191.7 171.67

13.0723 1208.76 171.76

13.4567 1230.93 171.76

13.8412 1244.41 171.58

14.2257 1261.16 171.67

14.6102 1278.12 170.917

14.9946 1296.87 171.58

15.3791 1316.25 171.49

15.7636 1334.78 170.917

16.1481 1347.07 170.828

16.5326 1367.26 170.738

16.917 1379.48 170.828

17.3015 1389.13 170.738
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Table B-31. Heating data for F0124T6.

Time(s) TempCK) p(Mn-cm)

6.59E-01 307.351 143.844

9.89E-01 358.922 148.201

1.31821 390.511 152.549

1.64776 435.768 156.468

1.97731 472.119 160.885

2.306&1 513.661 163.552

2.63642 560.58 166.71

2.96597 592.646 168.53

3.29552 630.286 170.499

3.62508 670.263 171.837

3.95463 715 172.393

4.28418 740.613 172.242

4.61373 773.217 172.317

4.94329 809.256 172.242

5.27284 849.194 171.686

5.60239 879.781 171.686

5.93194 910.93 171.611

6.2615 949.966 171.13

6.59105 981.828 171.055

6.9206 1008.37 170.905

7.25015 1045.09 170.905

i.sim 1075.78 170.349

7.90926 1102.26 170.199

8.23881 1132.29 170.349

8.56836 1162.7 170.199

8.89792 1186.8 170.199

9.22747 1215.55 170.274

9.55702 1233.54 169.643

9.88657 1263.74 169.569

10.2161 1286.27 169.495

10.5457 1308.64 169.569

10.8752 1333 169.569

11.2048 1358.95 168.864

11.5343 1375.59 169.42

11.8639 1403.07 168.864

12.1934 1418.34 168.864

12.523 1439.93 168.234

12.8525 1462.79 167.678

13.1821 1481.41 167.604
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