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Due to the aluminum industry demands, a large effort has recently been devoted

to the development of special alloys to be used as inert anodes for a newly designed

aluminum reduction cell. The implementation of this new technology aims at the

replacement of the graphite anodes that have been used for over 100 years in aluminum

smelting, which would reduce fossil carbon consumption, and eliminate the emission of

carbon dioxide and of perfluorocarbons. Ternary alloys containing copper, nickel, and

iron have been the subject of the research activities.

The present research focused on the stability of the Cu-Ni-Fe alloys at high

temperatures in oxidizing and fluoridating environments. The experimental methods

included thermodynamic calculations of the phase diagram ('Thermocalc'), optical

microscopy and microprobe microstructural and chemical investigations (EMIPA-WDS),

small-angle neutron scattering (SANS), differential thermal analysis (DTA), and air-

oxidation studies.

The results have led to the optimization of the Cu-Ni-Fe ternary phase diagram

and to an extensive study of the thermodynamics and kinetics of the spinodal

decomposition and discontinuous reactions occurring during ageing as a function of alloy

composition.

The oxidizing reactions occurring in air at high temperatures at the surface of the

alloys have been also discussed in terms of thermodynamic and kinetic laws. The phase
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formation in a fluorine containing environment as encountered in an aluminum

electrolytic cell is predicted using principles of physical chemistry.
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1. INTRODUCTION

1.1 Inert anodes for the aluminum reduction

Inert anodes have been considered for years to be the future of aluminum

production. Charles Martin Hall [1] himself, one of the inventors of the Hall-Héroult

process, feared that in absence of suitable inert anodes, aluminum and its alloys could not

easily compete with steel as a structural metal. In 2000, inert anodes together with TiB2

cathodes became the most talked-about technology in the aluminum industry leading to

the so-called "Aluminum Revolution" reported by the Wall Street analyst Van Leeuwen in

June 2000 [2].

Inert anodes are intended to replace the consumable carbon anode that is currently

used to produce pure aluminum by electrolysis. The cell reaction with the carbon anode is

the following:

V2 A1203(5) + C(s) = Al(l) + CO2(g) (1)

where a cryolite-based melt, Na3A1F-A1F3CaF2 at about 960°C, serves as a solvent for

the alumina. The most important benefit in having inert anodes in aluminum electrolysis

is to save fossil carbon consumption and eliminate the formation of carbon oxides (CO

and CO2) and perfluorcarbons (CF4 and C2F6), which are the most undesirable green

house and global warming emission gases. These inert anodes are also called non-

consumable or oxygen-producing anodes because, with them, the cell reaction will

produce oxygen gas as by-product as shown here below:

V2 Al2O3() = Al(l) + O2(g). (2)

The reversible potential will be 2.25V, which is l.03V higher than that for the

conventional Hall-Héroult cell with the carbon anode [3]. In order to overcome this

additional energy requirement, T.R. Beck in 1994 [4] proposed a new design featuring a

vertical electrodes cell with inert anodes in low-temperature slurry-fluoride-electrolytes.
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This new cell design, schematically shown in 1.1, reduces the electrolysis

temperature as low as 750°C, and significantly reduces the voltage required, which

increases the variety of materials that might be suitable as inert anodes.

TIB2 CATHODES

LINING INERT ANODE ALUMINA CRUCIBLE STAINLESS STEEL CONTAINER

a)

55 5E1 0 0o 0 00000oo TiB O%O0
0 cathode

00000
I 000 0000000 L 0000000

Oxygen
bubbles 000 0%00O00Q0oo oo00000O0Q00 0000

o8o oo40 000%°0 0
0 0000o0 a 0

Anode

b)

1.1 a) The vertical electrodes crucible cell improves a typical }Iall-Héroult cell by
significantly reducing the voltage required (after [3]). b) Aluminum ball on bottom of cell
levitated by oxygen bubbles from anode (after [4]).
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In general to be successfully implemented, an inert anode must be physically

stable at the electrolysis temperature, resistant to attack by molten fluoride electrolytes,

resistant to attack by pure oxygen gas, electrochemically conductive, resistant to thermal

shocks, and mechanically robust. Also it must be easy to deploy regarding its electrical

connection, its startup, and its power interruption reaction.

Because of these requirements it is understandable why the search for suitable

anode material has presented such a great challenge. The efforts to date have focused on

three materials classes; metals, ceramics, and composite materials consisting of ceramic

phase and a metallic phase (cermet) [5].

The focus of the present investigation is on metals. Metals are the best choice for

use as inert anodes because they easily meet all the requirements. Metals have very high

electric conductivity combined with excellent thermal shock resistance and mechanical

robustness. They are easy to fabricate and to connect electrically. The main concern is

that they degrade quickly in conventional high temperature baths which is about 960°C,

and corrode catastrophically at voltages greater than 2.5V. The new low-temperature

slurry technology proposed by Beck operates at temperatures as low as 750°C and at

voltages at which the metallic anodes are stable against catastrophic corrosion. However

this is not sufficient to ensure satisfactory performance of the inert anodes long enough to

ensure profitability. The best inert metallic anode material to date performed only few

hundreds hours versus a duration of one to two years to be economically feasible.

1.2 Purpose and goal

The purpose of this research was to investigate inert anode metallic materials

from a metallurgical point of view by relating the microstructure to the corrosion

properties. The ultimate goal was to gain a better understanding of the chemical reactions

occurring within the anode material, and at its surface, during the aluminum electrolysis,

and to give engineering recommendations to improve the performance and the life of the

inert anodes.
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This investigation was part of an Oregon Metals Initiative (OMI) project

involving the study of Cu-Ni-Fe alloys as potential non-consumable anodes. Cu-Ni-Fe is

well known to be an important alloy system to produce materials with high electrical

conductivity, high oxidation resistance at high temperatures, and a low thermal expansion

coefficient. Recently this ternary family of alloys has gained worldwide recognition for

the use as inert anode material for the aluminum production [6, 7, and 8].

The specific goals of this study are outlined in the following four Sections (1.3

trough 1.6). Due to proprietary issues the experimental investigations of the anode-

aluminalcryolite interaction are not reported in the present dissertation. However they are

documented in several OMI reports to NW Aluminum Co. written by the candidate over

the past three years [67, 68, 69, 70, and 71].

1.3 Phase diagram assessment

The phase diagram shows which phases exist under given conditions and is an

essential tool in designing pre-heat-treatment processes. These pre-treatments transform

the microstructure of the anode material and, consequently, its conosion behavior. Up

until today, the Cu-Ni-Fe phase diagram at high temperatures (above 700°C) has not been

established yet. The purpose of this Section was to assess a reliable ternary phase

diagram for the Cu-Ni-Fe system. The specific goals for this Section are the following.

a) Assess the literature on the ternary Cu-Ni-Fe alloy system and

collect the available data on the phase diagram, thermodynamic data and diffusion

coefficients (see Section 2.1).

b) Calculate isothermal sections with the 'Thermocaic' software for

temperatures from 700°C up to 1100°C, with the new thermodynamic assessment

by C. Servant [10]. This study is carried out in collaboration with E. Bosco and

M. Bancco from the University of Turin, Italy (see Section 4.4.1).

c) Establish reliable isopleths, which are vertical binary cuts through

the ternary phase diagram, in order to predict the microstructure and properties for

different processing routes (see Section 4.4.2).
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1.4 Microstructure development

The study of the microstructure is extremely important in describing and

understanding the corrosion behavior of the anode material. Specific goals for this

Section are outlined in the following page.

a) Characterize the microstructure and chemical composition of as

cast alloy samples and understand the microstructure development during the

casting process. Determine the thermal stability and the diffusional

transformations that occur from room temperature to the melting point performing

calorimetric experiments (see Sections 4.1, 4.2 and 4.3).

b) Test the mechanical properties of samples with different thermal

history with respect to their mechanical properties at the operating temperature

(documented in [71]).

c) Make suggestions for treatments of the alloys to improve their

electro-chemical, electrical and mechanical properties (documented in [69] and

[70]).

d) Characterize the spinodal decomposition and continuous

coarsening occurring at long ageing treatments (see Section 4.1.2, 4.1.3, 4.2, and

5.2)

1.5 High temperature oxidation

This Section studied the simpler case of the isothermal corrosion of inert anode

material by a single oxidant such as oxygen gas, and applied analytical methods to obtain

a general description of the oxidation processes involved. The specific goals for this

Section are the outlined in the following.

a) Assess the literature on the high-temperature oxidation of Cu, Ni,

Fe, and their alloys and collect the available data on the oxidation mechanisms

and rates (see Section 2.4).



Lii

b) Perform air oxidation trial experiments to study the diffusional

reactions that take place externally on the surface of alloys and internally (see

Section 4.6).

c) Characterize the microstructure development of the oxidation

scales forming at the surface of samples during high-temperature air-oxidation.

(see Sections 2.4 and 5.3.3).

d) Determine the chemical reactions that lead to external and internal

oxidation, and estimate the rate for the reactions (see Section 5.3).

e) Make suggestions for compositions and treatments of the alloys to

improve their oxidation resistance (see Section 5.3).

f) Study the time dependence of the scale morphology during high-

temperature oxidation (see Section 5.3.2)

1.6 Anodic corrosion

Up until today the transport properties of during corrosion of metallic alloys in the

presence of molten salts such as alumina, are completely unknown and there are small

chances that quantitative treatments may be developed, especially for system with more

than one component. The following goals deal for the first time with the anodic corrosion

of inert metallic anodes during the production of pure aluminum. An analytical approach

was used to determine the chemical reactions occurring.

a) Assess the literature on anodic corrosion in electrolytic cell and

collect the available data on the corrosion mechanisms and rates (documented in

[69]).

b) Characterize the micro structure development of the corrosion

scales forming at the surface of anodes during laboratory trial experiments of

aluminum electrolysis (documented in [69] and [70]).

c) Determine the chemical reactions that lead to surface and internal

corrosion (documented in [69] and [70]).
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d) Study the thermodynamics and kinetics for corrosion (see Section

e) Compare the results for anodic corrosion with high-temperature

oxidation (documented in [69]).

f) Make suggestions for compositions and treatments of the anodes to

improve their corrosion resistance (documented in [69] and [70]).

1.7 Experimental Methods

A combination of different experimental techniques was used to achieve the

specific goals. These techniques are: optical microscopy, electron scanning microscopy

(SEM) [71], electron microprobe analysis (EMPA-WDS), differential thermal analysis

(DTA) and small-angle neutron scattering (SANS). Each of these techniques has been

extensively described in Section 3.
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2. LITERATURE REVIEW AND THEORY

2.1 Assessment of Cu-Ni-Fe ternary phase diagram

A reliable ternary phase diagram of Cu-Fe-Ni has not been completely established

yet. There have been many thermodynamic calculations and some experimental results

[9]. However, the empirical results differ from the theoretical calculations. Some

thermodynamic calculations are even inconsistent with the accepted binary Fe-Ni, Cu-Ni,

and Cu-Fe phase diagrams.

Furthermore, in 2001, an unexpected ternary-ordered phase of the type (Cu,Ni)3Fe

was discovered [10], leading to a thermodynamic reassessment of the ternary Cu-Ni-Fe

system. Since then, only a few isothermal sections, at low temperatures (below 650°C),

have been established.

2.1.1 Binary systems

Cu-Fe binary system

Due to the large positive heat of mixing, Cu and Fe are mutually insoluble for

most compositions in the solid state, leading to a wide miscibility gap. The system

involves two peritectic reactions and one eutectic reaction [11]. The peritectic reactions

are L + S and L + y at 1478°C and 1094°C, respectively. The solid phase y and

12 are the face centered cubic (fcc) solid solutions of copper in y-Fe and iron in Cu,

respectively. At lower temperatures, a eutectoid reaction y t a + 12 is reported to be

between 820 and 855°C, where a is the body centered cubic (bcc) solid solution of

copper in a-Fe.

All available data on the Cu-Fe system have been used to construct the phase

diagram given in 2.1.



The Cu-Ni system

The Cu-Ni system is a simple isomorphic system with a suggested miscibility gap

at temperatures below 300°C. Due to a slightly positive heat of mixing, Cu and Ni atoms

are in fact mutually soluble in all compositions in a temperature range of 300 to 1050°C.

The Cu-Ni phase diagram is given in 2.2.

The Fe-Ni system

The Fe-Ni system has one confirmed intermediate phase, FeNi3 that appears due

to an ordering reaction [12]. This intermetallic compound has Li2 structure and has a

wide field of stability and melts congruently at 517°C. The Fe-Ni phase diagram is given

in 2.3, and involves also the eutectic and the peritectic reactions typical of iron-based

alloys. The eutectic reaction, y a + FeNi3, temperature is reported to be at 347°C, and

the peritectic reaction, L + a y, is at 1514°C.
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13

2.1.2 Ternary system

The Cu-Ni-Fe ternary system was first investigated in 1910 by R. Vogel [13]

using thermal analysis. The study established that the ternary system has an L ± (71, 72)

critical line, a wide miscibility gap region in the solid state, and a monovariant phase

region (L + + 72) that ends at the Cu-Fe peritectic line. Following studies agree with the

phase equilibria proposed by Vogel, but disagree with each other on the extent of the

miscibility gap, which is still under investigation [14, 15, 16, 17, and 18].

A broad investigation of the Cu-Ni-Fe system was carried out by W. Koster and

W. Dannohi in 1935 using thermal analysis and, changes in magnetization and electrical

resistivity with temperature [17]. The critical line L t (71, 7) was found to occur at

1220°C. More recently this temperature has been reported to be as low as 1100°C [19].

In the solid state of this system a miscibility gap opens up. Within this miscibility

gap, the fcc-y phase undergoes a spinodal unmixing during aging from which arise two

coherent fcc phases: one enriched in nickel and iron, Ii, and the other in copper, 12.

The trend of this miscibility gap is to get wider as the temperature decreases, as

can be seen in the experimental isothermal sections reported in Fig. 2.4.

The miscibility gap is a result of the positive heat of mixing between Cu and Fe

atoms. The Cu and Ni atoms also have a repulsive interaction, but it is weaker than the

repulsive interaction between Cu and Fe. Cu and Ni atoms are in fact mutually soluble in

all compositions in a temperature range of 300 to 1050°C. The interaction between Fe

and Ni atoms, on the other hand, is slightly attractive.

Because of this unequal interaction between Cu and Fe versus Cu and Ni, the

direction of the tie-lines in the miscibility gap are not parallel to the Cu-Fe axis, but are

directed toward the Cu-rich corner, as can be seen in the isothermal section of Fig. 2.1-5.

The tie-lines are the lines that join the compositions in equilibrium for each

overall composition lying in the miscibility gap. The direction of these tie-lines are,

generally, obtained either experimentally or from thermodynamic calculations by rolling
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the common tangential plane over two free energy surfaces (one for each solid fcc

solution, y and Y2).

2.1.3 Isothermal sections

Currently, the phase diagram of this system above 1200°C is considered as

established. Above this temperature the melting process occurs. The generally accepted

isothermal sections at high temperature were calculated by P. Spencer et al. [22]. In this

calculation the Cu-Fe-Ni system was treated as a real solution. The Gibbs free energies

curves of the liquid, and of the fcc phase were calculated by summation of an excess

Gibbs energy term to the ideal approximation term.

For our purposes it is important to have, as a reference, the isothermal sections at

lower temperatures, in the range 700-1000°C. This is the temperature range at which the

analyzed material is to be used.

However, the phase relationships in the isothermal sections in this range differ

from one study to the other [17, 20, 21, 22, and 23]. Some of these are also inconsistent

with the generally accepted binary Fe-Cu, Fe-Ni and Cu-Ni phase diagrams.

For example, in 1990, G.P. Gupta [20] reported two Sections from different

authors, [24] and [25], at the temperature of 75 0°C, which are in disagreement with each

other. These are hereby reproduced in atomic percent in Fig.s 2.5a and Fig. 2.6.
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Fig. 2.4 Experimental isothermal sections of Cu-Fe-Ni ternary system at 600, 800°C [8],
and at 850, 950, and 1050°C [10] a) in atomic percent; b) in weight percent.
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Fig. 2.5 Isothermal section of Cu-Fe-Ni ternary system at 750°C showing the tie-
lines [11] after [23] and [24]. a) in atomic percent; b) in weight percent
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Recently, in 2000, G. W. Qin et al. reported experimental isothermal sections at

600, 800, 1000, and 1050°C that included measured tie-lines [18]. These Sections were

experimentally determined using ternary diffusion couples and electron probe

microanalysis. Qin et al. 's isothermal sections are reported in Fig. 2.7, Fig. 2.8, and Fig.

2.9, at 600, 800, and 1050°C, respectively. In their work, the measured miscibility gap is

always somewhat smaller than all the previously calculated or experimental gaps.

These isotherms were used as reference for our experimental work, which was

carried out in year 2001, and used in drawing the isopleths along the tie-lines (aragraph
4.3.2).

Both the isothermal sections at 600 and 800°C calculated by Qin et al. [18] show

a twophase region (y and Y2), a three-phase region (Ii + + cLFe), and two single-phase

regions (y and aFe). Most of the studied alloys lie either in the single-y phase, or in the

two-phase region, y and Y2. The compositions in equilibrium for the two-phase region

can be read on the intersections between the miscibility line and the corresponding tie-

lines crossing the overall compositions.

If we compare the experimental miscibility gap of Qin et al. at 600°C (solid line

in Fig. 2.7) with the calculated results from previous papers (dash and dot lines), the

calculated gaps are always wider than the experimental. This deficiency of the
calculations may be related to the insufficient modeling of the thermodynamic function of

the XFe phase that assumes the occurrence of the magnetic transformation at a fixed
temperature [18], and of the ternary ordered phase (Cu,Ni)3Fe that was discovered after

Qin et al.'s calculation [26].

It is also reasonable to consider the role impurities may play. Particularly,

interstitial elements such as C, N, Si, and 0 can widen the miscibility gap of this ternary

system. This means that the solution of the interstitial elements in Cu-poor phase y, or in

Cu-rich phase Y2, may decrease further the Cu content in 11 or the Fe content in Y2,

respectively.
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Fig. 2.7 Isothermal sections of Cu-Fe-Ni ternary system at 600°C calculated by G.W. Qin
etal. [18].



'1IIiinii-1
L4IflJJ

/i;ihhI
I, Ii

I //i7iiiiYA,

,

I. /iZ1EiffAY4VA..

i:

bAkWA.
I

Fig. 2.8 The isothermal sections of Cu-Fe-Ni ternary system at 800°C calculated
by G.W. Qin etal. [18].
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calculated by G.W. Qin et al. [18].
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As mentioned previously, in 2001, an ordered phase of the type (Cu,Ni)3Fe was

discovered in the ternary system Cu-Ni-Fe [26]. This ternary phase seems to evolve from

the binary ordered FeNi3 phase. It has cubic superlattice symmetry and a lattice parameter

of 1.08 urn.

C. Servant et al. soon after reassessed the Cu-Ni-Fe system taking into account

this ternary-ordered phase [10]. By optimization, they calculated the isothermal sections

at 450, 500, and 650°C. The latter isotherm is reported in Fig. 2.10.

Their thermodynamic model has been used by the author of this dissertation to

calculate several isothermal sections at higher temperatures in the range from 700 to

1100°C. This calculation was been carried out with the software called "Thermocalc"

[27].

The thermodynamic model and the resulting calculated Sections are reported in

paragraph 4.3.1.
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Fig. 2.10 Isothermal section of the Cu-Ni-Fe system calculated at 650°C by C. Servant et
al. [101.



24

2.1.4 Isopleths

Together with the isothermal sections, other useful tools are the so-called
isopleths along the tie-lines. The isopleths are temperature versus composition vertical

Sections of a ternary phase diagram. They are useful for a better understanding of the

microstructure development of a ternary alloy and give a complete overview of the

reactions that the alloy undergoes at different temperatures.

So far no isopleth along the direction of tie-lines has ever been studied for the Cu-

Ni-Fe system. In 1935 W. von Köster and W. Dannöhl [17] determined some isopleths at

constant Ni %, parallel to the Fe-Cu axis. These isopleths are reported in Fig. 2.11.

A large part of our efforts was towards the experimental determination of the

isopleths along the tie-lines for each analyzed alloy.

These isopleths are reported in the Results Section (see paragraph4.3.2).
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Fig. 2.11 Isopleths at constant weight percent of nickel [17]. Top) from right to left: 15%
Ni, 30% Ni, 40% Ni. Bottom) from right to left: 50% Ni, 60% Ni, 70% Ni, 80% Ni.
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2.2 Spinodal decomposition

2.2.1 Introduction

Spinodal decomposition is a mode for solid state transformation that occurs by

small compositional fluctuations over a large volume without a barrier for nucleation, in

contrast to the typical nucleation and growth mechanism.

Distinguishing, experimentally, between the mechanism of spinodal

decomposition and nucleation and growth is very difficult [28]. The spinodal line, which

separates the metastable (nucleation and growth) from the unstable (spinodal) regime is

not a sharp boundary, as J. W. Gibbs [29] assumed in 1961. In general, the spinodal is a

diffuse region.

If an alloy is solution treated, or homogenized, and then quenched to a lower

temperature within a miscibility gap, it becomes immediately unstable against phase

separation. The miscibility gap is considered to be separated into a thermodynamically

metastable, and an unstable region, according to the sign of the curvature of the free

energy-composition curve, (a2F!C2)TP, as shown in the schematic representation for a

binary system in Fig. 2.12 [30]. Thermodynamically, in a binary system, the spinodal line

is defined as the locus of (a2F/3c2)Tp = 0.

In the case of a ternary system the mathematical treatment of this theory is very

similar to that of the binary system with the complication that it requires one more

compositional coordinate. This means that surfaces replace curves or lines, and the

common tangent construction becomes a common plane construction.

There is an energy barrier for decomposition into the metastable region, where

a2F!c2 is positive. In this case the alloy will decompose by the nucleation and growth

mechanism where small nuclei of the new phase will form, and grow upon prolonged

annealing. The new phase has a very different composition from the surrounding matrix.

It perturbs the matrix locally and in a small extent, as can be seen in Fig. 2.13 (a).

In the unstable regime, where 2FIac2 is negative, there is an instability that is

non-localized and we speak in terms of spinodal decomposition.
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Fig. 2.12 (a) Free energy curve as function of composition, at temperature T, illustrating
the regions of stability. (b) Schematics of the equilibrium miscibility gap for a binary
system (the locus of the common tangent points, x, and the spinodal (the locus of the
inflection points of the free energy curve, ). T is the critical temperature of the
miscibility gap. Alloys between the spinodals are unstable and can spinodally
decompose without overcoming an energy barrier [30].



During the spinodal decomposition, the perturbations of the matrix are small in

degree because the composition difference with the surrounding matrix is small, but large

in extent because the fluctuations in compositions have long-wavelengths (Fig. 2.13 (b)).

No discontinuous surface needs be established for the introduction of the new phase.

Hence, the limitation to the formation of this new phase in the spinodal region is mainly

kinetics, since the main barrier to decomposition is diffusion {3 1]. Also the elastic

distortion, due to the formation of a new phase, is limiting the spinodal decomposition.

This limitation will allow only coherent phases to decompose spontaneously. Next

Section, 2.2.2, will describe in details the coherent versus incoherent spinodal

decomposition (see Fig. 2.14).
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Fig. 2.13 Two possible decomposition processes for t1 * L (a) by nucleation and
growth ('down-hill diffusion') and (b) spinodally ('up-hill diffusion). ca, and c are the
equilibrium concentrations of the final phases [32].
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2.2.2 Theory

The theory on spinodal decomposition was developed in 1961 by J. Calm [31] and

Hilliard [33], and represents a fundamental advance in physical metallurgy. The

presentation given here is that of Haasen [32], and Jatzen and Herman [30], developed

according to that of Calm and Hilliard.

Consider a binary alloy AB cooled to the spinodal region in which (a2F/ac2)<0.

The change with time of a small deviation from the homogeneous composition, c0, can be

described by the Fourier component in the x-direction as:

cB(x,t)cO =Cjjei/3x.
(1)

Its variation with time is governed by Fick's second law of diffusion as:

2c[dl'1y2cat
B

ax2 dlnvB) ax2
(2)

where 11+
din YB is the thermodynamic factor that links the interdiffusion coefficient
dlnvB)

DB in an alloy with the intrinsic diffusion coefficient D8, which is a measure of the

mobility of the component B, by means of a concentration-dependent activity coefficient

TB = aB /VB , where a is the activity of B, and Vfi = c0 / N is the molar fraction of B (co

is the homogeneous concentration of B at time zero, N is the number of atoms per unit
volume).

The thermodynamic factor is very pronounced in systems that tend to decompose.

In the case of spinodal decomposition it is defined as:

VAVB 2F
dlnvJ kT aVB2

(3)
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where k is the Boltzmann's gas constant. Substituting this definition of thermodynamic

factor in equation (2) the variation with time of the homogeneous composition becomes:

VAVB 2F 2C

(4)
Jt

B
kT JVB2 x2

This equation can be solved for finite times using

CB(X,t)CO =CfieI?t (5)

with the amplification factor R DB/32. The amplification factor carries the meaning of

a kinetics distribution function [30J. For normal diffusion, DB is positive and the

fluctuation dies away with time (R<O).

Within the spinodal region, DB (a2F/v) is negative (R>O) and the

fluctuation grows exponentially, with exp(Rt). The solution becomes unstable to
fluctuations in compositions, and decomposition occurs by the evolution of fluctuations

having wavenumbers fl 2tI?t. Every initial perturbation leads to a periodic

decomposition structure with a wavelength X. The shorter the wavelength X of the

fluctuation, the faster the fluctuation grows.

However there is a minimum value of X below which spinodal decomposition

cannot occur. This limitation can be resolved by incorporating Calm's 'gradient energy'

in the chemical potential, ic(dv8 i) 2 This gradient controls diffusion and accounts for

the steep concentration gradient between the nucleus (a) and the matrix (a'). K, which is

>0, represents the ala'interface energy. Taking into account the elastic distortion due to

the new phase and the gradient energy, the free energy of the alloy can be written as:

F = Q$f(vB)+ fel(VB)+ (dvB/dx)2dx. (6)
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Q is the cross-Section of specimen perpendicular to the x-direction, f (VB) is the

free energy density of a distortion-free phase containing small concentration gradients,

andJi is the density of the free elastic distortional enthalpy, which arises from the change

in the lattice parameter a. The elastic distortion densityji is related to the isotropic elastic

modulus E, and the Poisson's ratio, v, by the distortion parameter S = d in a! dvB.

)2

fei = -1(vB VBo (7)

where VB and VBO are the molar fractions of B in the new phase at time t, and at time

zero.

The concentration profile vBo(x) should make the free energy, F, a minimum,

given the condition that the mean concentration remains constant or f(v8 VBO) dx = 0.

Taking into account the effect of the elastic distortion, and the gradient energy on

the diffusion process, the diffusion equation (4) becomes:

VAVB r(p+p)dcB 2CBl
B

kT [
el (8)

The solution of this equation, called Calm's equation, for the initial perturbation is

again of the type of equation (5), with an amplification factor equal to:

R(J3)= DB/3[I +

where Y_E/(lv).

282Y 21v 2

p (9)

The first term of the amplification factor, D8/32 corresponds to the earlier result.

The second term is negative within the spinodal region and is constant, making R > 0.
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this has the effect that up-hill diffusion does not occur at the chemical spinodal,

where f" 0, but it is delayed to larger negative values of f' such that f' + 252Y 0.

This defines a coherent spinodal region within which the decomposition is spontaneous.

The coherent spinodal lies at lower temperatures than the chemical spinodal, from

20°C (in Al-Zn) to 600°C (in Au-Ni), depending on the distortion parameter ö. This is

shown schematically in Fig. 2.14, the locus of the coherent spinodal being defined as:

f2S2Y=O. (10)
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Fig. 2.14 (a) Corresponding coherent and incoherent free energy curves for a binary alloy
at temperature T0. The coherent spinodal is given by the inflection points on the coherent
free energy curve at a" and 3"'. (b) Coherent and incoherent miscibility gaps and the
respective coherent and chemical spinodals.



35

The temperature of the coherent spinodal will be at a maximum for those

282Ycrystalline directions which minimize the strain term . The undercooling AT

between the chemical (or incoherent) spinodal and the coherent spinodal can be estimated

by expanding J' about Tchem and substituting into equation (10) to obtain

282Y 282Y
AT=TOh ''chem

(ap/aT)
(11)

S

where 0 at Tehem, and s is the entropy per unit volume.

# 2 '2If the entropy of mixing is ideal, then s = s/dc = Nk/c(1c).

The third term, or gradient energy term, similarly negative or zero, prevents short

wavelength concentration profiles, by making R negative for large /1, or for small , as

shown in Fig. 2.15. Concentrations with 3>13, or X<?C, would level out.

This also means that, within the coherent spinodal region, where the solution is

unstable to fluctuations in compositions, decomposition occurs by the evolution of

fluctuations having wavenumbers around a specific growth rate R(/3M). Around fl there

is a window, determined by a balance between kinetics and thermodynamics, which

specifies the range of the fluctuations that will grow at the maximum rate.

There is thus a wavelength X2m/flM for which the Fourier component grows most

rapidly, with exp(RM t). The result is that every initial perturbation leads to a periodic

decomposition structure with approximately this wavelength X.
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Fig. 2.15 Amplification factor RQ3) versus (a) wavenumber ; (b) wavelength X=2it!.
The dash line come from the classical solution: R = D8fl2. The solid line represents
equation (9). The ideal ratio of C'3M is experimentally it is found to be larger.
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2.2.3 Small-Angle Neutron Scattering (SANS)

The Small-Angle Neutron Scattering (SANS) analysis provides a distinctive

method for identifying spinodal decomposition for early stages of decomposition.

Because of the long wavelengths that are possible for neutrons (4-2O A) SANS can be

used to measure extremely small scattering vectors over a large sample volume. Of great

interest is the potential to use SANS to study materials for which atomic scattering

factors are too similar (like in the case of Cu, Ni, and Fe) to be distinguished with other

techniques, such as Small-Angle X-Ray Scattering (SAXS).

The SANS analysis is similar to that of SAXS analysis that was first developed by

Hilliard [33]. There is a correspondence between the Fourier amplitudes of the
composition fluctuations and the amplitude of the x-rays (or neutron) scattered by these

fluctuations.

The temporal evolution of the diffracted intensity I(s), where s fl/2ic, is:

I(s, t) = 1(s,O) exp[2R(13)]. (12)

where I(s,O) is the 'as quenched' intensity profile, i.e., at t0. I(s) increases linearly with

time if /3 <fl, but decreases linearly for /3> fl, as can be seen in Fig. 2.16 (a). R(,8) must

be positive for growth to occur, while negative indicates decay (Fig. 2.15 (b)). The

amplification factor values, R(/1), are obtained from the in I(s,t) versus t data plots, being

the slope = 2R(fi).

Furthermore, a plot of the Calm's solution (equation (9)) of the type R(f3)fl2

versus 2 should yield to a straight line with a slope equal to (21MB / f") and an

intercept on the ordinate axis of _DB(1+282Y/f); as can be seen in Fig. 2.16 (c) and

following:

262Y 2K 2'R(fl). fl2 = DB1
+

+fl (13)
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Fig. 2.16 Schematic representation of the Hilliard analysis [33, 30]. (a) Plot of in I(s,t) vs
t, for solution of equation (12). (b) R(3) vs fi, plot of equation (9). (c) R(fl2 vs fl2,
plot of equation (13). See text.



39

If f', E, and ö are known, the Hilliard analysis gives the gradient energy

parameter, K, and the interdiffusion coefficient,
B (from equation (9) and by means of a

plot of the type represented in Fig. 2.16 (c)).

In addition, if SAXS, or SANS measurements are obtained at more than one

temperature, a plot of fir42 or (27t/XM)2 versus temperature should be linear with a slope

of s "/4K, being

/JM
4T.s#2s2Y]/4ic.

(14)

Then using equation (11), it is possible to obtain the temperature T0h

corresponding to the coherent spinodal.

2.2.4 Literature on decomposition of Cu-Ni-Fe alloys by SANS

Studies of the so called 'early stages of decomposition' often require knowledge

on the actual atomic distribution of the initial state as obtained from above the miscibility

gap. Quantitative information on the atomic distribution can be obtained from neutron

and x-ray scattering measurements. In Cu-Ni-Fe alloys the characteristics of composition

fluctuations in the early stages of decomposition were successfully studied in 1983 by
Aalders et al., for alloys with Fe content of about 10 at%, by means of neutron scattering

[28]. The kinetics and the equilibrium states of alloys with 47 at% Ni and Fe contents of

2, 4, and 8 at% were studied soon after by Poerschke et al. [34].

The equilibrium states of homophase composition fluctuations were generally

analyzed after Omstein and Zemicke as outlined by Krivoglaz [35].

The kinetics of approaching equilibrium fluctuations and of the early stages of

decomposition (phase separation) were evaluated after Cook, Hilliard, and de Fontaine

[36].

In the following it is described a method of studying the composition fluctuations

for thermal equilibrium above the coherent miscibility gap.
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For a binary alloy, neutron scattering due to composition fluctuations is generally

described by

L (K, t -*00, 1') = (dcNIdcl)I(
d(Id)i.aue =J3T1 (f" + 2i2Y+2 K'K2) (1)

where f" is the second derivative of the free energy with respect to alloy composition c,

the term 2 ij2Y is the elastic energy term, and K is the gradient energy coefficient as given

by Calm and Hilliard. The factor fi kBI[vo( 1-c)] contains the Boltzmann constant kB and

the average atomic volume vo.

At temperatures T>T0h above the coherent miscibility gap, the regular solid

solution model, [35], predicts that

with

+ 2iY= fl(T- T0h) fliNT (2)

Inserting equation (2) into (1) gives

L(i(T/AT)/(l +2i) (3)

2=2KI/3ET (4)

is the correlation length that characterizes the spatial extension of the

fluctuations. The inverse of is the critical wavevector i:

l/=1c. (5)

According with equation (3) the fluctuation behavior at temperature T is entirely

characterized by tT and i.

For data evaluation the inverse form of equation (3) is usually used:



1/L(k) = (AT/I) (1
+2)

(3')
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From the so-called Ornstein and Zernicke (OZ) plot of 1 / (d&d2) versus i the

intercept A = AT I {T and the slope B = A2 are determined.

The ratio B/A 2 does not depend on the calibration of the intensity data with

absolute cross Section scale, in contrast to the quantity AT/T However AT/T can be

independently determined according to equation (4) from temperature dependent 2 data.
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2.3 Discontinuous reactions in solids

Discontinuous reactions are diffusive solid state moving boundary phase

transitions characterized by a discontinuous or abrupt change in orientation and

composition between the matrix phase in the reactant and the product aggregate across

the migrating boundary [37]. The migrating boundary acts as the reaction front and

provides a short circuit path of diffusion.

Discontinuous precipitation, discontinuous coarsening, discontinuous dissolution,

and diffusion induced grain boundary migration are among the most important
discontinuous reactions.

All these reactions may account for a substantial change in microstructure,

composition, and materials properties.

Fig. 2. provides a broad classification of the diffusive solid state transformations,

and in particular, the moving boundary reactions.

A supersaturated solid solution, ci, may relieve its thermodynamic metastability

through a diffusion controlled process involving the nucleation and growth of a solute-

rich precipitate phase, 3. Under the given thermodynamic and kinetic conditions, the

phase separation occurs only if the necessary solute redistribution is feasible.

Fig. 2.18 is a schematic binary phase diagram that shows the sequence of possible

phase changes in a binary alloy, ci.,, of initial composition x0. The homogenization at T1,

develops a single-phase microstructure comprising only the c grains.

As the temperature is reduced to T2, the solid solubility of solute B in solvent A is

decreased, and a new phase,
13, nucleates and grows. The growth is either in divorced

isolation, or in alternate sequences with the solute depleted matrix a as function of time.

The solute migration may take place either through the bulk (static diffusion) or

along a short circuit path of diffusion (moving boundary).
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Diffusive Solid State Transformation

Static boundary mode Moving boundary reactions
(Volume diffusion conbvUed) (Boundaiy diffusion contmJted)

Single phase product Two phase product
(lnvoMng no phase sepa.stion): (invoMng phase separation):
Recrystallization
Grain growth
Sintering
Cable creep Invariant Discontinuous
Massive Reactions: Reactions:
Polymorphiclaflotropic Eutectoid Discontinuous precipitation

Peritectoid Discontinuous coarsening
Monotectoid Discontinuous dissolution

Discontinuous ordering
DiTh.ision-induced GB migration

Diffusion-induced recrystallization

Fig. 2.17 General classification of solid state phase transitions involving diffusive
processes. The discontinuous reactions are a subset of moving boundary reactions.
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The discontinuous reactions are a subset of the moving boundary reactions,

involving phase separation. They are characterized by a discontinuous or abrupt change

in composition andlor orientation between the matrices in the reactant and product phases

across the moving boundary. The most important discontinuous reactions may be
outlined as follow:

Discontinuous precipitation (DP) (at T2): a0 (cx +13) or (cx' +
13)

Discontinuous coarsening (DC) (at T2): (a' + 13)fine or (a +13)fine * (X +13)coarse

Discontinuous dissolution (DD) (at T3): (a' + 13) or (a +13) k cC'

2.3.1 Discontinuous precipitation (DP)

Among the discontinuous reactions, discontinuous precipitation (DP) is a solid

state precipitation reaction distinguished by a migrating reaction front (RF) that acts as a

fast mass transport. DP leads to isothermal decomposition of a into a two phase (cx + 13)

aggregate involving heterogeneous precipitation of
13 on the reaction front and concurrent

migration of the latter. The process is essentially boundary diffusion controlled, and has

faster kinetics than its volume diffusion controlled counterpart of continuous mode of

precipitation (CP).

The reaction products of the discontinuous precipitation are usually stacked

edgewise in alternate and parallel sequence, and aligned normal to the reaction front, like

pearlite in steel. The product morphology is often lamellar (Fig. 2.19), occasionally

fibrous or rod-type, and very rarely, globular.

The precise conditions, during which DP occurs or is preferred over CP, have not

been identified and investigations are still attempting to arrive at a general criterion for

the occurrence of DP.

It is generally accepted that high angle incoherent boundaries are the most likely

candidates for DP reaction fronts. More precisely it would be the high energy boundaries

to initiate DP, i.e. matrix grain boundaries, and also precipitate/matrix phase boundary or



coherent faces of a twin. Prior history or actual microstructure plays a decisive role in

determining whether even the most likely candidate may actually initiate DP or not.

The properties of grain boundaries and interphase boundaries are strongly

dependent on their structure and may vary from one boundary to another in a
polycrystalline aggregate. Thus, the growth of DP colonies is frequently non-uniform

leading to a variation in the colony width, w'. Generally w' is normalized to yield the true

colony width w as follows:

w= (.ir/4)W' (1)

where represents an average estimate of w' measured from at least 30 - 40 separate

boundaries with DP colonies (see Fig. 2.20).
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Fig. 2.19 Schematic representation of discontinuous precipitation occurring at a grain
boundary (GB) and growing behind a migrating reaction front (RF) advancing into a
supersaturated a0 grain.



b Time

Fig. 2.20 Schematic representation of the colonies of the discontinuous precipitation
reaction occurring at a grain boundary (GB) (a) and the procedure involved in the
measurements of the average growth velocity (b)



The initiation of DP involves long range, solute-transport assisted nucleation of
precipitates at the grain boundaries. A deviation from the local thermodynamic

equilibrium following initiation of the boundary motion may sustain the growth of the

precipitate colony until the entire a0 grain is consumed [38].

Several mechanisms for DP initiation have been proposed in searching for a more

universal theory.

The 'pucker' mechanism, proposed by Tu and Turnbull in 1967 [39], envisages

that nucleation of allotriomorphs (or precipitates) on static boundaries lead to the

boundary deflection necessary to minimize the interfacial energy and maintain the rigid

orientation relationship between the precipitate and the matrix (Fig. 2.21(a) and (b)).

Continuation of this event over a straight or curved boundary segment would initiate the

boundary motion (Fig. 2.21(c) and (d)). A low energy straight boundary segment results

in growth in one grain only, while a curved configuration of the boundary might lead to

nucleation on both sides of the same boundary with consequent growth in both grains.

Experimental results showed also that the initiation of DP may also depend on the

alloy composition amongst various other external parameters.
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Fig. 2.21 Pucker mechanism. (a) formation of boundary allotriomorphs; (b) puckering of
boundary due to the tendency to reduce the interfacial energy difference ( 2 yi); (c)
formation of another allotriomorphs on moving boundary; (d) continuation of previous
events leading to boundary motion and colony growth.
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Fig. 2.22 Thermal activated mechanism or conventional mechanism. (a) initial thermal
activated migration of boundary segment leading to precipitation of boundary
allotriomorphs 13; (b) boundary bowing between pinning allotriomorphs and growth
precipitates; (c) advancement of boundaries leading to further growth ofprecipitates into
a colony.
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In 1972, Fournelle and Clark suggested what is now commonly called the

conventional mechanism [40]. A thermally activated motion of the boundary, as in

recrystallization or grain growth, provokes the formation of precipitate cells on the

mobile front (Fig. 2.22 (a)). This initial boundary motion is autocatalytic, and the

precipitation of boundary allotriomorphs is a consequence of this short initial migration.

Once precipitated the allotriomorphs pin the boundary causing them to bow forward, (b).

The boundary will be free to migrate further, (c), when the following condition is
fulfilled:

PIAG
>2

L I(y. VM)
(2)

Here, EGJ is the Gibbs chemical energy change per mole, P the fraction of

AG released, VM the molar volume, ythe concerned interfacial energy per unit area,

and L the half of the statistical repeat distance of allotriomorphs.

for a binary system showing ideal solution behavior is typically expressed

in terms of entropy of mixing as:

=_RT[xoln+(1_xo)1n 1;]
Xav lXav

(3)

where R is the gas constant, and x0 and x refer to the compositions of the a0 and a

phases, respectively (see Fig. 2.18). When the composition of a is given by Xe instead of

Xav, equation (3) provides an estimate of

The product (y. VM) is half the product of the interfacial energy changes per mole

associated with DP, with the true interlamellar spacing, 2.

(rVM)=l/2(GP.2. (4)
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The interlamellar spacing is generally related to the supersaturation. Under steady

state growth conditions the reaction front velocity remains constant. The constancy of the

repeat distance of the precipitate phase within a DP colony is maintained either by

branching of the existing lamellae or by repeated nucleation of the precipitate on the

advancing reaction front [381. The nucleation of new lamellae on the advancing front

may be promoted by rigid precipitates that do not branch easily.

Bauman et al. [41] proposed that the aging temperature primarily decides whether

growth in one, or on both sides, of the boundary would be favored. Growth in one

direction, leading to single-seam morphologies, is likely to predominate in the
temperature range T > O.5TS (T is the absolute solidus temperature). The double-seam

morphologies (growth in opposite directions) are more likely at T < O.5T, where the

boundary mobility is more restricted. As a consequence the double-seams decrease as

temperature increases.

Tu and Tumbull [39] proposed that double seams are likely the consequence of

the pucker mechanism of DP initiation, mainly operative at lower temperatures. Single-

seam morphology is expected at higher temperatures (T > T), when thermally activated

migration-induced DP nucleation predominates the process.

At low temperatures the double seam morphology often develop through the well-

known 'S-mechanism', shown schematically in Fig. 2.23.
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Fig. 2.23 (a) Schematic diagram of the S-mechanism; (b) Development of double-seams
via S-mechanism.
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The driving force for DP is difficult to quantify, and depends on several factors.

The proposed driving force to initiate the discontinuous reaction can be summarized as:

zG1 =G +GGB +AGd +G (5)

where the subscripts refer to: the puckering-like precipitation, p; the tendency of the grain

boundary to coarsen, GB; the tendency to deformation related to the stored strain energy,

d; and to the strain related to compositional changes, e. The first two terms of equation

(5) are expected to assume minimum importance once the reaction has been started.

The driving force for initiation of DP decreases as aging temperature increases

until it reaches an upper limit. This limit lies below the solvus temperature and it is
considered the highest temperature for occurrence of DP, TDP. Manna and Pabi [42] have

proposed a method of determining TDP by a resistometric analysis. TDP can be also

estimated from microstructural data by extrapolating the plot of 1 /X as a function of

temperature to l/?.0. At this point the interlamellar spacing becomes infinite which

means practical cessation of DP.

Several theories on the DP growth kinetics have been proposed which assume

either volume or boundary diffusion as the controlling mechanism. In general all models

attempt to predict the growth rate in terms of reaction front velocity, v, as a function of

driving force for growth zIG, isothermal temperature T, boundary width , segregation

factor s, and true interlamellar spacing ? (see Fig. 2.24).

Like any other diffusion controlled nucleation and growth process, the RF
velocity v in DP usually records a 'nose' or 'inverse-C' variation with temperature. The

velocity is lower either at high or at lower temperatures and is maximum at an
intermediate temperature, Tv(max).

A summary of the relevant models is presented in Table 2-1 in terms of the

appropriate expression for v. the selection of the appropriate model depends on the

available experimental and analytical data.
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Fig. 2.24 Schematic representation of the discontinuous precipitation reaction. RF is the
reaction front that moves with velocity v. A. is the interlamellar spacing for the a phase,
and S is the boundary width.
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Table 2-1 Analytical models proposed for steady growth kinetics of discontinuous
precipitation

Model Expression for v Ref.

Zener v
Xe

where D volume diffusion 43
Xo

Tumbull v
Xav

where Db = boundary diffusion
x0 22 44

Calm S5Db here
X0 Xav 2v=C w tanh 4522 XøXe 2

Aaronson 4(XflXe)S5Db 4sSDbv= ,for xfl>>xe,and Xfl>>XØ
22 22 46

and Liu Xfl x0

Petermann and SoD,,
47

Hombogen
=

8AG

RT 22

v = 4CKsOD,, cosG; K a constant, 0 angle between the
Sundquist 48

growth direction and the normal to the RF

Sundquist v (T)3 exp( Q,, / RT) 49

122(x Xa/fl)SSDb
V

2a (x0 22
x solute content at the a/fl

Hillert Xav)

interface, 2a width of the a lamellae



2.3.2 Discontinuous coarsening (DC)

Discontinuous coarsening is a moving boundary reaction that converts finer

distribution of the two-phase lamellar products of a primary reaction like DP, eutectoid

transformation, or eutectic solidification into a coarser distribution of the same aggregates

(Fig. 2.25).

DC can be described as identical to DP, except that no crystal structure change is

involved between the reactant and the product phases. The reaction kinetics are slower

and the coarsening ratio, which may vary by many orders of magnitude, is a function of

the alloy composition, driving force, temperature, and energetic of the primaryproducts.

Not all the systems known to undergo DP are prone to coarsening by a DC

mechanism. However, DC may not succeed DP at the same temperature, but it may occur

at a temperature other than that for DP.
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Fig. 2.25 Schematic representation of discontinuous coarsening (DC) replacing a fine
primary product aggregate of discontinuous precipitation (DP) with a coarser distribution
of the same phase mixture across part of the original grain boundary (0GB). This
coarsening may take place at a migrating reaction front (RF) at the same, or at another
temperature, than that for DP



Similarly to DP, the overall Gibbs energy change AGDC per unit volume

associated with a DC reaction may be expressed as:

AGDC = AG +AGT +AGDC DC (6)

where c, ç and e refer to the chemical, interfacial and strain components of the Gibbs

energy change. Usually AGC is very small and ignored in DC, so that the overall driving

force for DC is either interfacial or chemical in origin, or derives from both of these

contributions. Applying Calm's theory:

AGDC =AGC +AG =(AG; PAG)+2VM__J (7)

where 2DC and 2DP are the interlamellar spacing in DC and in DP reactions, and P is the

fraction of Gibbs chemical energy change for DP in case of equilibrium (AG)

consumed in the DC reaction. P can also be written as:

XavXO

x0x ) (7a)

Equation (7) is valid when DP and DC are held at the same temperature. If the

temperature is different, equation (7) is slightly modified to obtain the true estimate of

LXGDC [51].

The boundary concerned with the initiation of DC is usually a high angle

incoherent interphase boundary between two neighboring DP, eutectoid transformations,

or eutectic solidification colonies.
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The initiation of DC does not imply that the primary reaction (i.e. DP) should

reach completion. DC may initiate from the reaction front ofa primary colony interfacing

with an untransformed matrix undergoing DP.

DC may also initiate within a DP colony at the interface between the primary

colony and the external surface. Plastic strain on the surface may generate boundaries

capable of thermally activated migration.

The driving force for DC is related to the boundary concentration gradient

through the Gibbs-Thompson effect at the tip of the DC lamellae. The solution of the

steady state diffusion equation for this boundary concentration gradient results in the

following growth velocity vDc:

SSDj'VM (1-2DP

X Xe ff2c2DpRT

VDC = (8)

where xjj is the equilibrium concentration of the
13

phase (cf. Fig. 2.18), andfa andf are

the fractions of a and 13 phases, respectively.

The Petermann-Hornbogen theory on DP [47] may be extended to DC as follow:

SSDbv=-8 (9)
RT 2Dc2

Here the LGDc (<0) can be estimated using equation (7).
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2.3.3 Discontinuous dissolution (DD)

As illustrated in Fig. 2.26, the cellular dissolution of a two-phase lamellar

aggregate (say at T3 of Fig. 2.18) formed by a prior DP, DC, eutectoid transformation or a

eutectic solidification (say at T2) is a discontinuous reaction that is consuming the

primary or secondary precipitation products behind a receding boundary.

DD is also characterized by a discontinuous change in composition and

orientation across the migration front. Consequently, the reaction kinetics of DD are

faster than those of volume diffusion controlled continuous dissolution.

Despite a number of studies on the reaction mechanisms, several aspects about its

nucleation, driving force and growth kinetics remain unresolved [37]. Discontinuous

dissolution may be useful in grain refinement.
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Fig. 2.26 Schematic representation of discontinuous dissolution (DD) of a prior
discontinuous precipitation colony. The broken lines within cr- grain represent solute
segregation or 'ghost images'.



2.4 High temperature oxidation and corrosion

The field of high temperature corrosion is of great scientific and technological

importance and it has been an active field of research for several decades.

The research started in the mid 1960s and concerned mainly with the metal-

oxygen reactions. Gradually greater emphasis was placed on technical and industrial

aspects of high temperature corrosion where materials are exposed to a variety of
corrosive environments.

High temperature corrosion may, depending upon the environment, involve

oxidation, suiphidation, carburization, corrosion induced by the presence of deposits of

molten salts on surfaces (hot corrosion), etc. In environments with two or more reactants,

different processes, e.g. oxidation and suiphidation, may take pace simultaneously

creating complex corrosion mechanisms.

2.4.1 Metal-oxygen reactions

The total chemical reaction for the reaction of a metal M and oxygen gas 02 to

form the oxide MaOb may be written as:

aM+(b12)02 =MaOb (1)

The oxidation of metals is, however, not as simple as this equation seems to be,

but depends on a variety of factors and complex mechanisms [52].

If we start from a simple clean surface (Fig. 2.27) the initial step in the metal-

oxygen reaction involves the adsorption of the oxygen gas on the metal surface, the

dissolution of oxygen in the metal, and the formation of oxide on the surface either as a

film or as separate oxide nuclei.

Both the adsorption and the initial oxide formation are functions of surface

orientation, crystal defects at the surface, surface penetration, and impurities in both the

metal and the gas. The surface oxide, in turn, separates the metal from the gas. If a



continuous film covers the surface, the reaction can proceed only by solid-state diffusion

of the reactants through the film. For thin films, the driving force for this mass transport

may be due to electric fields in or across the film; for thick films or scales it is determined

by the chemical potential gradient across the scale.

More often, metals form porous oxide scales that cannot act as a solid-state

diffusion barrier for the reactants. In such cases the reaction may be limited by processes

occurring at the phase boundaries. At high temperatures the oxides may also be volatile

or liquid.

In general, for a particular metal the reaction mechanism will be a function of

pretreatment and surface preparation of the metal, temperature, gas composition and

pressure, and elapsed time of reaction.

Due to such large amount of variables, it is not surprising that a large number of

theories have been developed to describe the oxidation behavior of metals.
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Fig. 2.27 Schematic illustration of some of the aspects of metal-oxygen reactions [52].
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2.4.2 Thermodynamics and kinetics aspects

The overall driving energy of metal-oxygen reactions is the free energy change

associated with the formation of the oxide from the reactants. Thermodynamically the

oxide will be formed only if the ambient oxygen pressure, p0, is larger than the

dissociation pressure of the oxide in equilibrium with the metal.

If we consider the oxide MaO, of equation (1), the LG°(MaOb) represents the

standard free energy change of the reaction at the temperature under consideration. The

metal M can only be oxidized if:

p02
ex[_ 2AG° (MOb )]

bRT
(2)

The AG°(MaOb) as a function of temperature and the corresponding dissociation

pressures of the oxides are usually summarized in the form of the EllinghamfRichardson

diagrams [53]. Such a diagram is shown in Fig. 2.28 with data for a few common metal

oxides. The values AG°(MaOb) are commonly expressed as a function of temperature in

the form G° = A + BT1ogT + CT. Often the value of B is close to zero, making zG°

linear with temperature. This approximation is valid if the enthalpy and entropy of

formation of the oxides can be considered to be independent of temperature.

The values of C, or slopes of the straight lines described byG° = A + CT, are

positive if the standard entropies of formation of metal oxides are negative.

The most stable oxides have the largest negative (smallest) values of AG°, and for

the oxides shown in Fig. 2.28 the stability of the oxides increases from Fe203 to A1203.
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Fig. 2.28 EllinghamlRichardson diagram for some oxides of importance in the high
temperature oxidation of metals and alloys [52].



The kinetics of oxidation is generally described by rate equations. The rate

equations alone are insufficient to interpret the oxidation mechanisms, but they may be

used to classify the oxidation behavior of metals and may limit the number of alternative

mechanisms. The rate equations used in oxidation theory are commonly classified as

logarithmic, parabolic, and linear.

Because they represent only limiting and ideal cases, often deviations and

intermediate rate equations are encountered. In many instances it may be difficult to fit

experimental rate data to simple rate equations.

The logarithmic rate equation is characteristic of the oxidation of a large number

of metals at low temperatures (T < 300-400°C). The reaction needs to be quite rapid

initially and then drops off to low or negligible rates to be described with a logarithmic

law. The logarithmic law includes the direct and the inverse logarithmic rate equations:

direct logarithmic: x = log(t + t0) + A (3)

.1
inverse Ioganthmic: = B k11 logt (4)

x

where x may alternatively represent the thickness of the oxide film, the amount of

oxygen consumed per unit surface area of the metal, the amount of metal transformed to

oxide etc., t is the time, kiog and k1 represents the direct and inverse rate constants, and A

and B are constants. Graphical examples of how x varies with time for the two rate

equations are given in Fig. 2.29.
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Fig. 2.29 Schematic illustration of the variation of x (e.g. oxide thickness) with time for
logarithmic and inverse logarithmic oxidation of metals [52]
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At high temperatures the oxidation of many metals is found to follow a parabolic

time dependency (Fig. 2.30).

The differential and integral forms of the parabolic equation are given by:

dx/dt=k/x (5)

x2=2kt+C=kt+C, (6)

where k and k are the parabolic rate constants and C is the integration constant.

As a rule, high temperature parabolic oxidation signifies that a thermal diffusion

process is rate determining. Such processes may include a uniform diffusion of one or

both of the reactants through a growing compact scale, as shown in Fig. 2.31, or a

uniform diffusion of the gaseous reactant (e.g. oxygen gas) into the metal.

Linear oxidation is constant with time and thus independent of the amount of gas

or metal previously consumed in the reaction. It may be described by:

dx/dt=k1t (7)

x=k1t+C, (8)

where k1 is the linear rate constant and C is the integration constant. If the relationship is

linear, a surface or phase boundary process or reaction may be rate determining. This

may involve a steady state reaction limited by the supply (adsorption) at the surface,

which is a reaction governed by a steady state formation of oxide at the metalloxide

interphase, or diffusion through a protective layer with constant thickness.
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Fig. 2.30 Schematic illustration of the variation of x with time for parabolic and linear
oxidation [52].
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Fig. 2.31 Schematic illustration of transport processes through a compact scale in the
high temperature parabolic oxidation of metals [52].
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Oxidation reactions are frequently found to follow a combination of rate laws.

This may, for instance, mean either that the oxidation occurs by two simultaneous

mechanisms, one of which predominates during initial stages and the other after extended

oxidation, or that changes may take place in the rate-determining mechanism as the result

of changes in the nature of the oxide scale.

The parabolic oxidation also may not apply from zero time, as this would apply

an infinite rate at time t = 0. For thin layers it is always first linear (interface controlled).

Reactions intermediate between logarithmic and parabolic, often over limited

period of time, may be approximated by an equation of the type:

xm =kmt+C (9)

When m has a value of 3 or 4, the rate equations are termed cubic and quartic,

respectively.

At high temperatures a combination of parabolic and linear oxidation is frequently

encountered and could reflect a change with time of the composition of the oxide scale.

Reactions may be interface controlled (linear) during initial stages and diffusion limited

(parabolic) after extended oxidation. This behavior is described by the relation:

x2 + Ax = kt + C, (10)

where k / A is the linear rate constant. This equation is also been called the general

parabolic rate equation. If the integration constant C can be neglected, Eqn. (10) may be

rewritten as

x=k---A (11)
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In other systems oxidation may be initially parabolic and then gradually becomes

linear. This situation may arise if a compact scale growing at a parabolic rate transforms

at a linear rate to an outer porous and non-protective oxide layer, or if a diffusion barrier

layer is depleted by sublimation of oxide, etc. This combination is called paralinear

oxidation. After long periods the oxidation becomes essentially linear, that is, it grows at

the rate at which it is being consumed by the linear depletion.
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2.4.3 High temperature oxidation of Cu-Ni-Fe alloys

Oxidation of alloys is more complex than that for pure metals, and no general

theoretical treatment for high temperature oxidation mechanisms of ternary alloys is

available.

The oxidation behavior of the binary systems Cu-Ni, Cu-Fe, Fe-Ni has been

investigated in details [54, 55, 56, 57, 58, 59, 60, 61, and 62].

Only recently has the high temperature oxidation mechanism of as cast Cu-base

ternary alloys been qualitatively described. This was investigated on Cu-alloys containing

30 wt% of Ni and 15-25 wt % wt% Fe at 750-1000°C at 1 atm of oxygen [55] or low

oxygen pressure [56]. Some important results of these investigations are reviewed in the

following Sections.

Cu- base alloys

The Cu-oxygen system contains two stable oxides at high temperature: Cu20 and

CuO. CuO is stable only near ambient pressures. In pure oxygen atmosphere, only Cu20

is stable. Upon high-temperature oxidation of pure copper, a two-phase copper oxide is

formed at the metal surface: a thin outer layer of CuO next to the atmosphere, while the

majority of the scale consists of Cu2O. This Cu20 is formed in coarse columnar grains

extending through the scale [58].

In the case of Cu-Ni and Cu-Fe alloys, Cu always oxidizes at the surface and the

dissolution as well as the inward diffusion of oxygen results from the formation of

internal sublayer of NiO and Fe oxides, respectively. The extent of internal oxidation

depends on temperature and also on concentration of the alloying elements.

Cu-Ni-O system

Cu and Ni are completely miscible at any temperature, whereas their oxides

Cu20, CuO and NiO, exhibit only small mutual solubilities.
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The oxidation kinetics of Cu-rich Ni alloys are parabolic and the oxidation rate

constants are equal or slightly higher than those for unalloyed copper. The surface oxide

scale in Cu-rich alloys consists of an outer region of approximately pure Cu oxides

(mainly Cu20) and an inner, more porous, two-phase region, where NiO is present as

particles dispersed in a Cu20 matrix. [55-58]. Ni, which is the least noble alloying

element, is internally oxidized because of the relatively high solubility and diffusivity of

oxygen in copper.

In Ni-rich Cu alloys, the oxidation rate is similar to that of unalloyed Ni, and the

oxide scale is essentially pure NiO with a thin outer Cu oxide layer. It is assumed [54]

that at the beginning of the oxidation, islands of Cu20 form in various places on the

surface (Fig. 2.32), which consequently react with nickel according to the displacement

reaction

Cu20 +Niaiioy 44 2CUaiioy + NiO (12)

Due to their greater mobility or diffusivity through the Cu20 lattice compared to

nickel ions, the copper ions reach the surface where they meet chemisorbed oxygen ions

and form a "new" Cu20 layer (Fig. 2.32 (a)). The Cu20 phase at the surface will continue

to grow because of its more rapid formation compared to NiO, and thus the progress of

the oxidation is accelerated. However if a continuous layer of NiO is formed and the

Cu20 islands are not in direct contact with the alloy (b), the rate of oxidation is dependent

only on the diffusion rate of the nickel ions through the continuous layer of NiO, which

slows the diffusion process.
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Fig. 2.32 Concurrence of the rate of diffusion of the Cu and Ni2 ions through the Cu20
"island" or particle in the scale [55]. (a) The Cu20 particle grows, since it is in direct
contact with the alloy. (b) The amount of this contact diminishes with time and gets
interrupted. Cu20 islands can no longer grow, since the nickel diffusion in NiO now
controls the total oxidation process.
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Cu-Fe-O system

The Cu-Fe system shows a miscibility gap, and its decomposition into two phases

generally influences the overall oxidation behavior [60]. The oxidation kinetics of this

alloy are approximately parabolic with rates lower than those for the pure constituent

metals [60-63].

At temperatures between 600 and 800 degrees C, the scales are always composed

of an inner layer containing a mixture of iron oxide (Fe203, Fe304 and FeO) and a few

wt% of copper metal in solution and of an outer oxide layer whose composition depends

on the copper content of the alloy.

In particular, for the Fe-rich Cu alloys [60] the external layer is mostly iron oxide

with some Cu-rich particles, which oxidize only in the external scale zone.

For the Cu-rich Fe alloys the external layer consists of a complex mixture of iron

oxides, copper oxide particles beneath an outermost copper oxide layer.

It was also found [61] that an interlayer of FeCuO2 could form between the Cu-

rich and the Fe-rich oxide layers.

It is interesting to note that grain size reduction can effectively promote the

selective external oxidation of the more reactive component, which is Fe in this case,

quite effectively in comparison with cast alloys of the same composition. This can be

attributed to a higher solubility of Fe in Cu and a much larger diffusivity associated with

the presence of a large density of grain boundaries.

Cast Cu-Fe alloys coated with nanophase Cu-Fe [64] form a continuous Fe304

layer beneath an external region of copper oxide at 600-800°C in air. As the
concentration of Cu in the coating decreases, the external oxide scale mostly consists of

Fe304 free of copper oxides. An iron-depleted region is also present in the subsurface Cu-

rich phase of the bulk alloy (matrix), independent of the alloy composition. This iron-

depleted region is not present in non-coated cast alloys.



Fe-Ni-O system

According to the phase diagram of the mixed oxide FeO + NiO in Fig. 2.33 {54],

at 760°C only about 1.5 wt% NiO is soluble in FeO. Higher nickel content must favor

Fe3 04 formation according to

3FeO +NiO Fe304 + Ni (13)

However, at relatively high Ni contents the formation of the spinel nickel ferrite,

NiFe2O4, appears to be more probable than that of Fe304 [65]. If a continuous layer of

nickel-ferrite is formed, the rate-determining step is the diffusion through this spinel

layer, which might reduce the oxidation rate.
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Fig. 2.33 Stability diagram of the FeO-NiO solid solution, according to J. Moreau in [54].
The dashed line corresponds to the equilibrium temperature line of the reaction 3FeO +
NOdissoIved in FeO Fe304 + Ni. At high Ni content the spine! NiFe2O4 is more favorable
to form than Fe3 04.



Cu-Ni-Fe-O system

The oxidation behavior of ternary alloys is influenced by alloy composition,

interdiffusion in the alloy, relative stability of the oxides, and the relative rates of oxide

growth, similarly to that described for binary alloys. The oxidation mechanism for ternary

alloys has even more complex kinetics than for binary alloys, and can also change with

temperature.

The oxidation kinetics of Cu-Ni-Fe show rather large deviations from the

parabolic law [56], and are slower than those of the pure metals and of the binary alloys

oxidized under the same conditions.

Recently, the high temperature oxidation mechanism of as cast Cu-base ternary

alloys containing 30 wt% of Ni and 15-25 wt % wt% Fe at 750-1000°C at 1 atm of

oxygen [55] or low oxygen pressure [56] has been qualitatively described.

No literature on oxidation behavior of homogenous Cu-Ni-Fe alloys has been

published yet.

Above 900°C, the oxidation of as cast Cu-rich alloys involves an external growth

of Cu oxides and an internal oxidation of Ni and Fe [55]. The oxide scale consists of an

outer Cu oxide layer and an inner multi-phase region. At lower temperatures, such as

750°C, Cu oxides, NiO and nickel ferrite are formed as layers in a repeating sequence.

The layered oxide morphology is reflected in complex oxidation kinetics.

The change in oxidation behavior reflects the transition from an internal oxidation

of Ni or Fe, at high temperatures, to an essentially continuous NiO barrier layer at lower

temperatures.

It was found [56] that for as cast Cu-poor alloys, an internal oxidation of Fe

produces a transformation of the Fe-Ni-rich phase (the dendrites in Fig 2.34) into a Cu-

Ni solid solution, which becomes the matrix a of the internal oxidation zone (b). The

spatial distribution of the oxide particles in the alloy is rather uniform and does

correspond to that of the two-phases in the original material, which have largely different

iron content.



This is the result of a transformation of the 13 phase into the a phase and of the

lateral diffusion of the various components through the a layer before the arrival of the

internal oxidation front.

Gas

:<s:e:e: a + BO

0
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Fig. 2.34 Schematic structure of the scales in the internal oxidation of alpha-matrix two-
phase alpha + beta alloys [66]. Two cases can occur: (a) low solubility-diffusivity of the
B component (example Fe) in Ni and Cu, (b) high solubility-diffusivity of B in the other
two.



3. MATERIALS AND EXPERIMENTAL METHODS

3.1 Materials

The material is composed of several high purity cast alloys of composition

Cu(Fe5oNiso)i in wt%, each with a different x concentration of copper, where x = 10,

20, 30, 40, 60, or 70. This material was supplied by the Northwest Aluminum Company

as part of an Oregon Metal Initiative (OMI) project involving the development of new

inert anodes for a new aluminum reduction process.

In optimizing the alloy composition of the inert anodes for better aluminum

production, further material with low copper content and a ratio of Fe/Ni that deviates

from the fixed ration of 1:1 was analyzed, but is not to be reported in this dissertation due

to nondisclosure agreements with the Northwest Aluminum Company. All the

undisclosed results and discussion on the inert anodes that are not reported in this

dissertation, have been reported in four OMI reports [67, 68, 69, and 70], and one internal

OSU report [71].

The concentrations of the as-cast samples in weight and atomic % are listed in

Table 3-1.

Table 3-1 Alloy compositions of the analyzed samples, in wt% and at%

wt%
Cu/Ni/Fe

at%
Cu!NiJFe

10/45/45 9.1/44.3/46.6

20/40/40 18.4/39.8/41.8

30/35/35 27.8/35.2/37

40/30/30 37.5/30.5/32

60/20/20 57.5/20.7/21.8

70/15/15 67.8/15.7/16.5



3.2. Experimental Samples

Several specimens were obtained by cutting the as-cast material with a low speed

diamond saw. Some of the as-cast material of each composition was analyzed as-

received and some underwent homogenization treatments into a single phase before being

analyzed.

The homogenization treatment was performed at 1050-1100°C in either evacuated

quartz tubes or in a vertical vacuum furnace for 8-12 hrs. The vacuum was better than 10

atm and the treatment was terminated by water quenching.

Both the as-cast and the homogenized specimens underwent further annealing

treatments, calorimetric analyses, or air-oxidation treatments, as described in the

following Sections 3.3.

After these preliminary treatments, the resulting samples were analyzed in optical

microscopy (OP), electron microprobe analysis (EMPA), and small angle neutron

scattering (SANS).

The optical and microprobe specimens were prepared by embedding the samples

into a phenolic resin in a Buehler Mounting powder SIMPLIMET II machine that applies

pressure at a temperature of 200°C. The surfaces of these specimens were mechanically

polished with abrasive SiC papers down to 600grits and water-based solutions of alumina

powder down to 0.05 micrometer. The microstructure of these samples was then analyzed

with both the optical microscope and the electron microprobe. The chemical analysis of

the resulting microstructure has been performed with the electron microprobe.

The preparation of all the specimens reported in this dissertation led to a total of

34 types of samples listed in Table 3-2.
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Table 3-2 All types of samples analyzed and reported in this dissertation

# Cu/Ni/Fe wt% As-cast or
homogenized

Annealing
°C, hrs

Air-oxidation
°C, hrs

SANS
°C, sec

1 10/45/45 as-cast 750, 400

2 10/45/45 as-cast 800, 400

3 10/45/45 homogenized 750, 400

4 10/45/45 homogenized 800, 400

5 20/40/40 as-cast 750, 400

6 20/40/40 as-cast 800, 400

7 20/40/40 homogenized 750, 400

8 20/40/40 homogenized 800, 400

9 30/35/35 as-cast 750, 400

10 30/35/3 5 as-cast 800, 400

11 30/35/35 homogenized 750, 400

12 30/35/35 homogenized 800, 400



Table 3-2 cont. All types of samples analyzed and reported in this dissertation

# Cu!NiIFe wt% As-cast or
homogenized

Annealing
°C, hrs

Air-oxidation
°C, hrs

SANS
°C, sec

13 40/30/30 as-cast 750, 400

14 40/30/30 as-cast 800, 400

15 40/30/30 homogenized 750, 400

16 40/30/30 homogenized 800, 400

17 40/30/30 as-cast 750, 5

18 40/30/30 homogenized 750, 5

19 60/20/20 as-cast 750, 400

20 60/20/20 as-cast 800, 400

21 60/20/20 homogenized 750, 400

22 60/20/20 homogenized 800, 400

23 70/15/15 as-cast 750,400

24 70/15/15 as-cast 800, 400

25 70/15/15 homogenized 750,400

26 70/15/15 homogenized 800, 400

27 70/15/15 as-cast 750, 5

28 70/15/15 homogenized 750, 5

29 70/15/15 homogenized 750,0

30 70/15/15 homogenized 750, 250

31 70/15/15 homogenized 750, 1000

32 70/15/15 homogenized 750, 4000

33 70/15/15 homogenized 750, 16000

34 70/15/15 homogenized 750, 64000
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3.3 Experimental procedures

Annealing, high temperature air-oxidation, optical microscopy, electron

microprobe analysis, differential thermal analysis, and small angle neutron scattering are

the experimental techniques that were used to analyze all types of the samples. The

experimental procedures for each of these techniques are described in the following

Sections 3.3.1-3.3.6. The experimental data have been further used in the

thermodynamics calculation of the phase diagram. The calculations have been performed

by using the 'Thermo-caic' software that is described in Section 3.3.7.

3.3.1 Heat treatments

All the heat treatments were performed in vacuum, followed by water quenching

to retain the achieved microstructure, and to prevent further phase transformations.

These were performed either in evacuated quartz tubes or in a vertical vacuum

annealing furnace where the vacuum was about 1 0 atm.

In order to study the phase diagram and the discontinuous reactions in the system,

two annealing treatments were performed on all the six different alloy compositions.

These heat treatments were performed at:

750°C for 400 hours, and

8 00°C for 400 hours.

Another five different annealing processes were performed solely on the
Cu(Fe5oNi5o)i sample with x 70 wt% to study the spinodal decomposition. These

annealings were done all at 750°C for the following different times:

250 seconds,

1000 seconds,

4000 seconds,

16000 seconds, and

64000 seconds.

Table 3-2 is listing the samples on which the heat treatments above described

have been performed.



3.3.2 High temperature air-oxidation treatments

The air-oxidation treatments were performed in ambient pressure at 750°C for five

hours on specimens with an average surface area of 0.2 cm3. These treatments were

performed on four samples, two as-cast Cu(Fe5oNi5o)i alloys of composition x = 40 and

70 wt%, and two homogenized Cu(FesoNi5o)i alloys of composition x = 40 and 70 wt%.

Quenching followed the air-annealing processes.

The surface of each specimen was further analyzed in optical microscopy and

with an electron microprobe.

The optical microscopy (Section 3.3.3) releaved the microstructure of the

oxidized scales and the sub-surface zone. Morphology and chemical composition of the

scales and the sub-surfaces were investigated by electron microprobe microscope

(Section 3.3.4) with wavelength dispersive x-ray analysis (WDS).

3.3.3 Optical microscopy (OM)

The optical microscopy analysis was performed with an LEICA DMRM

microscope in a range of magnifications between 50x and 500x. The images were

recorded with a digital camera mounted on it.

The samples for the OM were embedded and mechanically polished with the

standard procedure described in Section 3.2. The etchant was an aqueous ferric chloride

solution consisting of 10 grams ofFeCl3 concentrated, 20 ml of HC1 concentrated, and 80

ml of water. This etchant specifically attacks copper rich alloys, which means that dark

areas in the optical micrographs correspond to Cu-rich regions while light gray and white

regions correspond to Cu-poor regions that are Fe/Ni-rich.

3.3.4 Electron Microprobe Analysis (EMPA)

The samples for the EMPA were embedded and mechanically polished with the

standard procedure, coated with carbon and grounded to avoid charge build-up from the

incoming electrons. The Microprobe used for these analyses is an EMPA CAMECA SX

50 with wavelength dispersive spectrometer (WDS). The microprobe analyses were



conducted with an operating beam current of 49.53 nA, an accelerating voltage of 15.1

kV, and a take-off angle of 40 degrees.

The microprobe irradiated the samples with a focused electron beam of about 1

im size and recorded either the back-scattered electrons, in order to produce an image

(BSE image), or detected x-ray spikes in the Bremsstrahlung emission at tabulated

wavelengths corresponding to various atoms. A phase contrast opposite to the optical

microscopy was obtained in the BSE images. For the chemical analysis of our specimens

the microprobe was calibrated for copper, iron, nickel, and oxygen using pure metal

standards and quartz for oxygen.

The counting times were 10 seconds on the K peak of each element and 5

seconds on each background. The backgrounds were taken at ±500 sinO off peak with

exception of oxygen, which had a background shift of ±3000 sine.

The diffracting crystals were Li-F to detect Fe, Ni, and Cu, and PCi for 0.

Standard corrections ZAF were applied.

The concentration analyses were acquired in selected points, and along linear

traverses, depending on the morphology of the microstructures.

Linear profile concentration analyses on the oxides samples were acquired across

the scales starting at the oxidized surfaces of the oxidized alloys.

Typically 70-100 J.tm traverses across the scales were needed to reach the

subsurface metal zones with a chemical measurement about every 1.5 rim. The total

weight percentages, sometimes, result to be smaller than 100% (or larger that 100%),

which means that a pore or a thin oxide layer, respectively, has been hit by the electron-

beam.

A reproducibility test was also conducted by taking ten measurements in the same

location of the bulk metal of the homogenized Cu/Ni/Fe 40/30/30 wt%.

The counting statistics for each element, calculated from this reproducibility test,

are ±0.023 wt%, ±0.10 wt%, ±0.12 wt%, and ±0.18 wt% for 0, Fe, Ni, and Cu

respectively, which are about the size of the symbols plotted in the microprobe

composition profile graphs.
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A third technique was x-ray imaging, in which "maps" are formed by adjusting

the spectrometer to isolate the K line of Cu, Fe, Ni, and 0 one at the time, and

simultaneously scanning and detecting the BSE imaging of a small area of the surface.

These maps reflect the spatial distribution of each element in different parts of the

samples.

3.3.5 Differential Thermal Analysis (DTA)

Differential Thermal Analysis (DTA) involves heating a material at a controlled

rate to a pre-determined temperature and comparing any chemical emissions of heat

(exothermic) or absorptions of heat (endothermic) from the material with that of a passive

material such as alumina. This is most useful for determining the precise temperature at

which a reaction takes place or identifying a phase change (e.g. melting) or reaction

product, as well as its enthalpy change.

The richer-Cu alloys (x = 40, 60, and 70 wt%) were analyzed with a Perkin-Elmer

DTA (at Caltech), and the poor-Cu alloys (x = 10, 20, and 30 wt%) with a TA-

instruments DTA (at OSU).

Both DTA's are capable of transition heat measurements between 125°C and

1600°C. The specimens were small pieces of sample that were processed in graphite

crucibles of three millimeters in diameter.

Our DTA analysis was performed on both the six as-cast alloy samples as well as

the six homogenized samples. The materials were heated in argon atmosphere to prevent

oxidation, from room temperature to 1600°C at a constant heating rate of 20 Klmin and

cooled from 1600°C to room temperature at the same rate.
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3.3.6 Small-Angle Neutron Scattering (SANS)

One alloy of compositiOn Cu(FesoNi5o)1 with x = 7Owt% has been used to

characterize the spinodal decomposition of the Cu-Ni-Fe ternary system.

One large sample of this composition was homogenized in vacuum at 1100°C for

12 hours, and quenched in water. Five square specimens of 1cm2 surface area and 3 mm

thickness, were cut with a low-speed diamond saw from the homogenized sample,

vacuum annealed at 750°C for different times, and water quenched. The resulting

specimens were polished (600grit SiC paper) to eliminate any oxidation layer, and sent

away for the SANS measurements.

The SANS measurements were performed at the Paul Schrerrer Institute, Villigen,

Switzerland, in collaboration with Dr. J. Loeffel. The measurements were performed at

room temperature, with the specimens in air. A wavelength of A= 6 A was used and a

sample-detector distance of 6 m, with a horizontal displacement of 0.4 m. The fi range

covered was 0.07-1.7 nm' (fi 4r sin 9/A, 0 half the scattering angle).

The analyzed specimens underwent the following annealing treatments:

1. as homogenized,

2. homogenized, annealed at 750°C for 2SOsec,

3. homogenized, annealed at 750°C for l000sec,

4. homogenized, annealed at 750°C for 4000sec,

5. homogenized, annealed at 750°C for l6000sec,

6. homogenized, annealed at 750°C for 64000sec.

3.3.7 'Thermocalc' Software

Thermocalc is a powerful software for thermodynamic calculations in

multicomponent systems. It is widely used for calculations of phase diagrams,

thermochemical data such as enthalpies, heat capacity, and activities, solidification

simulations with the Scheil-Gulliver model, and Pourbaix diagrams.
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The calculation of high temperature isotherms of the Cu-Ni-Fe system has been

done in collaboration with Prof. M. Baricco and Dr. P. Bosco of the University of Turin,

Italy.

Several isothermal sections have been calculated at temperatures in the range

from 700 to 1100°C. The description of the thermodynamic modeling is given in Section



4. RESULTS

4.1 Optical microscopy

4.1.1 As-cast

The microstructure of the as-cast samples is shown in Fig. 4.1. It consists of a Fe-

Ni-rich phase of cellular shape (in the low Cu-content alloys) or dendritic shape (in the

high-Cu content alloys) embedded in a Cu-rich matrix. The size, the molar fraction, and

the composition of the dendrites depend on the overall concentration of the alloys and on

the casting conditions.

The dendrite diameter size decreases as the overall concentration of Fe and Ni

decreases (increasing of Cu concentration), from 50-60 tm of alloy with composition

Cu(Fe5oNi5o)i.. with x =10 wt% to 5-8 jim of alloy with x = 70 wt%. The grain size of

the Cu-rich matrix decreases also with increasing of Cu concentration from 120 jim to

about 20 pm. All these values were calculated from several optical micrographs, such as

reported in Fig. 4.1. The values are listed in Tables 4-1 through 4-6 for each composition,

respectively.

Reported in the same tables are also the average concentrations of these phases

based on electron microprobe chemical analysis (see next Section 4.2). Moreover, at high

magnifications (objective = 50x), the alloys with high copper content, x = 60 and x = 70,

show coring with shells around the dendrites, in which the concentration of Cu increases

from the core outwards. The composition in the core of the dendrites is poor in Cu, but

rich in Fe and Ni. Microprobe chemical analysis detected the compositional change

across the dendrites (see Section 4.2.3). Coring is also present in low-copper content

alloys, but not visible in optical microscopy. As the overall copper content of the alloy

increases the coring effect increases as well.

An example for each microstructure of the as-cast alloys, at high magnification, is

shown from Fig. 4.8 to Fig. 4.13, respectively. In the same Figures, it is also reported

how the as-cast microstructure develops upon annealing.
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4.1.2 Annealing of as-cast material

The as-cast microstructure develops upon annealing at high temperature,

following solid state diffusion theory and thennodynamics laws.

The as-cast material underwent high temperature vacuum-annealing treatments at

750°C and 800°C, both lasting 400hrs. The microstructure of the as-cast alloys does not

change significantly during annealing. The microstructure is maintained columnar or

dendntic similar to the as-cast microstructures. Fig. 4.2 reports the microstructure of the

six as-cast alloys after the annealing at 750°C. Fig. 4.3 reports the same after the 800°C

treatment. An example of microstructure for each treatment can be also found in Fig. 4.8

through Fig. 4.13.

Upon annealing, coring seems to disappear. This is visible, for example, by

comparison of the photomicrographs (a), (b), and (c) of Fig. 4.12 for the composition

with overall copper content x = 7Owt%. There is also a general trend for the dendrites to

get smaller during annealing. An example can be made by comparing the microstructures

of alloys with copper content x = 10, 20, and 3Owt% of Fig. 4.1 with those of Fig. 4.2 and

Fig. 4.3. This effect could be due to the coring dissolution and the relative slow diffusion

kinetics that occurs within the dendrites. The diffusivity is known to scale with the

melting point. The dendrites are Ni-Fe rich and melt at higher temperature than the

copper rich matrix (see Section 4.3). According with the thermal analysis of Section 4.3,

temperatures such as 750 or 800°C are only 0.5-0.6 of the dendrites melting temperatures.

As the overall copper content of the alloy increases coarsening of the dendrites (as

expected) gets more important (see alloy with x 7Owt% of Fig. 4.1 in comparison with

Fig. 4.2).

The concentration of copper in the dendrites and in the matrix changes by a small

amount compared with the as received samples, as quantified by the EMPA chemical

analysis of Section 4.2.3. The EMPA analyses showed that, upon annealing, the matrix

gets richer in copper and poorer in Ni, while the dendrites get richer in nickel and poorer

in copper (see Table 4-4 by comparison of the first two rows).



4.1.3 Homogenization

Each as-cast composition alloy has been vacuum annealed at 1100°C, for 8-12

hrs, followed by water quenching. After this annealing and quenching, all the different

alloys show one-phase microstructure, as shown in Fig. 4.4.

During the annealing, the dendrites dissolve and a homogeneous alloy forms with the

overall (nominal) composition and grows to a grain size of about 50 to 1 00pm (see Table

4-1 through 4-6). Small concentration of 1-2 at% fluctuations are still present after 12 hrs

annealing. Slightly brighter areas indicate the previous location of the dendrites.

Examples of this are in some of the photomicrographs of Fig. 4.4.

A comparison of the microstructure of each as-cast samples and the homogenized

samples is shown in Fig. 4.8 to 4.13 (comparing (a) with (d)).

The annealed samples show, in optical microscopy, black particles, that the

chemical EMPA revealed to be Fe304 particles and that they are present also in the as

received samples in smaller dimensions. A more detailed description of these particles

will be discussed in Section 4.2.1.

4.1.4 Annealing of homogenized materials (decomposition)

Likewise the as-cast samples, the homogenized samples underwent similar

annealing procedures for 400hrs at 750°C and at 800°C.

The resulting microstructures after the annealing at 750°C are shown at low

magnification (objective 20x) in Fig. 4.5. Fig. 4.6 shows the same at higher magnification

(objective 50x). Fig. 4.1-7 reports the microstructures after the annealing at 800°C.

All materials, with the exception of Cu(FesoNi5o)i with x =10 wt% at 750°C, and

x 10 and 20 wt% at 800°C, show isothermal decomposition of the f.c.c. y phase into two

phases, yi and Y2, which have different chemical compositions. This isothermal

decomposition involves spinodal decomposition in a nanometer scale of the

homogeneous y phase, and consequent discontinuous coarsening on the grain boundaries
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of the y grains and concurrent migration of the boundaries. The spinodal decomposition

occurs within the grains and in smaller scale due to a slower atomic diffusion effect.

Spinodal decomposition is observed in neutron scattering and it is described in Section

4.5. The as-homogenized samples appear to be already spinodally decomposed. This

happened during the cooling from the homogenization temperature despite the water

quenching.

The discontinuous coarsening occurs during annealing and to an extent that is

visible in optical microscopy and microprobe.

The discontinuous reactions evolve according to thermodynamics and kinetics

mechanisms described in Section 2.3. They are the fastest for intermediate overall

composition alloys, such as x = 4Owt% (see Fig. 4.6), which has the largest
supersaturation value. For the other compositions, there is a general trend for the

discontinuous coarsening to increase with copper content, from x = 2Owt% to x = 7Owt%.

The alloy composition x = lOwt%, does not show discontinuous coarsening, leading to

the assumption that it lies outside the miscibility gap at the annealing temperatures of

750-800°C.

The mechanisms for discontinuous coarsening seem to be thermally activated for

most of the alloy compositions. Alloys with high overall copper content (i.e. x = 7Owt%),

show also decomposition via the S-mechanism, which develops into double seams.
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Fig. 4.1 Optical photomicrographs of the as-cast samples of composition Cu(Fe5oNiso)i..
wt% (objective 20x). The dendrites (bright) are Ni-Fe-rich and the matrix (dark) is Cu-
rich. The dendrite size gets smaller as copper content increases.
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Fig. 4.2 Optical photomicrographs of the as-cast samples of composition Cu(FesoNi5o)i..
wt%, after 400hrs of annealing at 750°C (objective 20x). The dendrites (bright) are Ni-
Fe-rich and the matrix (dark) is Cu-rich. Alloy with x1O homogenized during the
annealing.
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Fig. 4.3 Optical photomicrographs of the as-cast samples of composition Cu(Fe5oNi5o)i..
wt%, after 400hrs of annealing at 800°C (objective 20x for compositions with x = 10, 20,
3Owt%; objective 50x for compositions with x = 40, 60, 7Owt%). The dendrites (bright)
are Ni-Fe-rich and the matrix (dark) is Cu-rich. Alloy with x = 10 homogenized during
the annealing.
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Fig. 4.4 Optical photomicrographs of the homogenized samples of composition
Cu(FesoNiso)i.. wt%, after l2hrs of annealing at 1100°C (objective 20x). Every alloy
composition homogenized during the annealing.
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Fig. 4.5 Optical photomicrographs of the homogenized samples of composition
Cu(Fe5oNi5o)1.. wt%, after 400hrs of annealing at 750°C (objective 20x). Discontinuous
coarsening is visible with exception of alloy composition x = 10.
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Fig. 4.6 Optical photomicrographs of the homogenized samples of composition
Cu(Fe5oNi5o)i wt%, after 400hrs of annealing at 750°C (objective 50x). Discontinuous
coarsening is visible with exception of alloy composition x = lOwt%.
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Fig. 4.7 Optical photomicrographs of the homogenized samples of composition
Cu(Fe5oNi5o)1 wt%, after 400hrs of annealing at 800°C (objective 50x). Discontinuous
coarsening is visible with exception of alloy composition x = 10 and 2Owt%.



a) as-cast d) as-homogenized

b) as-cast after 400hrs at 750°C e) homogenized after 400hrs at 750°C

c) as-cast after 400hrs at 800°C f) homogenized after 400hrs at 800°C
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Fig. 4.8 Microstructure development upon annealing of the alloy of composition
Cu(FesoNi5o)1 with x = lOwt%. Optical photomicrographs taken at different
magnifications (objective 50x or 20x as indicated). Discontinuous coarsening is not
visible.



a) as-cast d) as-homogenized

b) as-cast after 400hrs at 750°C e) homogenized after 400hrs at 750°C

c) as-cast after 400hrs at 800°C f) homogenized after 400hrs at 800°C

Fig. 4.9 Microstructure development upon annealing of the alloy of composition
Cu(FesoNi5o)1 with x = 2Owt%. Optical photomicrographs taken at different
magnifications (objective 50x or 20x as indicated). Discontinuous coarsening is visible in
the microphoto (e) at the grain boundary.
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b) as-cast after 400hrs at e) homogenized after 400hrs at 750°C

c) as-cast after 400hrs at f) homogenized after 400hrs at 800°C
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Fig. 4.10 Microstructure development upon annealing of the alloy of composition
Cu(Fe5oNi5o)1 with x = 3Owt%. Optical photomicrographs taken at different
magnifications (objective 50x or 20x as indicated). Discontinuous coarsening is visible in
the photomicrograph (e) at the grain boundary, and within the grains in (f).



a) as-cast

b) as-cast after 400hrs at 750°C e) homogenized after 400hrs at 750°C

c) as-cast after 400hrs at 800°C f) homogenized after 400hrs at 800°C

Fig. 4.11 Microstructure development upon annealing of the alloy of composition
Cu(FesoNi5o)i.. with x = 4Owt%. Optical photomicrographs taken at different
magnifications (objective 50x or 20x as indicated). Discontinuous coarsening is visible in
the photomicrograph (e) and (f) at the grain boundaries, and within the grains in (f).



d) as-homogenized

b) as-cast after 400hrs at 750°C e) homogenized after 400hrs at 750°C

c) as-cast after 400hrs at 800°C f) homogenized after 400hrs at 800°C

Fig. 4.12 Microstructure development upon annealing of the alloy of composition
Cu(Fe5oNi5o)1 with x = 6Owt%. Optical photomicrographs taken at different
magnifications (objective 50x or 20x as indicated). Discontinuous coarsening is visible in
the photomicrograph (e) at the grain boundaries.



a) as-cast d) as-homogenized

b) as-cast after 400hrs at 750°C e) homogenized after 400hrs at 75000

c) as-cast after 400hrs at 800°C f) homogenized after 400hrs at 80000
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Fig. 4.13 Microstructure development upon annealing of the alloy of composition
Cu(Fe5oNi5o)i with x = 7Owt%. Optical photomicrographs taken at different
magnifications (objective 50x or 20x as indicated). Discontinuous coarsening is visible in
the photomicrograph (e) and (f) at the grain boundaries.



4.2 Microprobe

4.2.1 Back Scattered Electron (BSE) images

Selected back scattered electron (BSE) images recorded in the EPMA are reported

in the figures that follow this description. The BSE images show microstructures similar

to the optical microanalysis with the difference that, in this case, the Fe-Ni-rich dendrites

appear darker than the Cu-rich matrix. In addition the BSE images directly reflect the

chemistry of the sample, whereas the contrast in the optical micrographs appears after

etching the surface.

In Fig. 4.14 is shown how the as-cast microstructure of the alloy, with overall

copper content x= lOwt%, developed into a homogeneous microstructure upon annealing

at 1100°C. The following figures, Fig. 4.15, Fig. 4.16 and Fig. 4.17 show the same for

alloys with x = 2Owt%, and 4Owt% and 6Owt%, respectively. Fig. 4.17 shows also that

the dendritic microstructure of the as-cast material, and of the oxide impurities as well,

coarsen upon annealing at 800°C for 14 days.

The BSE images contain information about the oxide particles. Those particles,

mainly Fe304, are already present in the as-cast materials (see the black precipitates in all

the as-cast BSE) and during annealing the heat treatments get coarser. In the
homogeneous samples (Fig. 4.15 (b) and 4.16 (b) for example) the Fe304 particles are

distributed along the grain boundaries and in some case show coalescence.

Fig. 4.2-5 shows how the microstructure develops as overall copper content

increases, from x 20 to 60 wt%. Fig. 4.19 shows that the microstructures of Fig. 4.18

homogenize during annealing at 1100°C for 12 hours, leading to equiaxed grains of single

phase (y-fcc).

Substantial differences occur in the microstructure development upon annealing at

750°C, depending on the prior thermal history of the samples. The as-cast material

maintains its as-cast dendritic microstructure as can be seen comparing (a) to (c) in Fig.

4.20 for alloys with x = 6Owt%Cu. Homogeneous microstructures, as in Fig. 4.20 (b), on

the other hand, decompose discontinuously along the grain boundary with consequent

boundary migration following a discontinuous coarsening mechanism (Fig. 4.20 (c)).
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Another example of this is seen in Fig. 4.21 for alloy compositions x 7Owt%Cu,

where the discontinuous coarsening at the grain boundary is even more visible.
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a) as-cast

b) homogenized

Fig. 4.14 BSE images of Cu(Fe5oNi5o)i.. alloy with x = 2Owt%. Magnification at 500x
(micron bar = 53 .tm). a) as-cast b) after annealing at 1100°C for 12 hrs at 500x.
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Fig. 4.15 BSE images of Cu(Fe5oNiso)1 alloy with x = 3Owt%. Magnification at 500x
(micron bar = 53 tm). a) as-cast b) after annealing at 1100°C for 12 hrs at 500x.
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a) as-cast (500x)

b) homogenized (400x)

Fig. 4.16 BSE images of Cu(Fe5oNiso)i x alloy with x = 4Owt%. Magnification at 500x.
a) as-cast (micron bar = 53 tm) b) after annealing at 1100°C for 8 hrs at 500x (micron
bar27j.tm).
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a) as-cast (500x, micron bar 53 tm) b) after annealing at 800°C for 14 days
(500x, micron bar 53 rim)

,r

c) homogenized (400x, micron bar = 65 tm)

Fig. 4.17 BSE images of Cu(Fe5oNi5o)i alloy with x = 6Owt%. Magnification as
indicated, a) as-cast; b) after annealing at 800°C for 14 days c) after annealing at 1100°C
for l2hrs.
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Fig. 4.18 BSE images at 500x of magnification of the as-cast samples of composition
Cu(Fe5oNi5o)i.. wt% with x 20, 30, 40 and 60 wt% (all micron bars 53jim). The
dendrites (grey) are Ni-Fe-rich and the matrix (bright) is Cu-rich. . The dark precipitates
are Fe304.
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Fig. 4.19 BSE images at 500x of magnification of the homogenized samples of
composition Cu(Fe5oNi5o)i wt% with x= 20, 30, and 60 wt% (micron bar 53pm). The
magnification for the composition x 4Owt% is 400x, (micron bar = 66pm). The
homogenization treatment was performed for 12 hrs in vacuum at 1100°C. The dark
precipitates are Fe304.
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Fig. 4.20 Microstructure development upon annealing of alloy with overall copper
content x = 4Owt%. a) as-cast; b) as-homogenized; c) as-cast after annealing at 750°C,

400hrs; d) as-homogenized after annealing at 750°C, 400hrs. BSE images at 500x or
400x, as indicated. 500x has a micron bar of 53.un, 400x has a micron bar of 66gm.
Discontinuous coarsening is visible in (d) along the grain boundaries.



a) As-cast and 750°C, 400hrs b) Homogenized and 750°C,
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Fig. 4.21 Microstructure after annealing at 750°C, 400hrs of alloy with overall copper
content x = 7Owt%. a) as-cast; b) as-homogenized; BSE images at 400x with a micron bar
of 66prn. Discontinuous coarsening is visible in (b) along the grain boundary.
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4.2.2 X-ray maps

Another EMPA technique that was used was x-ray imaging. By this technique

"maps" are formed by adjusting the spectrometer to isolate the K line of Cu, Fe, Ni, and

o one at a time, and simultaneously scanning and detecting the BSE imaging of a small

area of the surface. These maps reflect the spatial distribution of each element in different

parts of the samples. For each x-ray map the selected element appears bright.

Fig. 4.22 is an example of the x-ray EPMA analyses for the as-cast

Cu(Fe5oNi5o)1 alloy with x = 6Owt%. In this Fig., it is notable that the Cu-map looks

like the negative image of the Fe-map. In fact, Cu is significantly present in the matrix

(bright areas in Fig. 4.22 (c)), while Fe is found mainly within the dendrites and

exclusively in the oxide particles (white particles of Fig. 4.22 (b)). Ni is the most

dispersed element (a), mainly concentrated in the dendrites, but also present in the matrix.

Similar discussion could apply for the maps presented in Fig. 4.23 for the alloy

composition of x 70 wt%. Note that in this alloy the area occupied by the matrix is more

extensive because the copper content is higher.

After annealing at 1100°C for 12 hours, the maps show that the new

microstructure consists of homogenous grains. In the alloy with x 4Owt%, for example,

Cu, Fe and Ni are dispersed homogenously (Fig. 4.24), and the Fe-oxide particles, present

at the grain boundaries in the BSE image (a), were torn out of the surface (black zones in

the Fe-map (b)) during the mechanical polishing, showing to be hard particles that might

influence the mechanical properties of this material. Fig. 4.25 shows the x-ray map for

the alloy composition x 7Owt%. For these figures, it is even more evident that the Ni is

the most dispersed element.



a) Ni-map at l000x

b) Fe-map at l000x c) Cu-map at 1 000x
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Fig. 4.22 X-ray maps of as-cast Cu(FesoNi5o)i alloy with x = 6Owt% at l000x (micron
bar33j.tm).
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a) Ni-map at l000x

b) Fe-map at l000x c) Cu-map at 1 000x

Fig. 4.23 X-ray maps of as-cast Cu(FesoNi5o)i alloy with x = 7Owt% at 1 000x.



(c) Ni-map at l000x;
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(b) Fe-map at l000x;

(d) Cu-map at l000x.

Fig. 4.24 X-ray maps of Cu(Fe5oNi5o)i.. alloy with x = 4Owt% after annealing at 1100°C
(a) BSE image at 1000x; (b)-(d) x-ray maps at 1000x (micron bar = 27.tm).
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a) BSE image at l000x b) Ni-map at l000x

c) Fe-map at l000x d) Cu-map at l000x

Fig. 4.25 X-ray maps of Cu(Fe5oNi5o)i alloy with x = 6Owt% after annealing at 1100°C,
8brs (a) BSE image at l000x; (b)-(d) x-ray maps at l000x (micron bar = 27jim).
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4.2.3 Chemical analysis (EMPA-WDS)

The concentration analyses were acquired in selected points, and along linear

traverses, depending on the morphology of the microstructures. A reproducibility test was

also conducted by taking ten measurements in the same location of the bulk metal of the

homogenized Cu/Ni/Fe 40/30/30 wt%. The counting statistics for each element,

calculated from this reproducibility test, are ±0.023 wt%, ±0.10 wt%, ±0.12 wt%, and

±0.18 wt% for 0, Fe, Ni, and Cu respectively.

The average concentration data for each phase based on electron microprobe

chemical analysis are listed in Tables 4-1 through 4-6 for each alloy composition,

respectively. Note that the acronym NI means not identified.

In the Result Section 4.4.2, the findings from the EMPA concentration analyses of

the microstructure are combined with the DTA analyses findings (Result Section 4.3) to

construct the isopleths.
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Table 4-1 Microstructural data of size and composition of each phase after different
annealing treatments on the alloy composition Cu(Fe5oNi5o)i with x = lOwt%

CuINiJFe annealing phase composition
0 hrs microstructure detected by EMPA jim

CuINiJFe/O at%
x =10 as-cast dendritic column core: 50

l0/45/45wt% 8.6/41.7/49.3/NI
9.1144.3/46.6at% column shell: 500

12.1/4 1 .7/46/NI
matrix grain not identified

(NI)
same as-cast + dendritic Not analyzed

750,400
same as-cast + dendritic Not analyzed

800, 400
same 1100, 12 homogeneous 9/42/49/NI 170
same homog + homogeneous Not analyzed

750,400
same homog + homogeneous homogeneous grains:

800, 400 9.8/43.5/46.56/0.13

Table 4-2 Microstructural data of size and composition of each phase after different
annealing treatments on the alloy composition Cu(FesoNi5o)1.. with x = 2Owt%

CuJN1/Fe annealing phase composition

°C, hrs microstructure detected by EMPA jim
CuINiIFe/O at%

x 20 as-cast dendritic dendrite core: 40
20/40/4Owt% 16.5/38.3/44.8/NI

18.4/39.8/41 .8at% dendrite shells
24-31/36-33/39-34/NI
matrix grain

41.4/29.5/28.8/NI
same as-cast + dendritic Not analyzed

750,400
same as-cast + dendritic Not analyzed

800, 400
same 1100, 12 homogeneous 18.9/37.4/43.3/NI 50
same homog + decomposed Not analyzed

750, 400
same homog + homogeneous homogeneous grains:

800, 400 17.5/39.2/41.7/1.6
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Table 4-3 Microstructural data of size and composition of each phase after different
annealing treatments on the alloy composition Cu(Fe5oNi5o)i with x = 3Owt%

Cu/Ni/Fe annealing phase composition

°C, hrs microstructure detected by EMPA jim
Cu/Ni/Fe/O at%

x =30 as-cast dendritic dendrite core: 19/36/45/NI 30
30/35/35wt% dendrite shells:

27.8/35.2/37at% 30-50/34-25/3 7-25/NI
matrix grain: 63/19/18/NI

same as-cast + dendritic Not analyzed
750, 400

same as-cast + dendritic Not analyzed
800, 400

same 1100, 12 homogeneous 27.2/33.1/39.6/NI 50
same homog + decomposed Not analyzed

750,400
same homog + decomposed matrix: 26.8/34.6/37.5/1.1

800, 400 yl: 18.07/38.47/42.47/0.99
y2 not identified

Table 4-4 Microstructural data of size and composition of each phase after different
annealing treatments on the alloy composition Cu(Fe5oNiso)i with x = 4Owt%

Cu/Ni/Fe annealing phase composition

°C hrs microstructure detected by EMPA jim
CufNi/Fe/O at%

x 40 as-cast dendritic dendrite: 24/31/45/NI 25
40/30/3Owt% matrix: 76/10/14/NI

37.5/30.5/32at%
same as-cast + dendritic dendrite:

750, 400 22.5/35.36/41.72/0.43
matrix: 76.5/12.87/9.52/1.11

same as-cast + dendritic Not analyzed
800, 400

same 1100, 12 homogeneous 37.5/30.5/32/NI 60
same homog + decomposed matrix: 36.9/30/32.2/1

750, 400 yl: 17.7/39.04/44.8/0.45
y2: 63.44/18.14/17.38/1.03

same homog + decomposed matrix: 37.3/30.5/31.56/0.6
800, 400 yl: 18.85/38.04/41.38/0.62

y2 not identified
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Table 4-5 Microstructural data of size arid composition of each phase after different
annealing treatments on the alloy composition Cu(Fe5oNi5o)i with x = 6Owt%

Cu/Ni/Fe annealing phase composition

°C, hrs
microstructure detected by EMPA pm

Cu/Ni/Fe/O at%
x =60 as-cast dendritic dendrite core: 24/3 1/45/NI

60/20/2Owt% dendrite shells: 5-15
57.5/20.7/21 .8at% 38.4/27.6/34/NI 20

matrix grain: 81/1 1/8/NI
same as-cast + dendritic Not analyzed

750, 400
same as-cast + dendritic Not analyzed

800, 400
same 1100, 12 homogeneous 57.5/20.7/21.8/NI 80
same homog + decomposed Not analyzed

750,400
same homog+ decomposed matrix: 56.2/20.7/21.9/1.1

800, 400 yl& y2 not identified

Table 4-6 Microstructural data of size and composition of each phase after different
annealing treatments on the alloy composition Cu(Fe5oNiso)i with x = 7Owt%

Cu/Ni/Fe annealing phase composition
0 h

microstructure detected by EMPA pm
Cu/Ni/Fe/O at%

x 70 as-cast dendritic dendrite core: 33/29/38/NI
70/15/lSwt% dendrite shells: 49/24/27/NI 5-8

67.8/15.7/16.Sat% matrix grain:
78.3/11.4/10.3/NI

same as-cast + dendritic dendrite core:
750, 400 31/29.6/39/0.1/NI

dendrite shells:
60.9/18.1/20.8/02
matrix grain: 85.6/9/4.4/1

same as-cast + dendritic Not analyzed
800, 400

same 1100, 12 homogeneous 67.8/15.7/16.5/NI 100
same homog + decomposed matrix: 69.6/15/13.9/1.5

750, 400 yl: not identified
'y2: 81.29/10.37/6.84/1.5

same homog + decomposed matrix:
800,400 70.97/14.42/14.1/0.5



4.3 Thermal characterization (DTA)

The differential thermal analyses (DTA) were performed on all six as-cast alloy

compositions, as well as on the respective alloys after homogenization.

The samples were heated in argon atmosphere from room temperature to 1400°C

at a constant heating rate of 20 Klmin and cooled from 1400°C to room temperature at

the same rate.

The following figures, show the heat flows vs. temperature during heating and

during cooling of the as-cast (Fig. 4.26) and homogenized (Fig. 4.27) Cu(Fe5oNi5o)1

samples with x =10, 20, and 3Owt%. Fig. 4.28 and Fig. 4.29 show the same for the other

three compositions (x = 40, 60, and 70 wt%).

In heating, the alloys with high copper content (x = 60, and 70 wt%) show a

multiple melting event consisting of mainly two melting peaks and a shoulder, whereas

the other four samples only show a single melting event. This trend is seen for both the

as-cast alloys (Fig. 4.28) and the homogenized alloys (Fig. 4.29).

The single melting event that occurs for low-copper content alloys (x = 10, 20, 30,

and 40 wt%) corresponds to a simple mode of melting of the f.c.c. phase y

(1)

Upon cooling, these samples solidify into a dendritic structure and a copper-rich

matrix. This event occurs within the same peak (single peak in cooling for x= 10, 20 30,

and 40 wt%).

Multiple melting peaks are characteristic of a ternary peritectic reaction. A

peritectic reaction in a ternary alloy takes place within a large range of temperature and

by consecutives steps. These steps for the Cu(Fe5oNi5o)i alloys with high copper

content (x = 60, and 70 wt%) occurs in a range of temperature of about 1085°C through

1300°C and may be described as:

72 L+y2 L+y1 72 L+y1 L. (2)
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Upon cooling of these samples (x = 60, and 70 wt%), the large peak at high

temperatures (peak II) corresponds to the dendrite formation (yi). The peak at low

temperature (peak I), corresponds to the solidification of the matrix (Y2). This peak I has a

shoulder which is characteristic of the complexity of the ternary reaction.

Fig. 4.27 and Fig 4.29 show the same curves as of Fig. 4.26 and Fig. 4.27 but for

the samples that were previously annealed at 1100°C. The difference compared to the as-

cast material of Fig. 4.26 and of Fig. 4.28 is that in the heating curves of the as-

homogenized alloys (Fig. 4.27 and 4.29) small exothermic events appear below the onset

of melting. These are the solvus lines where the alloy exits the two phase field.

The values of the onsets of each resulting peak are listed in Table 4-7. In the

Result Section 4.4.2, the findings from the DTA analyses are combined with the

concentration analyses of the microstructure (Result Section 4.2.3) to construct the

isopleths.
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Table 4-7 Onsets of transformations in the DTA in centigrade

Cu(Fe50Ni50)1

x in wt%
Pre-
history

Solvus
heating

Peak I
heating

Peak I
cooling

Peak!
SOU

Peak II
heating

Peak II
cooling

x 10 as-cast 1392 1395

homog. 590 1218 1320 1351

x20 as-cast 1210 1366 1355

homog. 850 1358 1344

x30 as-cast 1150 1305 1300

homog. 976 1145 1302 1330

x40 as-cast 1170 1273 1259

homog. 985 1170 1274 1261

x60 as-cast 1145 1165 1259 1247

homog. 1040 1170 1167 1261 1247

x70 as-cast 1138 1158 1139 1246

homog. 1055 1151 1158 1236 1235
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Fig. 4.26 DTA curves of the temperature difference vs. temperature of the as-cast
samples of composition Cu(Fe5oNi5o)i with x =10, 20, and 3Owt%. Top three curves on
heating, bottom three curves on cooling.
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Fig. 4.27 DTA curves of the temperature difference vs. temperature of the homogenized
samples (1100°C, l2hrs) of composition Cu(FesoNi5o)1 with x 1O, 20, and 3Owt%.
Top three curves on heating, bottom three curves on cooling.
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Fig. 4.28 DTA curves of the heat flow vs. temperature of the as-cast samples of
composition Cu(Fe5oNi5o)i with x = 40, 60, and 7Owt%. Top three curves on heating,
bottom three curves on cooling.
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Fig. 4.29 DTA plots of the heat flow vs. temperature of the homogenized (1100°C, 8 hrs)
samples of composition Cu(FesoNiso)i with x = 40, 60, and 70wt%. Top three curves on
heating, bottom three curves on cooling.
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4.4 Phase diagram calculation

4.4.1 Isothermal sections

As mentioned in paragraph 2.1.3, in the year of 2001, an ordered phase of the type

(Cu,Ni)3Fe has been discovered in the ternary system Cu-Ni-Fe [72]. This ternary phase

seems to derive from the binary ordered FeNi3 phase. It has cubic symmetry and a lattice

parameter of 1.08 urn.

C. Servant et al. soon after reassessed the Cu-Ni-Fe taking into account this

ternary ordered phase [73]. By optimization, they have calculated the isothermal sections

at450, 500, and65O°C.

Their thermodynamic model has been applied to calculate several isothermal

sections at higher temperatures in the range from 700 to 1100°C. The isotherms have

been calculated with a software program called Thermo-caic based on Servant's

experimental data. Thermo-Caic is a powerful software for thermodynamic calculations

in multicomponent systems [74]. It is widely used for calculations of phase diagrams,

thermochemical data such as enthalpies, heat capacity, and activities, solidification

simulations with the Scheil-Gulliver model, and Pourbaix diagrams.

The calculation of high temperature isotherms of the Cu-Ni-Fe system has been

done in collaboration with Prof. M. Baricco of the University of Turin, Italy.

The following description is a summary of the thermodynamic modeling.

a) Pure elements: the pure elements, A, B, C, etc. in their stable

structure at 298.15 K are set as the reference state for the system. The

thermodynamic functions for the stable and metastable states are furnished by the

Scientific Group Thermodata Europe [75].

b) Substitutional solutions: for the liquid, bcc (a), fcc (y) and hcp (p)

phases the Redlich-Kister polynomial [76] was used to describe the excess Gibbs

energies GE: G' = X4LB. The interaction terms LB are composition and
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temperature dependent as follows: LB = vLB(x For ternary

solutions, the excess Gibbs energy is assumed to be the sum of the excess Gibbs

energies of the constituent binary systems and a ternary interaction term as

follows: G'°C = +xAxBxC(cxlxA +a2xB +a3x).
I j>i

c) Ordered phases: the ternary intermetallic compound (Cu,Ni)3Fe

which exhibits a range of non-stoichiometry, is modeled using a four sub-lattice

model [77]. It can be schematically described as follows:

(A ..... ) (A ..... )q ..... , where the species A, B can be atoms or vacancies.

p and q are number of sites, y' and y' the respective site fractions of species i

and j in their respective sub-lattices designated by ' and ". If p+q+. = 1, the

thermodynamic quantities are referred to one mole of sites. For each sub-lattice s,

the site of the species is equal to y = n I ns, where S is the number
p+q+...

of sites and n is the total number of sites. The molar Gibbs energy, as formulated

by Hillert and Staffanson [78] and generalized by Sundman and Agren [79], is

defined as follows: Gm G + G + GE.

The term G' defines a hyper-surface of reference, (A,B)p(A,B)q and it is equal to:
ref F if F if if . ifG = YAYAGApAq + YAYBGApBq + YBYAGBpAq + YBYBGBpBq The term

GApBq represents the Gibbs energy of formation of the stoichiomeric compounds

ApBq which may be stable or metastable.

The term Gi is related to the molar configurational entropy and it is equal to:

Gid =RT(ylny +ylny)+q(ylny' +ylny)].
Finally the excess Gibbs energy term, GE, is equal to:

GE yFA bA'LAB:A + YA,B:B 1+ YA'YA:A,B + YB:A,B ] YAYBYAY;LAB:AB

The terms Li,j:i and Li:ij are the interaction parameters between the atoms on one

sub-lattice for a given occupancy of the other. They can be calculated with the
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following polynomial expansion: L,.1 = y1y, [a0 + b0T + (a1 + b1Ty y )+ ..j.

The number of sub-lattices and the species occupying them is generally obtained

from structural information.

In the solid state of this system a miscibility gap opens up. Within this miscibility

gap, the fcc yphase undergoes a spinodal unmixing during aging that rises into two

coherent fcc phases: one enriched in nickel and iron, called yi, and the other in copper,

called '2

The miscibility gap is a result of a repulsive chemical interaction between Cu and

Fe atoms. The Cu and Ni atoms have also a repulsive interaction, but less strong. Cu and

Ni atoms are in fact mutually soluble in all compositions in a temperature range of 300 to

1050°C. The interaction between Fe and Ni atoms, on the other hand, is slightly

attractive. Because of this unequal interaction between Cu and Fe versus Cu and Ni, the

direction of the tie-lines in the miscibility gap are not parallel to the Cu-Fe axis, but are

directed toward the Cu-rich corner.

The miscibility gap of the solid fcc gamma phase is calculated for a temperature

range of 700 to 1100°C every 50 degrees.

In Fig. 4.30, the gap at all these different temperatures is projected on the same

Section, showing that the gap gets smaller with increasing temperature.

Each calculated isothermal section is reported in the following figures, Fig. 4.31

through Fig. 4.39, in which both the miscibility gap and its tie-lines are shown.

In all the reported isothermal sections the studied compositions Cu(FesoNi5o)i

are indicated with star symbols withx = 10, 20, 30, 40, 60, and 70 wt%, from left to right.
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Fig. 4.30 Calculated isothermal sections from 700°C (first from the left) to 1100°C (first
from the right) in steps of 50°C. The star symbols indicate the composition of the studied
alloys Cu(FesoNi5o)1.. withx = 10, 20, 30, 40, 60, and 70 wt%.
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Fig. 4.31 Calculated isothermal section at 700°C The continuous curved line is the
miscibility gap limit for the y-fcc phase. The straight lines represent the tie-lines. The star
symbols indicate the composition of the studied alloys with x = 10, 20, 30, 40, 60, and 70
wt%, from left to right. At this temperature, only the alloy composition with x = 10 wt%
is lying outside of the gap.
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Fig. 4.32 Calculated isothermal section at 750°C. The star symbols indicate the
composition of the studied alloys with x = 10, 20, 30, 40, 60, and 70 wt%, from left to
right. At this temperature, only the alloy composition with x = 1 Owt% is lying outside of
the gap.
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Fig. 4.33 Calculated isothermal section at 800°C. The star symbols indicate the
composition of the studied alloys with x = 10, 20, 30, 40, 60, and 70 wt%, from left to
right. At this temperature, only the alloy composition with x = 1 Owt% is lying outside of
the gap. Alloy with x = 2Owt% is on the solubility limit.
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Fig. 4.34 Calculated isothermal section at 850°C. At this temperature, both the alloy
compositions with x = 10 and 2Owt% are lying outside of the gap.
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Fig. 4.35 Calculated isothermal section at 900°C. At this temperature, both the alloy
compositions with x 10 and 2Owt% are lying outside of the gap.
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Fig. 4.36 Calculated isothermal section at 950°C. At this temperature, both the alloy
compositions with x = 10 and 2Owt% are lying outside of the gap.
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Fig. 4.37 Calculated isothermal section at 1000°C. At this temperature, both the alloy
compositions with x = 10 and 2Owt% are lying outside of the gap. Alloy with x = 3Owt%
is on the solubility limit.
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Fig. 4.38 Calculated isothermal section at 1050°C. At this temperature, the alloy
compositions with x = 10, 20, and 3Owt% are lying outside of the gap.



149

+ liq

s>7

T=1100°C

1.00/
0.00

0.00 0.25 0.50 0.75 1.00

Cu molar fraction

Fig. 4.39 Calculated isothermal section at 1100°C. At this temperature, the alloy
compositions with x = 10, 20, and 3Owt% are lying outside of the gap. Experimental
results show that the gap is smaller and all studied alloys lie outside of the gap at 1100°C
(see discussion in the Section 5.1).
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4.4.2 Isopleths

The following figures show the isopleths for each studied alloy of composition

Cu(Fe5oNi5o)i where x = 10, 20, 30, 40, 60, and 70 wt%, respectively.

The published equilibrium compositions along the tie-lines were extracted from

the literature (small open symbols). A combination of our DTA data and EPMA

concentration analyses was used to add the results of our study to the plot (solid

symbols). For example, the point on the solidus line of each of the diagrams (blue solid

square) corresponds to the composition of the initial dendrites as determined by EPMA

together with the temperature at which crystallization starts upon cooling in the DTA

(peak 2 in table 4-2).

All the data used to construct the isopleths are tabulated in the following tables

(Table 4-8 through 4-24). For each composition three tables are reported, one containing

all the available data of literature, one with the experimental data of this work, and the

last with data of the miscibility gap calculated in this work with the 'Thermocaic'

software.

For the construction of the diagram (solid lines), our experimental data and recent

experimental data by Qin et al. [18] were preferably used, as the calculated data points

deviated. In general, our experimental data were in excellent agreement with the

experimental results by Qin et al. The calculations by Spencer et al. [22] and Chuang et

al. [23] overestimate the size of the Yr"Y2 miscibility gap especially on the Cu-rich side of

the isopleths. Our calculations resulted to follow the same trend as the calculations of

Spencer and Chuang.

Our experimental data showed that we can produce homogeneous alloys in all six

alloy compositions by annealing at 1100°C (crosses at 1100°C in Figs. 4.40 through

4.45). This clearly proves that the calculated isothermal sections at high temperatures are

somewhat larger than experimentally found.

The isopleths for the Cu-poor alloys (x 4Owt%) are substantially different from

alloys with high Cu concentration (x = 60 and 7Owt%). The two phase YI'2 miscibility

gap for the Cu-poor alloys is completely closed and has a maximum that corresponds to
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the solvus line determined in the thermal analysis. The isopleths for these four alloys are

therefore rather simple and only exhibit the single phases liquid and an fcc solid y phase,

as well as two two-phase fields, (L+y) and (Y1'y2).

With increasing overall copper concentration the (y '1'2) field gradually opens up

and merges with the (L+y) field. Where they merge, a (L+ Y1Y2) three-phase field opens

up that splits the initial (L-Py) two-phase field into a (y1+L) and a (L+y2) two-phase field.

The isopleths serve as an excellent guideline to predict the microstructure of the

alloys. By chill casting from the melt it is clear, in all six cases, that we form primary Cu-

poor dendrites as soon as we undercool below the liquidus temperature. The matrix will

solidify Cu-rich for all six alloys. This results in the very coarse microstructure with large

composition differences that we observe in the as-cast material.

As we anneal the as-cast microstructures, at 750°C, the diffusion is relatively

sluggish. Even after 400 hrs of annealing we do not observe a significant change of the

microstructure. This is also due to the fact that the composition of the matrix lies outside

of the miscibility gap, therefore it is thermodynamically stable.

At 750°C, the composition of the initial dendrites and matrix did not shift

considerably towards the equilibrium concentration that was expected by the overall alloy

compositions.

As can be seen on the isopleths, all six alloys can be homogenized in a narrow

temperature window between solvus and solidus line. This window ranges between 1050

and 1100°C. To prevent local melting of the Cu-rich matrix, a homogenization

temperature below the melting point of pure Cu (1085°C) is preferred.

A heat treatment of the homogeneous alloys at the operation temperature of 75 0°C

leads to decomposition into y and 72 with a very fine length scale. The only exception is

the low-Cu alloy, with x = lOwt%, that lies in the single phase at this temperature.
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a) Construction of the isopleth along the tie-line for Cu/Ni/Fe 10/45/45 wt%:

Table 4-8 Data of literature used to construct the isopleth of Fig. 4.40 (x 1 Owt%)

T, °C Cu, at% Ni, at% Fe, at% Method Ref Phase

600
800 9.1 44.3 46.6 Experimental [18] Single fcc

1000

850
950

9.1 44.3 46.6
Thermodynamic

[23] Single fcc
1050 calculations ofG
1250
1000 9.1 44.3 46.6 Experimental [23] Single fcc

1100

1200
1250

9.1 44.3 46.6
Thermodynamic

[22] Single fcc1300 calculations
1350
1400

1120 92 8 0
Melting point of Fig.

TmCu-l5at%Ni 2.1-2

1440 0 50 50
Melting point of Fig.

TmFe-SOat%Ni 2.1-3

Table 4-9 Experimental data used to construct the isopleth of Fig. 4.40 (x = lOwt%)

T, °C Cu, at% Ni, at% Fe, at% 0, at% Method Ref. Phase

590 9.1 44.3 46.6 DTA Table 4.7 Exothermic
peak

800 9.8 43.5 46.6 0.13 EMPA-WDS Table4,1 Singlefcc
1100 9 42 49 EMPA-WDS Table 4-1 Single fcc

Fig. 2.1-11
1218 40 30 30 DTA [17] and Single fcc

Table 4-7

1351 8 6 41 7 493 DTA& Table 4-7 & Tm of
EMPA Table 4-1 dendrites

1392 9.1 44.3 46.6 DTA Table 4-7
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Table 4-10 Calculated data used to construct the isopleth of Fig. 4.40 (x = lOwt%)

T, °C Cu, at% Ni, at% Fe, at% Method Ref. Phase

700 16 42 42 Thermocaic Fig. 4.4-2 reading of yl on gap
700 91.5 8 0.5 Thermocaic Fig. 4.4-2 reading of y2 on gap
800 20 40 40 Thermocalc Fig. 4.4-4 reading of yl on gap
800 88.5 10 1.5 Thermocalc Fig. 4.4-4 reading of y2 on gap
900 25 38 37 Thermocalc Fig. 4.4-6 reading of yl on gap
900 85.6 11.8 2.6 Thermocaic Fig. 4.4-6 reading of y2 on gap
1000 31.4 35.7 32.9 Thermocaic Fig. 4.4-8 reading of yl on gap
1000 81 14 5 Thermocaic Fig. 4.4-8 reading of y2 on gap
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Fig. 4.40 Isopleth along the tie-line for Cu(Fe5oNi5o)i with x 10 wt%. The
experimental data of Koster are taken from [17].
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b) Construction of the isopleth along the tie-line for Cu/NifFe 20/40/40 wt%:

Table 4-11 Data of literature used to construct the isopleth of Fig. 4.41 (x = 2Owt%)

T, °C Cu, at% Ni, at% Fe, at% Method Ref. Phase

600 11.2 41.5 47.3 Experimental [18] yl
600 67.6 23.7 8.7 Experimental [18] y2
800

18.4 39.8 41.8 Experimental [18] Single fcc1000
850
950 Thermodynamic
1050

18.4 39.8 41.8
calculations of zG

[23] Single fcc

1250
1000 18.4 39.8 41.8 Experimental [211 Single fcc
1100
1200
1250

18.4 39.8 41.8
Thermodynamic

[22] Single fcc1300 calculations
1350
1400

1120 93 8 0
Melting point of

Fig. 2.1-2 TmCu-l5at%Ni

1440 0 53 48
Melting point of

Fig. 2.1-3 TmFe-48at%Ni

Table 4-12 Experimental data used to construct the isopleth of Fig. 4.41 (x = 2Owt%)

T, °C Cu, at% Ni, at% Fe, at% 0, at% Method Ref. Phase

850 18.4 39.8 4L8 DTA Table 4.7 Exothermic
peak

800 17.5 39.2 41.7 1.6 EMPA-WDS Table4.2 yl
1100 18.9 37.4 43.3 EMPA-WDS Table4-2 Singlefcc

DTA & Table 4-7 &1210 41.4 29.5 28.8 Single fccEMPA Table 4-2______ ________ _______ _______ _______
DTA & Table 47 & Tm of1344 16.5 38.3 44.8
EMPA Table 4-2 dendrites

1366 18.4 41.8 39.8 - DTA Table 4-7 TlI4d5
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Table 4-13 Calculated data used to construct the isopleth of Fig. 4.41 (x = 2Owt%)

1, °C Cu, at% Ni, at% Fe, at% Method Ref. Phase

700 15 41 43 Thermocalc Fig. 4.4-2 reading of yl on gap
700 90.4 8.8 0.8 Thermocaic Fig. 4.4-2 reading of y2 on gap
800 20 40 40 Thermocalc Fig. 4.4-4 reading of yl on gap
800 88.5 10 1.5 Thermocaic Fig. 4.4-4 reading of y2 on gap
900 24.5 37.8 37.7 Thermocaic Fig. 4.4-6 reading of yl on gap
900 86 11.4 2.6 Thermocalc Fig. 4.4-6 reading of 'y2 on gap
1000 31 35.2 33.8 Thermocaic Fig. 4.4-8 reading of yl on gap
1000 81.5 13.5 5 Thermocaic Fig. 4.4-8 reading of y2 on gap
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Fig. 4.41 Isopleth along the tie-line for Cu(Fe5oNi5o)1. with x 20 wt%. The
experimental data of Koster are taken from [17], those of Qin from [18].
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c) Construction of the isopleth along the tie-line for Cu/Ni/Fe 30/35/35 wt%:

Table 4-14 Data of literature used to construct the isopleth of Fig. 4.42 (x 3Owt%)

1, °C Cu, at% Ni, at% Fe, at% Method Ref. Phase

600 11 40 49 Experimental [18] yl
600 69 22.3 8.7 Experimental [18] y2
800

18 39 43 Experimental [18] yl

800 64.5 23.7 11.8 Experimental [18] y2
1000 27.7 35.2 37 Experimental [18] yl
1000 55 26 19 Experimental [18]

Thermodynamic850 20 38.1 41.9 [23]calculations ofG

850 87.5 10.6 1.9
Thermodynamic

[23] -y2calculations of G
950

Thermodynamic1050 27.7 35.2 37 [23] Single fcc

1250 calculations of iG

1000 27.7 35.2 37 Experimental [21] Single fcc
1100
1200

27.7 35.2 Thermodynamic
[22] Single fcc1250 calculations

1300

1350 33 35 32
Thermodynamic

[22] Liquidcalculations

1350 22.5 39 38.7 Thermodynamic
[22] Solid fcccalculations

1400 27.7 35.2 37
Thermodynamic

[22]
Single

calculations liquid

1120 94 7 0
Melting point of

Fig. 2.1-2 TmCu- 1 5at%Ni

1440 0 55 45
Melting point of

Fig. 2.1-3 TmFe-45at%Ni
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Table 4-15 Experimental data used to construct the isopleth of Fig. 4.42 (x = 3Owt%)

1, °C Cu, at% Ni, at% Fe, at% 0, at% Method Ref. Phase

Exothermic976 27.8 35.2 37 DTA Table 4.7
peak

800 18 38.5 42.5 1 EMPA-WDS Table 4.3 yl
1100 27.2 33.1 39.6 - EMPA-WDS TabIe4-3 Singlefcc

DTA & Table 4-7 & II peak &1150 63 19 18 -

EMPA Table 4-3 matrix
DTA & Table 4-7 & Tm of1300 19 36 45
EMPA Table 4-3 dendrites

1305 27.8 35.2 37 - DTA Table 4-7

Table 4-16 Calculated data used to construct the isopleth of Fig. 4.42 (x = 3Owt%)

T, °C Cu, at% Ni, at% Fe, at% Method Ref. Phase

700 15 41 44 Thermocalc Fig. 4.4-2 reading of yl on gap
700 91 8.5 0.5 Thermocalc Fig. 4.4-2 reading of y2 on gap
800 19 39 42 Thermocalc Fig. 4.4-4 reading of yl on gap
800 89.3 9.2 1.5 Thermocalc Fig. 4.4-4 reading of y2 on gap
900 24.3 37.3 38.4 Thermocalc Fig. 4.4-6 reading of yl on gap
900 86.5 10.8 2.7 Thermocalc Fig. 4.4-6 reading of y2 on gap
1000 30 34.9 34.8 Thermocalc Fig. 4.4-8 reading of yl on gap
1000 82.5 13 4.5 Thermocalc Fig. 4.4-8 reading of y2 on gap
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Fig. 4.42 Isopleth along the tie-line for Cu(Fe5oNi5o)i with x = 30 wt%. The
experimental data of Qin are taken from { 18].
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d) Construction of the isopleth along the tie-line for Cu/Ni/Fe 40/30/30 wt%:

Table 4-17 Data of literature used to construct the isopleth of Fig. 4.43 (x = 4Owt%)

T, °C Cu, at% Ni, at% Fe, at% Method Ref. Phase

600 10.9 37.8 51.3 Experimental [18] yl
600 70 22.2 7.8 Experimental [18] 'y2
800

17.8 37.8 44.4 Experimental [18] yl

800 67.4 20.4 12.2 Experimental [18] y2
1000 26.3 35 38.7 Experimental [18] yl
1000 63 21.5 15.5 Experimental [18]

850 20.7 37.2 42.1
Thermodynamic

[23] ylcalculations of AG

850 87 11.4 1.6
Thermodynamic

[23]
calculations of AG
Thermodynamic950 28 32.8 39.2 [23] ylcalculations of AG
Thermodynamic950 84 12.8 3.2 [23] -y2calculations of AG
Thermodynamic1050 37 31.4 31.6 [23] ylcalculations of AG

1050 78 15.5 6.5
Thermodynamic

[23] -y2calculations of AG
Thermodynamic1250 39 31 30 [23] ylcalculations of AG
Thermodynamic1250 78 13.8 8.2 [23] -y2calculations of AG

1000 36.1 31.5 32.4 Experimental [21] yl
1000 71.5 18.5 10 Experimental [21] y2

1250 37.5 30.4 32.1
Thermodynamic

[22] ylcalculations

1250 78.3 13.3 8.4
Thermodynamic

[22] -y2calculations

1300 31.7 34.4 33.9 Thermodynamic
[22] ylcalculations

1300 50.8 25.6 23.6 Thermodynamic
[22] y2calculations

1100 97.6 2.4 0
Melting point of

Fig. 2.1-2 TmCu-2.4at%Ni

1440 0 55 45
Melting point of

Fig. 2.1 3 TmFe-45at%Ni
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Table 4-18 Experimental data used to construct the isopleth of Fig. 4.43 (x 4Owt%)

T, °C Cu, at% Ni, at% Fe, at% 0, at% Method Ref. Phase

985 37.5 30.5 32 DTA Table 4.7
Exothermic
peak

750 17.7 39 44.8 0.45 EMPA-WDS Table 4.4 yl
750 63.4 18.1 17.4 1.03 EMPA-WDS Table 4.4 y2

800 18.85 38 41.4 0.62 EMPA-WDS Table4.4 yl
1100 37.5 30.5 32 EMPA-WDS Table 4-4 Single fcc

1170 76 10 14 -
DTA & Table 4-7 & II peak &
EMPA Table 4-4 matrix

1260 24 31 45
DTA & Table 4-7 & Tm of
EMPA Table 4-4 dendrites

1274 37.5 30.5 32 DTA Table 47 Tliguidus

Table 4-19 Calculated data used to construct the isopleth of Fig. 4.43 (x = 4Owt%)

1, °C Cu, at% Ni, at% Fe, at% Method Ref. Phase

700 15 40 45 Thermocalc Fig. 4.4-2 reading of yl on gap
700 91.2 8 0.8 Thermocalc Fig. 4.4-2 reading of y2 on gap
800 18.7 38.6 42.7 Thermocaic Fig. 4.4-4 reading of yl on gap
800 89.5 9 1.5 Thermocaic Fig. 4.4-4 reading of y2 on gap
900 21.4 34.1 44.5 Thermocalc Fig. 4.4-6 reading of yl on gap
900 88.5 9.1 2.4 Thermocalc Fig. 4.4-6 reading of on gap
1000 24.3 30.6 45.1 Thermocalc Fig. 4.4-8 reading of yl on gap
1000 86.4 9.4 4.2 Thermocalc Fig. 4.4-8 reading of y2 on gap
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Fig. 4.43 Isopleth along the tie-line for Cu(Fe5oNi5o)i. with x = 40 wt%. The data of
Ronka, Qin, Spencer, and Chuang are taken from [21], [18], [22], and [23], respectively.
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e) Construction of the isopleth along the tie-line for Cu/Ni/Fe 60/20/20 wt%:

Table 4-20 Data of literature used to construct the isopleth of Fig. 4.44 (x = 6Owt%)

1, °C Cu, at% Ni, at% Fe, at% Method Ref. Phase

600 10 31.5 58.5 Experimental [18]
600 77 16.3 6.7 Experimental [18] y2

800
15.2 33.3 51.5 Experimental [18] 'yl

800 73 16 11 Experimental [18] 'y2

1000 22.2 33 44.8 Experimental [18] yl
1000 69 16.7 14.3 Experimental [18] 'y2

Thermodynamic
850 18.7 38.8 42.5 [23] yl

calculations of AG

850 88 10 2
Thermodynamic

[23]
calculations of AG
Thermodynamic

950 25 32.8 42.2 [23] 'yl
calculations of AG
Thermodynamic

950 86.2 10.7 3.1 [23] 'y2calculations of AG
Thermodynamic

1050 33 30 37 [23] yl
calculations of AG

1050 81.5 12.1 6.7
Thermodynamic

[23]
calculations of AG

1250 37 28.6 34.4
Thermodynamic

[23] -yl
calculations of AG
Thermodynamic

1250 79 12.8 8.2 [23] y2
calculations of AG

1000 28.6 30 41.5 Experimental [21]
1000 76.2 14.6 9.2 Experimental [21] y2

1100 40 28 32
Thermodynamic

[22] ylcalculations

1100 83.1 11 5.9
Thermodynamic

[22] 'y2calculations

1200 44.2 27.3 28.5
Thermodynamic

[22] ylcalculations

1200 89.8 6 4.2
Thermodynamic

[22] 'y2calculations

1250 36.25 31 32.75
Thermodynamic

[22] ylcalculations

1250 79 12.5 8.5
Thermodynamic

[22] y2calculations

1100 97.6 2.4 0
Melting point of

Fig. 2.1-2 TmCu-2.4at%Ni

1440 0 57 43
Melting point of

Fig. 2.1-3 TmFe-43at%Ni
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Table 4-21 Experimental data used to construct the isopleth of Fig. 4.44 (x = 6Owt%)

T, °C Cu, at% Ni, at% Fe, at% 0, at% Method Ref Phase

Exothermic
1040 57.5 20.7 21.8 - DTA Table 4.7

peak
1100 56.2 20.7 21.9 1.1 EMPA Table 4-5 Single fcc

1155 57.5 20.7 21.8 - DTA Table4-7 Ilpeak-
cooling

DTA & Table 4-7 & II peak-heating
1160 81 11 8 -

EMPA Table 4-5 & matrix
sholder-

1166 38.4 27.6 34 - DTA Table 4-7 cooling&
dendrite shells

1247 24 31 45
DTA & Table 4-7 &

Tm of dendrites
EMPA Table 4-5

1260 57.5 20.7 21.8 DTA Table 4-7 Tljgujdus

Table 4-22 Calculated data used to construct the isopleth of Fig. 4.44 (x = 6Owt%)

T, °C Cu, at% Ni, at% Fe, at% Method Ref. Phase

700 13.4 37.3 49.3 Thermocalc Fig. 4.4-2 reading of yl on gap
700 92 7.5 0.5 Thermocalc Fig. 4.4-2 reading of'y2 on gap
800 17.8 37 45.2 Thermocalc Fig. 4.4-4 reading of yl on gap
800 90.6 8 1.4 Thermocaic Fig. 4.4-4 reading of y2 on gap
900 23 36.3 40.7 Thermocalc Fig. 4.4-6 reading of yl on gap
900 87.7 9.9 2.4 Thermocalc Fig. 4.4-6 reading of y2 on gap
1000 29.3 34.2 36.5 Thermocalc Fig. 4.4-8 reading of yl on gap
1000 82.7 12.8 4.5 Thermocalc Fig. 4.4-8 reading of y2 on gap
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Fig. 4.44 Isopleth along the tie-line for Cu(Fe5oNi5o)i with x = 60 wt%. The data of
Ronka, Qin, Spencer, and Chuang are taken from [21], [18], [22], and [23], respectively.
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f) Construction of the isopleth along the tie-line for Cu/Ni/Fe 70/20/20 wt%:

Table 4-23 Data of literature used to construct the isopleth of Fig. 4.45 (x = 7Owt%)

T, °C Cu, at% Ni, at% Fe, at% Method Ref. Phase

600 10 25.5 64.5 Experimental [18] yl
600 81 13.7 5.3 Experimental [18] -y2

800
13 27.4 59.6 Experimental [18] yl

800 77.8 13.3 8.9 Experimental [18] y2
1000 17 27.4 55.6 Experimental [18] yl
1000 73 14.3 12.7 Experimental [18] y2

850 17 33 50
Thermodynamic

[23] ylcalculations of AG

850 89.5 8.6 1.9
Thermodynamic

[23] y2calculations of AG

950 23 30.7 46.3
Thermodynamic

[23] ylcalculations of AG

950 87 10 3
Thermodynamic

[23] y2calculations of AG

1050 31 27.9 41.1
Thermodynamic

[23] ylcalculations of AG

1050 84 10.4 5.6
Thermodynamic

[23] y2calculations of AG

1250 35.8 27.6 36.6
Thermodynamic

[23] ylcalculations of AG

1250 80 11.4 8.6
Thermodynamic

[23] y2calculations of AG
1000 23.6 29 47.1 Experimental [21] yl
1000 82.3 11 6.7 Experimental [21] y2

1100 37.7 28.6 33.7
Thermodynamic

[22] ylCalculations

1100 83.9 10 6.1
Thermodynamic

[22] y2calculations

1200 44.3 27.3 28.4 Thermodynamic
[22] ylcalculations

1200 90.5 6 3.5
Thermodynamic

[22]calculations

1250 37.5 30 32.5
Thermodynamic

[22] ylcalculations

1250 80 11.7 8.3
Thermodynamic

[22]calculations

1100 97.6 2.4 0
Melting point of

Fig. 2.1-2 TCu-2.4at%Ni

1440 0 59 41
Melting point of

Fig. 2.1-3 TmFe-4lat%Ni



Table 4-24 Experimental data used to construct the isopleth of Fig. 4.45 (x 7Owt%)

1, °C Cu, at% Ni, at% Fe, at% 0, at% Method Ref. Phase

Exothermic1055 67.8 15.7 16.5 - DTA Table 4.7
peak

750 81.3 10.4 6.84 1.5 EMPA-WDS TabIe4.6 y2

1100 69.6 15 13.9 1.5 EMPA-WDS Table4-6 Singlefcc
Sholder-

1138 49 24 27
DTA& Table 4-7 &

heating&EMPA Table 4-6
dendrites shells

1150 67.8 15.7 16.5 - DTA Table4-7 Ilpeak-cooling

1158 67.8 15.7 16.5 - DTA Table 4-7 Sholder-
cooling

DTA & Table 4-7 & II peak-heating1187 78.3 11.4 10.3 -

EMPA Table 4-6 & matrix
DTA & Table 4-7 &1240 33 29 38 Tm of dendritesEMPA Table 4-6

1240 67.8 15.7 16.5 DTA Table 4-7

Table 4-25 Calculated data used to construct the isopleth of Fig. 4.45 (x = 7Owt%)

T, °C Cu, at% Ni, at% Fe, at% Method Ref. Phase

700 12.7 35.6 51.7 Thermocalc Fig. 4.4-2 reading of yl on gap
700 92.2 7 0.8 Thermocalc Fig. 4.4-2 reading of y2 on gap
800 16 34 50 Thermocalc Fig. 4.4-4 reading of yl on gap
800 91.7 7.1 1.2 Thermocalc Fig. 4.4-4 reading of y2 on gap
900 19.5 33.3 48.2 Thermocalc Fig. 4.4-6 reading of yl on gap
900 89.5 8.3 2.2 Thermocaic Fig. 4.4-6 reading of y2 on gap
1000 24.2 30.3 45.5 Thermocalc Fig. 4.4-8 reading of yl on gap
1000 86.5 9.3 4.2 Thermocalc Fig. 4.4-8 reading of y2 on gap



1900

1700

15000
0

1300

5iioo

1900

700

500

Isopleth along tie-line (x = 70 wt%)
Chuang 1985: calculated

0 20 40 60 80

concentration, at%Cu

169

ORor.ka 1996: enperiarrental

Spencer 1985: calculated

OQ:e 999: experimental

0/Fm CoNi

Tm FoNi

an-caat-DTA: liqurdan T (124ti/C-heataag)

Uax-caat-EMFA: dendrites (Ca/Ni/Fe 33/29/38a1%)* DTA (I240C-
cooling)

an-cent-EMPA: matrix (Cu/Ni/Fe 78.3/I I.4/tO.3at%) * DTA 2nd
peak (I l87C-heatiag)

te an-nuat-OTA: 2nd peak (I l5OC-conting)

Ahomogerozed- DTA: enorhermic peak (l055C-hoatitrg)

£ax-caat-DTA: nholdrr (1 158C-cooIirtg)

Xhonaogenized-EMFA: overall composition

Sau-oont-EMPA. peritectrc (Cu/Ni/Fe 49/24/27at%)*DTA slrotdoe
(I 1385C-hoating)

£aaatealtng at 75/FC of ltonaogernzod-EMFA-fcc2: Cu/Ni/Fe
81.3/10.4/6.84 01%

ATermocolc: reading of mincibrlity gap linaitu

Fig. 4.45 Isopleth along the tie-line for Cu(Fe5oNiso)i with x 70 wt%. The data of
Ronka, Qin, Spencer, and Chuang are taken from [21], [18], [22], and [23], respectively.
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Fig. 4.46 Isopleths along the tie-line for Cu(FesoNi5o)i with x = 10, 20, 30, 40, 60, and
70 wt%, respectively.



171

4.5 Small-Angle Neutron Scattering (SANS)

The neutron scattering cross Sections were measured for different annealing times

for the alloy of composition Cu(Fes0Ni5o) with x = 70 wt%. At first, the samples were

homogenized and quenched, and then annealed at 750°C for different times. The different

annealing times were 250, 1000, 4000, 16000, and 64000 seconds. Water quenching

followed each annealing.

The SANS intensity data, without the magnetic field, are shown in Fig. 4.47.

Fig. 4.48 shows the same cross Sections intensity curves with the application of a

perpendicular magnetic field.

The intensity increases with the annealing and the maximum wavenumber value,

13max, corresponding to the maximum interference decreases with increasing annealing

time.
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Fig. 4.47 SANS cross Section as a function of the scattering vector for different annealing
times for a Cu(FesoNiso)i alloy with x 70 wt% annealed at 750°C, after quenching
from 1100°C.
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Fig. 4.48 SANS cross Section with an applied magnetic field as a function of the
scattering vector for different annealing times for a Cu(Fe5oNi5o)i alloy with x 70
wt% annealed at 750°C, after quenching from 1100°C.
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4.6 High temperature air oxidation

During oxidation at 7 50°C the metal surface reacts with oxygen to layers of

oxides in a repeating sequence that reflects complex oxidation kinetics and a rather large

deviation from the parabolic law of oxide growth theory.

The oxidation rate decreases as the nominal concentration of Cu decreases from

70 to 4Owt%, and for the same composition as we go from an as cast structure to a

homogenized structure. See the data in Table 4-8.

Table 4-26 Morphology of the oxide scale in oxidized samples

Alloy
Prep. Total scale External Internal scale, j.tm

Internal
Cu/NiJFe

method
thickness,

scale, p.m repeating unit
depletion

wt% p.m regIon, p.m
Cu-Oxide, NiO-NiFe2O4-

70/15/15 as-cast 60 10 Cu20, 50 Cu-Ni-depleted,7

Cu-Oxide, NiO-NiFe2O4-
70/15/15 homogenized 40 13 Cu2O, 30 Cu-Ni-depleted,7

Ni-Ferrite, Cu20-NiO-
40/30/30 as-cast 30 15 NiFe2O4, 15 Fe-depleted, 5

Ni-Ferrite, Internal Fe-Ni
40/30/30 homogenized 3 3 oxidation, 3 Fe-Ni-depleted, 3

The sequence of the oxide layers in Table 4-26 reflects the change in composition

of the alloys.

Cu-rich alloys have an external layer of copper oxides, CuO close to the external

surface in contact and Cu20 more internally, while low Cu-content alloys have nickel

ferrite growing externally.

More internally, beneath the external oxide layer the Microprobe concentration

profiles in both composition alloys show sequences of CuO-Cu20-NiO-NiFe2O4 as

repeating unit.
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4.6.1 Cu-rich alloys

In Cu-rich alloys, such as Cu(Fe5oNiso)i with x = 70 wt%, an external layer of

copper oxides is always observed (see Fig. 4.49), CuO close to the external surface in

contact with Cu20 more internally. Diffusive internal oxidation of Cu in a Ni-Ferrite (Ni-

o + NiFe2O4) layer is occurring beneath the copper oxides layer. The detailed

concentration profile, reported in Fig. 4.50, shows sequences of CuO-Cu20-NiO-

NiFe2O4 as repeating unit.

The homogenized alloy with x =70 wt% has two of these repeating units (Fig.

4.51 and 4.52), while the as cast shows at least three and a total thickness of the scale that

is two times thicker. The as-cast material has more porosity, usually at the interface

between the copper oxide and the Ni-ferrite layers, which results from faster kinetics.

In addition to this external multilayered scale, the alloy with x =70 wt% is

internally oxidized (Fig. 4.50 at 60-70j.tm from the surface, and Fig. 4.52 at 35 and 50

jim). The depth of this region increases in homogenized alloys.
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Fig. 4.49 Optical cross Section of the as-cast alloy of composition Cu(Fe5oNi5o)i.. with x
= 70 wt %, after oxidation at 750°C for 5 hrs.
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Fig. 4.50 Linear concentration profile across the oxide layer of as-cast alloy of
composition Cur(FesoNi5o)1x with x 70 wt %, after oxidation at 750°C for 5 hrs.



178

Fig. 4.51 Optical cross Section of the homogenized alloy of composition Cu(Fe5oNi5o)i..
with x = 70 wt %, after oxidation at 750°C for 5 hrs.
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Fig. 4.52 Linear concentration profile across the oxide layer of homogenized alloy of

composition Cu(Fe5oNiso)i with x 70 wt %, after oxidation at 750°C for 5 hrs.



4.6.2 Cu-poor alloys

The scale of the as cast alloy with x = 40 wt% (Fig. 4.53) consists of three layers.

An external scale layer of 15 jim (gray layer) can be identified as NiFe2O4 at the surface

(7 jim), that comes from the reaction of NiO and Fe203. More internally there is layer of

Fe203 of about 8 jim, and an porous Ni-ferrite zone of about 10-15 jim with dispersed

Cu20 particles of about 3-5 jim diameter (dark particles). Beneath these scales there is a

Ni-rich Fe-depleted zone of about 10 Jim (bright area). The concentration profile for each

element plus oxygen across the scale is reported in Fig. 4.54. Note that copper oxide

particles are surrounded by voids, as can be recognized in the drop of the total weight

percentage.

The pre-homogenization treatment slows down the oxidation rate. The evidence

for this effect is that the scale layer of homogenized alloys is less than half the thickness

than in the as cast alloys (Fig. 4.55 in comparison with Fig. 4.53).

The concentration profile across the scale of the homogenized alloy with x = 40

wt% (Fig. 4.56) shows pure parabolic oxidation of Ni and Fe, and a Fe-Ni depleted

internal region. After 5 hrs at 750°C, Cu only started to build up in the depleted region

and did not react yet.

In general, homogenized alloys also have a larger depletion subsurface, and a less

porous structure than the as cast alloys, which indicates also a slower rate of the internal

oxidation front and a more parabolic growth rate.
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Fig. 4.53 Optical cross Section of the as-cast alloy of composition Cu(Fe5oNiso)1.. with x
=40 wt %, after oxidation at 750°C for 5 hrs.
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Fig. 4.55 Optical cross Section of the homogenized alloy of composition Cu(FesoNi5o)1..
with x =40 wt %, after oxidation at 750°C for 5 hrs.
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5. DISCUSSION

5.1 Assessment of Cu-Ni-Fe ternary phase diagram

The assessment of the Cu-Ni-Fe phase diagram was conducted by a combination

of different techniques. The phase transformations of this system were investigated by

differential thermal analysis (DTA) by measuring the difference between the temperature

of the sample and a reference material that does not undergo phase transformation in the

temperature range being investigated (see the result Section 4.3).

This technique was essential for studying the melting process and identifying the

melting temperatures of each investigated alloy. As a result, it was found that the melting

transformation goes from a single event process to a multiple event as increasing copper

content. This was the first indication that a ternary peritectic reaction takes place in the

copperrich corner of the phase diagram. The melting temperatures of the alloys decrease

by increasing the copper content. The melting point is decreasing about 150°C as we

increase the copper content in the ternary from 1 Owt% to 7Owt%. The differential thermal

analysis gave also information about the solvus lines delimiting the field of existence of

the miscibility gap.

To complete the phase diagram determination, metallographic methods were

combined with microprobe chemical analyses to identify the solid solutions that are

present in equilibrium after casting and annealing (see result Sections 4.1 and 4.2). The

results show a columnar or dendritic as-cast microstructure consisting of a copper-rich

matrix with embedded iron-nickel-rich dendrites. As we increase the copper content in

the ternary alloy, the shape of the dendrites transforms from columnar to dendritic,

branching becomes more pronounced, and the average dendrite cross Section gets

smaller.

The matrix is a soft phase consisting of almost pure copper [71]. A consequence

of this is that the as-cast alloys have yield strength values similar to that of pure copper

and show a ductile behavior under load. The matrix also could locally melt at

temperatures as low as 1100°C, since the melting temperature of pure copper is 1084°C.
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The dendrites are in genera! brittle and melt at higher temperatures, as high as 1930°C

(Table 4-7).

This two-phase microstructure can be recovered and transformed into a single

phase upon annealing. A surprising finding was that each studied aHoy composition

homogenized at temperatures between 1050 and 1100°C. These results for the alloys with

high copper content (60 and 70 wt% Cu) disagree with all previously calculated Cu-Ni-

Fe phase diagrams, but agree with the most recent literature that shows experimental

evidence of a smaller miscibility gap at high temperatures [18] (see Fig. 2.9 and Fig.

4.39).

Upon annealing of the homogeneous alloys, the single-phase microstructure

decomposed into two chemically different face centered cubic (fcc) solid solutions,

showing that copper, iron and nickel are non completely miscible in the solid state. This

decomposition is discussed in more details in the following Section 5.2.

The average concentrations of some of these decomposition products, after

annealing at 750°C and 800°C, were detected by microprobe chemical analyses. The

resulting values of concentrations were useful to determine the direction of the tie-lines,

the width of the miscibility gap, and were used as input parameters in the calculation of

the isothermal sections.

It is theoretically possible to calculate a ternary phase diagram by considering the

thermodynamic relationships between competing phases and their reactions in the

system. The model takes into consideration the behavior of relevant Gibbs free energy

functions for each phase present in the system and applies the plane tangent construction

to find the equilibrium configurations.

Very recently, in 2001, a new thermodynamic model was developed by C.

Servant [10], taking into account a newly discovered ternary-ordered phase (Cu,Ni)3Fe.

This new physical model was applied in this study to calculate several isothermal

sections of the phase diagram between 700°C and 1100°C, aiming to find a smaller

miscibility gap that could reproduce the experimental evidence. The complexity of

having three elements required the use of the 'Thermocalc" software.
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The calculated miscibility gaps, reported in Section 4.4, are in excellent

agreement with the experimental data of this study in the Ni-Fe rich (Cu-poor) portion of

the ternary diagram. These are also in agreement with the literature. However, in the Cu-

rich portion the limits of existence of the calculated gap are larger than the expected

values found experimentally, but are in agreement with any previously calculated gap

reported in the literature. This can be seen in the isopleths reported in Fig. 4.40 through

4.45 whereas the calculated values of the miscibility limits (bold triangles) are plotted

together with literature calculated and experimental values (open symbols).

The new thermodynamic model failed to produce a reliable phase diagram at high

temperature at least as concerning the copper-rich portion of the ternary phase diagram.

However, it was a powerful technique for validating portions of the phase diagram

already derived from experimental data. In addition, the model was used to estimate the

relations and the direction of the tie-lines in areas where no experimental data exist,

allowing for much more efficient design of subsequent experiments.

Fig. 5.1 and Fig. 5.2 show examples of the agreement between the

thermodynamic calculation and experimental results, at the selected temperature of 750°C

and 800°C, respectively.

There is an excellent agreement between the directions of the calculated tie-lines

with those of the measured tie-lines. There is also a good agreement between the model

and the experimental concentration values found for the Ni-Ferich phase y. The EMPA

concentration data are lying on the calculated limit of the gap (left side of gap). The

experimental evidence in the copper-rich portion (concerning 'y2) shows that the model

calculated a gap that is still larger in that portion of the phase diagram.
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Fig. 5.1 Calculated isothermal gap (continuous line) at 750°C and calculated tie-lines
(straight continuous lines). The stars symbols represent the composition of the studied
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the studied alloys (10, 20, 30, 40, 60, and 70 wt%Cu). The triangle symbols represent the
EMPA data for yl for the decomposition of the alloys with 3Owt%Cu (triangle up), and
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5.2 Decomposition upon annealing

With the exception of low-copper content alloys, most studied alloy compositions are

found within the miscibility gap at the aging temperatures. Fig. 5.3 shows that the alloy

with 10 wt%Cu is the only one that is outside of the gap at 700°C. As we increase the

temperature, the gap gets smaller allowing other compositions to get out of the gap.

The alloys, which compositions are laying within the gap, are unstable against

decomposition during annealing. The study of their thermal stability was approached at

first with metallographic methods and microprobe chemical analyses. These two

techniques are limited to the study of coarse phases, such as after long time of annealing.

These are discussed in Section 5.2.2.

The decomposition is found to initiate spinodally with a compositional

wavelength of the order of few nanometers. The spinodal decomposition was investigated

by a more powerful instrument, the small-angle neutron scattering (SANS) technique.

The SANS results are reported in Section 4.5, and discussed in the following Section

5.2.1.
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Fig. 5.3 Calculated isothermal sections from 700°C (first dot line from left) to 1100°C
(first dot line from right) in steps of 50°C. The star symbols indicate the composition of
the studied alloys Cu(Fe5oNi5o)i with x = 10, 20, 30, 40, 60, and 70 wt%. Alloy with
lOwt%Cu is the only one that is outside of the gap at 700°C.
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5.2.1 Spinodal decomposition

The decomposition into two face-centered cubic (fcc) solid solutions, occurs

initially very rapidly in the homogeneous grains by a spinodal mechanism. The spinodal

decomposition involves initial small composition fluctuations of the homogeneous

composition of very large volume. The homogenized alloys showed that spinodal

decomposition cannot be avoided easily, since it is observed happening even during the

quenching from the homogenization temperature.

The spinodal decomposition happens as soon as the initial perturbation of the

composition reaches a wavelength greater than a critical wavelength, X, typically of the

order of few nanometers. This wavelength is equal to 2itI/3, j3 being the wavenumber,

and can be calculated using the Cahn's solution of the diffusion equation with an

amplification factor equal to

282Y 2K 2R(fl)=_Bfl2[1+ if +fl
J.

(1)

As described in the Literature Section 2.2 and shown schematically below in Fig.

5.4, every perturbation leads to a periodic decomposition structure with approximately a

wavelength value of 2M, greater than the critical wavelength, X.
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Fig. 5.4 Theoretical amplification factor R(13). (a) versus wavenumber ,8; (b) versus

wavelength 2=2itIfl. The dash line come from the classical solution: R = DB/3. The
solid line represents the solution to Calm's equation (Equation 1). The ideal ratio of13c/t3M

is 'J. Experimentally it is usually found to be larger.
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A small-angle neutron scattering (SANS) analysis was performed on the alloy

Cu/Ni/Fe of wt% 70/15/15 at 750°C after annealing times of 250, 1000, 4000, 16000, and

64000 seconds. The analysis of the data considered the SANS intensity values where a

perpendicular magnetic field was applied, as reported in Fig. 4.48.

For several selected wavelengths, the amplification factor, R(3), was calculated as

0.5 of the slope of the ln(intensity data) versus annealing time. The calculated

amplification factors were plotted versus the wavenumber, , and versus the wavelength,

X =21t1j3.

These two plots, reported below in Fig. 5.5, led to the determination of a critical

wavenumber, of 0.24 nm1, a 13M of 0.10 nm, a critical wavelength, 2, of 26 nm, and

XM of 63nm. These data are also reported in Table 5-1. In this experiment, the ratio of

13c/13M is 2.4, which is larger than the ideal ratio ofh.

Table 5-1 Calculated values of the critical and average wavenumber and wavelength for
the spinodal decomposition of alloy Cu/Ni/Fe of wt% 70/15/15 at 750°C.

13 0.24 nni'

I3M 0.lOnm'

xc 26nm

XM 63nm

2.4
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To compare these results with literature data, the experimental work of Butler and

Thomas can be taken into consideration [80]. The shorter initial composition fluctuation

that have been able to measure in transmission electron microscopy (TEM), was of the

order of 2-3 nm after 1 mm annealing at 625°C for a Cu/Ni/Fe alloy of composition

51.5/33.5/15 at%. Considering that the wavelength is expected to increase as we increase

the annealing temperature and considering also the difference in the alloy composition,

our result are in agreement with the previous experimental results.
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Fig. 5.5 Calculated amplification factor, R(f), for the decomposition of the alloy
CuINi/Fe of wt% 70/15/15 at 750°C. The calculated R(f3) values are plotted versus (a)
wavenumber I; (b) wavelength =2t/.
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Fig. 5.6 Kinetics of the scaling parameter R03 against annealing times for the
decomposition of the alloy Cu/Ni/Fe of wt% 70/15/15 at 750°C



The kinetics of the coarsening in the late states (time longer than 10000 seconds)

was studied following Poerschke et al. [81]. The scaling parameter R63 is plotted in a

double-logarithmic plot (Fig. 5.6) against the annealing times.

The scaling parameter RG is essentially a measure of the thickness of the platelets

forming the decomposed structure. In this work RG was calculated as the wavelength of

the maximum of intensity of the small-angle neutron scattering of Fig. 4.34, where the

wavelength is 2itI.

For times longer than 1 0 s, the R3 kinetics are well described by RG3 t°6824,

leading to a value of RG t°227. This result is in excellent agreement with the coarsening

of the periodic decomposition structure that has been found in Cu-Ni-Fe alloys containing

46-48 at%Ni and 2-8 at%Fe [81], which obeys the power law of t°22.
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5.2.3 Discontinuous coarsening

Upon aging at high temperatures, discontinuous coarsening (DC) originates at

larger misorientation grain boundaries of the original homogeneous fcc grains, which are

spinodally decomposed into a fine two-phase microstructure (see Section 5.2.2).

Segments of these boundaries migrate at a rate that depends on temperature and time, and

consumes the semicoherent spinodal matrix leaving behind larger semicoherent particles

in a cellular shape. The study of this discontinuous decomposition was performed on all

six alloy compositions after aging at 750°C (1023K) and at 800°C (1073K) for 400hours.

The experimental findings of this study are outlined as follows:

1) The alloy with lOwt%Cu does not undergo discontinuous coarsening at

both aging temperatures; the alloy with 2Owt%Cu does decompose only at 750°C but no

evidence of DC are found at 800°C;

2) At fixed composition, the nucleation rate increases with decreasing aging

temperatures;

3) The migrating boundary has a peak in velocity in the alloy with 4Owt%Cu

at both aging temperature;

4) Single-seams are the predominant morphologies in every alloy;

5) double-seams form occasionally via a S-mechanism only at high copper

content (7Owt%Cu) and at the lowest aging temperature (750°C).
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The following discussion addresses each of these individual findings point by

point.

1) The highest temperature for occurrence of DC, TDC, lies below the solvus

temperature The solvus temperatures were detected by thermal analysis (DTA, see

Section 4.3), and tabulated in Table 5-2 below. The alloy with lOwt%Cu does not

undergo discontinuous precipitation during aging at 750°C and 800°C, its Tsv being only

590°C. The reason why the alloy with 2Owt%Cu does decomposed only at 750°C is

explained in terms of undercooling.

If we fix the composition, the nucleation rate for the initiation of a discontinuous

reaction iiicreases as aging temperature increases, peaks at a certain undercooling from

the solvus temperature, and then decreases until it reaches TDC typical of a temperature-

time-transformation (TTT)

The undercooling from (ATsv Tsv Taging) decreases as we increase the

annealing temperature from 750°C (1023K) to 800°C (1073K), as we can see in Table 5-

2. In the 2Owt%Cu alloy the undercooling at 800°C is only 50 degrees, half of that at

750°C, and this is likely the reason for the occurrence of the discontinuous coarsening at

750°C but not at 800°C.
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Table 5-2 Solvus temperatures (Tsv) detected by thermal analysis, DTA (see Section 4.3)
and relative undercoolings (AT Tsv-Taging) and AT/Taging ratios for all the studied alloys
of composition Cu(Ni5oFeso)1 with x from 10 to 7Owt%Cu

x = lOwt%Cu 2Owt%Cu 3Owt%Cu 4Owt%Cu 6Owt%Cu 7Owt%Cu

in°C 590 850 976 985 1040 1055

T5inK= 863 1123 1249 1258 1313 1328

ATT5v1O23K= 100 225 235 290 305

LTTsv-1073K - 50 176 185 240 255

LTsvI at 1023K = 0.09 0.18 0.19 0.22 0.23

ATsv/Tsvat 1073K - 0.04 0.14 0.15 0.18 0.19

2) As said before, at fixed composition, the nucleation rate for the initiation of a

discontinuous reaction peaks at a certain undercooling from the solvus temperature. The

normalized undercooling for each individual alloy at 1073K results to be lower

than that at 1023K. This trend is also plotted in Fig. 5.3, where we can see that, as we

increase the aging temperature the undercooling, alias the nucleation rate, is reduced.
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Fig. 5.7 Ratio of the normalized undercooling from the solvus temperature (TsoivusTaging) /
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3) The alloy with 4Owt%Cu had the fastest growth rate of the migrating boundary

at both studied aging temperatures.

The velocity of the growing boundary can be expressed extending the Petermann-

Hombogen theory on DP [47] to DC as follows:

AGDc SSDb
2

(Equation (9) of Section 2.3.2)VDC =-8
RT 2DC

The growth rate increases with increasing driving force for the DC growth and

with increasing Db, s, and 8, boundary diffusion coefficient, segregation factor, and

boundary width respectively. It decreases with increasing isothermal temperature and

with increasing X, the interlamellar spacing.

The boundary diffusion, Db, increases with copper content (Ts is decreasing).

The interlamellar spacing ? is expected to increase as temperature increases and

with increasing diffusivity. So we expect to see 2 increasing with increasing copper

content. The microprobe back scattering images gave, in fact, a measure of X for the

phase Y2 after the annealing at 1023K that increases from 1.6 tim, in the alloy with

4Owt%Cu, to 4 pm in the alloy with 7Owt%Cu.

The peak in growth rate at intermediate Cu content needs to be explained in terms

of driving force. The driving force for the DC growth, LGDC, is the reduction in overall

interphase interfacial energy that occurs during the consumption of the spinodal matrix.

It is more likely that higher supersaturated solutions decompose spinodally with

smaller wavelength which leads to higher values of interfacial energy. This means that

the reduction in interfacial energy during the discontinuous coarsening increases with

increasing supersaturation of the primary phase that decompose spinodally prior to DC.

As a consequence of this the growth rate of the migrating boundary increases with

increasing the supersaturation.

The supersaturation was calculated using the 'Thermocalc' concentration values

for the decomposed phases (see Tables 4.4-13, -16, -19, -22, -25) and compared with the
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experimental values of Qin et al. [18] (see Tables 4.4-11, -14 -17, -20, -23). The

following figures plots the supersaturation
\XIX0 of the overall concentration for the

formation of y' and 12 at 1073K. Fig. 5.8 represents the supersaturations in terms of

concentration of copper; Fig. 5.9 and 5.10 that for nickel and iron, respectively. At each

composition the lowest supersaturation is considered to lead the growth of the migrating

boundary.

The supersaturations of the y1 phase are low in Fig. 5.8 at low copper content and

increase with increasing overall copper content, while the supersaturation of12 is high at

low copper content and decreases with increasing copper. The trend is just reversed in the

other two plots were the supersaturation values are calculated in terms of Ni and Fe.

The Thermocaic's and the experimental readings of 12 differ from each other

reflecting the discrepancy of the calculated miscibility gap from the experimental gap of

Qin [18]. The calculated gap is always somewhat larger for the reading of
2.

There is a maximum growth rate that occurs at some intermediate composition.

This composition is the composition of the intersection between the y curves and the

experimental curve for 12. The resulting composition is CufNi/Fe 43/29/28 at%, which

correspond to 45.6/28.4/26 wt%. This is in excellent agreement with the experimental

evidence that, amongst the studied compositions, the alloy with 4Owt% copper content

(40/30/30 wt%) had the fastest growth rate.
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4) According to the literature (see Section 2.3.2), the aging temperature primarily

determines whether growth in one, or on both sides, of the boundary would be favored.

Growth in one direction, leading to single-seam morphologies, is considered likely to

predominate in the temperature range T > 1/2T, where T is the absolute solidus

temperature. The value of Y2TS can be considered the limit above which thermally

activated boundary migration is expected. In these conditions the apparent diffusion

mechanism is controlled by the diffusion through the colony/matrix interface (boundary

diffusion), rather than diffusion through the lattice ahead of the advancing cell front.

The melting temperatures in heating (or Ts), in our ternary system, decrease with

increasing copper content (see for example the isopleths in Section 4.4.2). These

temperatures were detected by thermal analysis (DTA, see Section 4.3). They are listed in

Table 5-3 and plotted in Fig. 5.11 for increasing copper content.

Table 5-3 Solidus temperatures, T5, detected by thermal analysis (DTA) for all the
studied alloys of composition Cu(Ni5oFe5o)i with x from 10 to 7Owt%Cu

IOwt%Cu 2Owt%Cu 3Owt%Cu 4Owt%Cu 6Owt%Cu 7Owt%Cu

Tin°C 1320 1358 1302 1274 1170 1151

T5inK 1593 1631 1575 1547 1443 1424

'/2 Is in K 796.5 815.5 787.5 773.5 721.5 712
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The '/2 Ts's values are also listed in Table 5-3. Both the aging temperatures,

1023K and 1073K, are higher than '/2 T, in a temperature range in which single-seam

morphologies are expected to form. Single seams are in fact the predominant morphology

found in every analyzed alloy.

5) Double seams (growth in opposite directions) are found to form only in the

alloy with 7Owt%Cu. According to the literature, double-seam morphologies are more

likely at T <'/2 T, or under any condition, in which the diffusivity is more restricted.

However, the diffusion is found to get faster in copper-rich alloys. So, some other effect

needs to be taken into account to fully understand the experimental evidence.

The atomic diffusion gets faster in copper-rich alloys because it scales with the

melting point, and Ts is found decreasing with increasing copper content (Fig. 5.11). This

is also in agreement with the kinetics study of diffusion paths in the Cu-Ni-Fe system

performed by Rönka et al. [211 at 1000°C. Their finding was that in copper-rich alloys the

diffusion is about two decades faster than in Fe-Ni rich alloys. Copper is the most mobile

component in copper-rich alloys followed by iron and nickel. In iron-rich alloys, iron is

about as mobile as copper with nickel being again the slowest.
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5.3 High temperature air oxidation

5.3.1 Thermodynamics

Upon oxidation of Cu-Ni-Fe alloys, the oxides that may form at the metal surface

are the following: CuO, Cu20, Fe203, NiO, Fe304, and FeO.

The thermodynamic stability of these oxides at constant pressure decreases as we

go from CuO to FeO. The stability is inversely proportional to the Gibbs free energy

change for their formation, zGf, which represents the driving force for the

transformation. The activation energy, K, for the oxides formation also increases from

CuO to FeO, since K is in good approximation equal to exp (-AGf/RT).

The following oxidation reactions lead to the formation of these oxides. Note that

the reactions are listed in order of increasing activation energy and decreasing

thermodynamic stability of the resulting oxide:

Cu20 + 1/202= 2CuO (1)

2Cu + 1/202 Cu20 (2)

2Fe3O4+ 1/202 = 3Fe2O3 (3)

Ni + 1/202 = NiO (4)

3FeO + 1/202 = Fe304 (5)

Fe+l/2O2FeO (6)

Double metal oxides NiFe2O4 and FeCuO2 of spinel structure may also form as a

result of reactions of the single-metal oxides as reported in Section 2.4.3. The stability of

these mixed oxides may lie below that for the copper oxides, but apparently no data exist

on the stability and transport properties of these double oxides.
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FeCuO2 is never found in the studied alloys, while the other spinel, NiFe2O4, is

formed often. One may assume that NiFe2O4 is formed by a displacement reaction of the

type:

Ni+4/3Fe2O3=NiFe2O4 +2/3Ni (7)

Or it may result from the fact that Fe and Ni and their oxides have small mutual

solubilities and that they can react as follow:

Fe2O3 + NiO NiFe2O4 (8)

The Gibbs free energy change for the reaction (1) to (6) is a function of

temperature and can be calculated with an equation of the type:

LGf= -RT ln(1/(A + BT logT + CT)) (9)

where AGf is the Gibbs free energy change for the reaction, i.e. the formation of the

oxide, and the empirical parameters A, B, and C are tabulated in the literature [82], and

reported in Appendix.

The resulting AGf can be plotted in an Ellingham-type diagram as a function of

temperature (Fig. 5.12). Fig. 5.13 reports the corresponding Ellingham diagram for the

decomposition pressure of the oxides as a function of temperature. The diagram of Fig.

5.13 misses the data for CuO and the double oxides FeCuO2 and NiFe2O4. The data for

the decomposition pressures of CuO is reported in Fig. 5.14.

The Ellingham diagrams show that at high oxygen pressures (at the surface) the

oxide that forms preferentially is Cu20 that can consequently be oxidized into CuO by

reaction (1). The lower the oxygen pressure more internally the oxidation reaction takes

place.
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For a reaction of the type:

2M+02=2M0, (10)

the decomposition pressure for MO is calculated by

lnpo2=-(AGf)/RT (11)

where AG1 is the free energy change for the formation of MO.

For a reaction of the type:

2MO2 = 2M0 + 02, (12)

the decomposition pressure for MO2 is calculated by

in P02 = - 2(AG-AG2)/RT (13)

where AG1 and AG2 represent the free energy change of formation of MO and MO2,

respectively.
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5.3.2 Kinetics

An external layer of about 5 tm of CuO is always found in Cu-rich alloys, like

alloy Cu(Fe5oNi5o)i with x = 70 wt%, after a time of 5 hrs (Fig. 4.49 - Fig. 4.52).

A parabolic rate constant, k, for the growth of this oxide can be calculated if we

apply the Wagner theory for parabolic oxidate growth.

In the Wagner oxidation theory, high temperature oxidation kinetics of metals is

treated in terms of solid-state diffusion through the oxide scale. This theory assumes a

continuous or compact oxide layer and sufficient oxygen availability at the oxide surface.

As the oxide grows in thickness the diffusion distance, x, increases, reducing the rate of

reaction. If the diffusion is homogeneous, i.e. we can neglect grain boundary and circuit

diffusion, the rate of growth in inversely proportional to the oxide thickness:

dx/dtkp/x (12)

which after integration becomes

x22kt+Co (13)

This parabolic rate constant has the same meaning as an interdiffusivity in the

oxide, and is approximately equal to:

k x2/2t (14)

The calculated value of k for Cu20 during air oxidation of alloys with x = 7Owt%

at 750°C is: 1.4x10 cm2s', which conesponds to 2.5x10'° g2cm4s1. This calculated

value is in agreement with the parabolic rate constant of about 2x10'° g2cm4s1 for the

first regime of oxidation of an as cast CuJNi/Fe 55/30/15 wt% alloy at the same
temperature and pressure [83]. At oxygen pressures where only Cu20 is

thermodynamically stable, the parabolic rate constant, k, is usually reported to be
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proportional to the decomposition pressure as P(o2)hhI4. From defect chemistry, this is also

interpreted to reflect an outward copper diffusion, via metal vacancies [85].

Consequently, during this initial parabolic oxidation, metal ions and electrons

migrate outward through the scale from the metal to the oxide surface, and oxygen ions

migrate in the opposite direction. This means that, while Cu20 growth and copper

diffuses outward, oxygen diffuses into and reacts internally at lower pressures with the

bulk metal.
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5.3.3 Morphology

Copper rich alloys

Let us now consider the oxidation mechanism of Cu-rich alloys, like the

Cu(Fe5oNiso)1 alloy with x = 70 wt%, for both as cast and homogenized samples.

A factor that contributes to the initial reaction of oxygen with copper is that

oxygen has a higher solubility and diffusivity in copper, than in nickel or iron. Oxygen

diffuses through the scale as oxygen anion 02...

In the temperature range of 700-1030°C the oxygen solubility in copper is equal

to l54exp[-149.6(kJ/mol)/RT] in mole fraction, and its diffusion coefficient is given as

0.01 l6exp{-67.3(kJ/mol)/RT] in cm2s [86].

At 750°C the solubility of 02. in copper is 4.2 x 106 mole fraction, and the

diffusion coefficient of 02 in copper is 4.6 x 10.6 cm2/s [86].

This diffusivity of oxygen anions in pure copper is much higher that the
interdiffusivities of the metallic elements in the alloy (that are in the range of 1013 to 10

cms{87], and should be similar in any Cu-rich phases, like the matrix in as cast
materials, or the homogenized Cu-rich alloys.

Once copper and oxygen start to react to form a layer of Cu20 the diffusion rate

of oxygen decreases because the diffusivity of oxygen in Cu20 at 750°C is only 3x10

cm2s'.

On the other hand the diffusivity of Cu in Cu20 is faster that that of oxygen. It is

about 8x10° cm2s as reported in Table 5-4, and Fig. 5.15. Therefore, in this initial

stage, the process that determines the overall oxidation rate is the outward diffusion of Cu

through Cu20. The Cu diffuses through the Cu20 scale and is free to react with the

oxygen at the surface forming more Cu20. Thus Cu2O grows outward as coarse columnar

grains extending through the scale, as long as a chemical potential gradient exists through

the Cu20 scale.

Since Cu2O is thermodynamically unstable in 1 atm 02 at this temperature, further

oxidation to CuO occurs. A two-phase copper oxide is, in fact, found in the external scale

of the homogenized alloy with x =70 wt% (Fig. 4.53): a thin outer layer of CuO next to
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the atmosphere, while the majority of the scale consists of Cu20. The growth rate of CuO

is in general slow compared to that of Cu20.

Table 5-4 Intrinsic diffusivity values of the cations or anions through different metal
oxides of the Cu-Ni-Fe ternary diagram in cm2s', at 700, 750, and 800°C. The data are
calculated from equations reported in reference [82}.

I in

°C

0 in

Cu

0 in

Cu20

Cu in

Cu20

0 in

NiO

Ni in

NiO

Fe in

Fe304

0 in

Fe304

Fe in

FeO

Fe in

Fe203

0 in

Fe203

700 1.4E6 9.7E'2 3.4E'° 7.5E7 1.0E13 2.3E12 2.8E'7 2.5E8 l.8E7 6.5E8

750 3.5E6 2.6E1' 8.4E'° 32E'6 3.3E'3 9.2E12 4.3E'7 5.3E8 3.0E6 4.6E'7

800 8.0E6 6.4E 1.9E9 1.2E15 9.4E13 3.3E 63E7 1.1E7 3.9E5 2.8E16
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Fig. 5.15 Calculated intrinsic diffusivities of cations or anions in cm2s1 as function of
temperature from 700 to 800°C.
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As copper oxides grow by rapid outward diffusion of Cu cations, the layer

underneath the Cu20 layer gets enriched in Ni and Fe. As oxygen diffuses through the

copper scale, it reacts with Ni and Fe forming mainly NiO and the spine! NiFe2O4. The

formation of these phases reduces the supply of copper for the growth of the outer Cu

oxide layer, so that its growth slows down and becomes essentially constant with time.

After 5 hours of air annealing the external copper oxide layer is about 15 tm in

both the as cast (Fig. 4.50) and homogenized alloy with x = 7Owt% (Fig. 4.52. After a

760 his oxidation treatment at the same temperature and pressure of a Cu/Ni/Fe 55/30/15

wt% alloy {83J the thickness of the external copper oxide layer is still of the order of 20

Jim.

The oxidation kinetics of the internal NiO + nickel ferrite layer are slow, due

essentially to the slow diffusivity of Ni in NiO (see Fig. 5.15), and is determined by the

outward growth of NiO and the formation of internal Fe oxides. The formation of a

continuous layer of NiO is therefore desirable in the need of slow oxidation kinetics for

Cu-Ni-Fe ternary alloys. However. NiO does not exist in the presence of Fe-oxides, but

they rather react, following reaction (8), to form NiFe2O4, which seems to have a faster

kinetics than NiO.

Within the NiFe2O4 layer the concentration of Cu gradually increases (Fig. 4.50).

The activity of oxygen must increase as well and eventually becomes sufficient to oxidize

the Cu, since Cu20 is found again as an intermediate layer. Thereby the oxidation rate

increases and a new sequence of Cu20-NiO- NiFe2O4 as repeating unit has started.

The oxidation from now on continues with the same mechanism, and the result is

a multilayered structure.

The homogenized alloy has two of these repeating units (Fig. 4.52), while the as

cast shows at least three and a total thickness of the scale two times thicker (Fig. 4.50)

The as cast also has more porosity, usually at the interface between the copper oxide and

the Ni-ferrite layers, which derived from a faster kinetics.

In addition to this external multilayered scale, the alloy is internally oxidized (Fig.

4.50 at 60-70Jim from the surface, and Fig. 4.52 at 35 and 50 Jim). The depth of this

internal region increases in homogenized alloys. The composition of the internal oxide
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phase reflects the thermodynamic stability of the oxides at low pressures. On the basis of

the Ellingham diagram of Fig 5.12 and Fig. 5.13, the oxidation takes place in the order

NiO-Fe3O4-FeO in going inward from the oxide-alloy interface. As consequence of this

internal oxidation of Fe and Ni, the Cu concentration increases. Section 5.3.4 deals in

more details with the kinetics of the internal oxidation.
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Cu-poor alloys

The morphology of the external scale in alloys of composition Cu(FesoNi5o)i

with x = 40 wt%, differs substantially from that of the Cu-richer alloys.

The external scale of the as-cast alloy consists of an external thin layer of NiFe2O4

of 5tm thickness (see concentration profile of Fig. 4.54 for values between 0 and 5 pm).

The formation of this scale results from the reaction of NiO and Fe203 following equation

(8). More internally Fe203 forms (about lOj.tm thick).

Within this external Fe-oxide layer in Fig. 4.54, the concentration of Cu gradually

increases, and reacts with the oxygen that diffuses through the Fe-oxide scale forming

Cu20. Thereafter the sequence of Cu20-NiO-NiFe2O4, as described in the previous

Section, started to repeat across all the scale.

If we consider the oxidation of Cu-poor alloys in comparison with Cu-richer

alloys, we always find that the kinetics is slower in the Cu-poor alloys. The scales of

samples with alloy composition x = 40 wt%, have a total thickness half the size of the

corresponding alloy with 40 wt%. The initial formation of NiO slows the oxidation

process that is controlled by the diffusivity of Ni outward through NiO.

Beneath the oxide scale a depleted-Fe region is present, due to the internal

oxidation of Fe, producing a single phase Cu-Ni matrix (see concentration profile of Fig.

4.54 between 29 and 33 .im).

The homogenized alloy with composition x 4Owt% is the most oxidation

resistant during a five hours treatment. The concentration profile across the scale (Fig.

4.56) shows a parabolic oxidation of Ni and Fe, and a Fe-Ni depleted internal region.

After five hours at 750°C Cu only started to build up in the depleted region and did not

react yet, it will eventually react and will form the same sequence of oxides of the as cast

material.
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5.3.4 Internal oxidation

A pure metal can only be oxidized externally, but an alloy can also undergo

internal oxidation. This internal oxidation is enhanced by an applied anodic potential.

Internal oxidation regions up to 20 pm in 5 hrs are observed into the alloys beneath the

external scale.

During the oxidation process the internal oxidation front advances into the bulk

parabolically as t'12. This requires a change in oxidation potential of the non-metallic

component, X of the external layer of the alloy, AX (where A=Cu, Fe, or Ni, and X0 or

F).

The internal oxidation, which is a reduction process, takes place even if the

mobility of the non-metallic component X in the solid solution is extremely small [88}.

This mobility or diffusivity of X can be approximately calculated by the following

parabolic rate law:

w2 (N°
D ___I__L! (15)X= 2tN)

where w is the width of the oxidation zone, t is the time of the experiment.

(N°
The ratio p-- is the ratio between the molar fractions of the metallic speciesN)

that is oxidizing, B, and of the non-metallic species, X, at woo and 0, respectively, as

shown in the schematic concentration profile of Fig. 5.16.
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Fig. 5.16 Internal oxidation of an (A,B) alloy. B and 0 are dilute solutes in the solvent A-
rich matrix [88].
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The internal diffusivity of oxygen anions in alloys with x = 4Owt% and 7Owt% is

calculated for microprobe data by equation (15) and are reported in Table 5-5.

Li

Table 5-5 Calculated internal diffusivity of oxygen anions at 750°C.

Alloy wt% Preparation Danion, cm2ls Diffusing anion
specieCufNiIFe method

70/15/15 as cast 3x10'° 02

70/15/15 horn. 4x10" 02

40/30/3 0 as cast 2x101° O2

40/30/30 horn. 2x101' O2

The diffusion rate gets reduced as we reduce the copper content in the ternary

alloys and as we homogenize the alloys. The reduction due to the homogenization

annealing is of one order of magnitude.
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5.3.5 Anodic corrosion, a prediction

If the Cu-Ni-Fe alloys are to be used in an anodic process, the anodic potential

enhances the diffusion of Cu, Fe, and Ni. The diffusion rate may increase by many orders

of magnitude, leading to fast or catastrophic corrosion of the alloys. The sequence of an

anodic corrosion process of a metallic anode may be outlined as following.

First anodic dissolution takes place, in which the metallic species ionize to

cations. These cations react with the anions of the electrolytic bath and form a salt or

oxide passivation layer.

The anodic dissolution rate is, in general determined by the properties of the

surface (alloy composition and atomic bonding energy), its interaction with the

electrolyte (formation of adsorbed complexes), and depends exponentially on the anode

potential.

The metallic ions Mz+ are transferred to the electrolyte bath, where are not present

in the initial stage, and form a difficult to dissolve salt MeAm, with the anions A of the
electrolyte. In our system M is equal to Cu, Fe, or Ni and the electrolyte bath of typical

aluminum reduction cell consists of alumina, A1203, dissolved in cryolite, an aluminum

sodium fluoride mineral. The anion species of the electrolyte are 02 and F, which are

attracted to the positive potential of the anode and may get oxidized into salts, MeAm, at

the surface of the anode.

The salts crystallize on the alloy surface in a complex mechanism that is much

more complex than normal crystallization of matter and can even lead to glass formation

[89]. During this passivation the cations must be continuously removed from the anode

through the layer that grows in a porous way. As salt passivation continues the anodic

potential decreases which can affect the stability of the salts.

The ionic components may also diffuse through the salt layer in a system of

connected pores and oxidize at the surface at lower anodic potentials.

The corrosion of the anodic material will result in a competition between

oxidation and fluoridation. The oxidation process at the surface is expected to be large



229

due to the presence of high concentrations of oxygen gas produced during the aluminum

reduction.

Fluorite may be either crystallized at the beginning of the anodic process at high

anodic potentials, or may result from an internal diffusion of fluorine ions across oxide

scales. In both cases a fluoride layer is expected to form at the alloy surface beneath the

oxide scale.

The competition between the formation of fluoride versus the formation of oxides,

was studied in thermodynamic terms. Again, the sequence from the surface of the scale

towards the bulk anode is expected to reflect the thermodynamics of the oxides and

fluorides formation.

In this work, the driving force for the formation of fluorides and oxides was

expressed as free energy of formation, -LGf, which is also the electromotive force, E, for

the formation [90].

The values of -AGf for the formation of Cu, Fe, and Ni oxide and of the respective

fluorides as well were calculated using equation (9) (-zXGf = RTln(l/(A+BT1ogT+CT).

The empirical parameters A, B, and C are tabulated in Appendix.

Fig. 5.17 shows the calculated values of -AGe versus all the different oxides and

fluoride that could possibly form in the electrolytic cell if the cell temperature would be

maintained at 750°C. The driving forces, in general, increase as we go from the oxides to

the fluorites.

This reflects the sequence of oxides and fluorites that would form at the surface of

the alloys during an anodic process. The oxides are expected to form externally, with

similar sequence (from CuO to FeO) and growth rates than those measured in the air-

oxidation experiments. Again, the fluorides are expected to form at the alloy surface

beneath the oxide scale. This fluorite scale may act as an oxygen diffusion barrier.

The driving forces for the formation of the fluorites are very similar and this

suggests that there is not a large competition between them during their formation. The

fluorides may form as mixed salts or the FeF2 would be the most favorable phase to form

(it is the most stable in Fig. 5.17) followed byNiF2, and CuF2.



230

Si20, A1F3, and A1203 may also form more internally at very low anodic

potentials.

As in air-oxidation the corrosion kinetics of anodic materials are expected to

depend on alloy composition, on cations diffusion, and on the relative stability of the salts

that form at the interface anode/bath. For example, the external oxide layer is expected to

grow faster as we increase the copper content in the anode.
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350

° Z LL z

Fig. 5.17 Driving force for the formation of the oxides and fluorites that can form during
electrolysis at 750°C. Data are calculated from thermodynamic equations reported in
Appendix from the literature [82].
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6. CONCLUSION

The study was carried out on six cast alloys of composition of Cu(Ni5oFe5o)i
with x varying from 10 to 70 wt% Cu, and as a result of this investigation, the following

accomplishments have been achieved.

1) The optimization of the ternary Cu-Ni-Fe phase diagram.

a. Isothermal sections for temperatures from 7 00°C up to 11000 C in

50 degree increments have been calculated using the 'Thermocalc' program. The

model was used to estimate the phase relations and the direction of the tie-lines

within the miscibility gap in portions of the phase diagram were no experimental

data exist.

b. An isopleth along the tie-line, for each alloy composition was

constructed combining thermal analyses and microprobe chemical analyses with

the literature. This work showed that a peritectic reaction takes place in the

copper-rich portion of the phase diagram, that the melting temperature decreases

with increasing nominal copper content, and that it is possible to produce

homogeneous alloys in all six alloy combination.

2) The characterization of the thermal stability of the Cu-Ni-Fe alloys in terms of

homogenization, spinodal decomposition, and discontinuous coarsening.

a. The microstructure of the as-cast alloys consists of columnar or

dendritic iron-nickel rich phases embedded in a copper-rich matrix. As we

increase the nominal copper content in the alloy, the shape of the iron-nickel-rich

phases transforms from columnar to dendritic, branching becomes more

pronounced, and the average dendrite cross Section gets smaller
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b. During the homogenization treatment, all the as-cast

microstructure transforms into a homogeneous fcc phase.

c. The homogeneous alloys, which compositions lie within the

miscibility gap, are unstable against decomposition during ageing at 750-800°C.

The decomposition is found to initiate spinodally with a compositional

wavelength of the order of few nanometers (for example in the alloy with x

70wt%Cu ?M-63nm at 750°C). The spinodal decomposition takes place over the

entire volume of the samples and continues to coarsen during the ageing after 1 0

seconds.

d. Upon long annealing times the reaction continues as discontinuous

coarsening (DC) at the grain boundaries of the original homogeneous fcc grains,

which are already spinodally decomposed into a fine two-phase microstructure.

e. The growth rate of the migrating decomposed boundary increases

with increasing nominal copper content, reaching a maximum at for the alloy with

composition Cu!NilFe 43/29/28 at%, which correspond to 45.6/28.4/26 wt%, after

that will decrease again.

f. The nucleation rate for the DC increases with decreasing ageing

temperature. The DC reaction takes place with a thermally activated boundary

migration mechanism due to the experimental evidence of the formation of single-

seam morphologies, with exception of high copper content alloys (x = 7Owt%Cu)

at 750°C, which showed the formation of double-seam morphologies.



234

3) The characterization of the oxidizing reactions occurring in air at high

temperatures.

a. Upon high temperature air-oxidation the sequence of oxides that

form at the alloy surface depend on the alloy composition. The low-copper

content alloys react with oxygen forming an external layer of NiFe2O4. Thereafter

the sequence Cu20-NiO-Ni2FeO4 repeats itself across the scale. The scale of high-

copper content alloys start directly at C20, but shows the same repeated unit

across the scale.

b. The alloys oxidize also internally, mainly into iron oxide. As a

consequence of this internal oxidation of iron, the alloy facing the scale is

depleted in iron and enriched in Cu and Ni.

c. The oxidation rate decreases with decreasing nominal copper-

content in the alloys, and upon homogenization. In copper-rich alloys, in the

initial stage of oxidation, the process that determines the overall oxidation rate is

the outward diffusion of Cu through Cu20. As copper decreases, the Ni content

increases so that the formation of a continuous layer of NiO becomes more

important. This formation of NiO slows the initial oxidation process because it is

controlled by the diffusivity of Ni outward through NiO, which is slower than the

diffusivity of Cu through Cu20. For the same reason the oxidation rate is expected

to decrease as we increase the Ni/Fe ratio in the alloy.

d. The oxidation rate of homogeneous alloys is approximately one

order of magnitude slower than that of the as-cast alloys. The reason lies in the

restricted mobility of copper with respect to the as-cast microstructure in which

the copper is not alloyed with Fe and Ni.
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4) The prediction of the phase formation and kinetics in a fluorine oxidizing

environment using principles of physical chemistry.

a. The anodic potential enhances the diffusion of Cu, Fe, and Ni. The

diffusion rate may increase by many orders of magnitude, leading to fast or

catastrophic corrosion of the alloys.

b. During the anodic corrosion process, first anodic dissolution takes

place, in which the metallic species ionize to cations. Then the cations react with

the anions of the electrolytic bath and form a salt or oxide passivation layer. The

anion species of the electrolyte are 02 and F, which are attracted to the positive

potential of the anode and may get oxidize into salts, MeAm, at the surface of the

anode.

c. The corrosion of the anodic material will be the result of the

competition between oxidation and fluoridation. The oxidation process at the

surface is expected to be large due to the presence of high concentrations of

oxygen gas produced during the aluminum reduction.

d. Fluorite may be either crystallized at the beginning of the anodic

process at high anodic potentials, or may result from an internal diffusion of

fluorine ions across oxide scales. In both cases a fluoride layer is expected to form

at the alloy surface beneath the oxide scale.

e. The sequence of the scales from the surface of the scale towards

the bulk anode is expected to reflect the thermodynamics of the oxide and fluoride

formation. The driving force, -Gf, for the formation of the salt, MeAm, was

calculated for all the different oxides and fluorides that could possibly form in the

electrolytic cell. The driving forces, in general, increase as we go from the oxides

to the fluorites. The sequence reflecting increasing driving force is CuO-Cu20-
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NiO-FeO-CuF2-NaF-NiF2-FeF2-Si02-A1F3-Al203. Mixed salts could also form.

This sequence given would reflect the sequence of oxides and fluorites that form

at the surface of the alloys during an anodic process. The oxides are expected to

form externally, with similar sequence (from CuO to FeO) and growth rate as

measured in the air-oxidation experiments. The fluorides are expected to form at

the alloy surface beneath the oxide scale. This fluorite scale may act as an oxygen

diffusion barrier.

f. The driving forces for the formation of the fluorites are very

similar and this suggests that there is not a large competition between them during

their formation. The fluorides may form as mixed salts or the FeF2 would be the

most favorable phase to form (it is the most stable) followed by NiF2, and CuF2.

g. Si20, A1F3, and A1203 may also form more internally at very low

anodic potentials.

h. As in air-oxidation the corrosion kinetics of anodic materials are

expected to depend on alloy composition, on cations diffusion, and on the relative

stability of the salts that form at the interface anode/bath. For example, the

external oxide layer is expected to grow faster as we increase the copper content

in the anode.
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APPENDIX

The Gibbs free energy changes plotted in Figure 5.15 Are calculated in the

following way. The AGf for the oxidation reactions (1)-(6) of page 221 is AGf

R*T*ln(1/AG°T) (equation (9)), where AG°T = A+BTlogT+CT and the parameters A, B,

and C are tabulated in the following Table E taken from the "Metallurgical Thermo-

chemistry" by 0. Kubaschewski & C.B. Alcock [82].

Legend of symbols used in Table E:

()gaseous

<>solid

{ } liquid

[1 dissolved
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Table E. Standard Gibbs energies of reaction
EG°T = A BT log T + CT

Reaction

AG in cal
±

keal

Temp.
range
(°K) Ref.A B C

2<Ag2S> =4<Ag> + (S2) 44,800 - -22-1 1 298-452 192

2<Ag2S>, = 4(Ag> + (S2) 41,980 - 16-52 1 452-1115 192

2(A82S} = 4{Ag} + (S2) 51,800 - -24-33 iS 1234-1500 192

2<A1> + (Cl2) = 2(A1CI) -21,360 11-75 -76-5 3 298-933 255

2{Al} + (Cl2) = 2(AIC1) -25,860 iFS -71-9 3 933-2000 255

<Al> + l(C12) = (AId3) -138,160 2-48 4-iS 5 453-933 255

(AI} + if (Cl2) (MCi3) -140,400 250 7-05 S >933 255

2<Al> -4- 3(C12) (Al2Cl) -304,440 495 4-23 9 453-933 255

<A1203> 2<Ai) + 1(03) 400,810 398 -87-64 3 298-923
(Al20> = 2{A1} + if 102) 405,760 3-75 -92-22 4 923-1800
2<A1N> 2<A1> (N3) 154.000 -44-5 16 298-923
<ALC3) = 4<Al> + 3(C) 51,600 -100 2 298-932 655

(A14C3> 4{Al} 3(C> 63,700 -23-0 2 932-2000 655
{AI2Se3} + 4{A1} = 3(AI2Se) 168,300 -97-1 5 1300-1500 294

2<BaO>= 2<Ba) + (03) 271,600 - -4&4 8 298-983
2(BaO> = 2{BaF -4- (0) 278,000 -- -53-2 10 983-1600
<BaO) + <SiC)2> (BaSiC)3) -26,800 +()-1 3 298-1600 193

(Ba3N2> = 3<Ba> + (N2) 87,000 -574 9 298-1000

(&F2)= <Be) + (F2) 243,200 154 -81-9 5 298-818
{BcF2} = (Be> + (F2) 237,280 1963 -87-0 5 818-1455
(BeF2)={Be}+(F2) 178,000 565 -20 5 >1557
(BCF2) + <Be> = 2(BeF) 91,500 -44-3 1425 -1675 498

(Bed2) + Be) = 2(BeCI) 89,100 -394 5 1573-1723 496
2<BeO>=2(Be>+(02) 286,900 3-32 -561 10 298-1557
2<BeO> = 2{Be} + (03) 291,900 3-32 -59-32 13 1557-2000
<Be3N2> = 3<Be> + (N2) 134,700 -40-6 12 298-1000 123

<BiC13) = <Bi) + (Cl2) 62,400 1205 -66-6 3 298-503 255

{BiC1) = 4{Bi} 4- (Cl2) 63,570 17-5 -83'4 4 544-714 255
f(BiC13) = f{Bi} -4- (Cl2) 45,334) -3-96 +3-42 5 714-1500 255

(B1CI3) +2{Bi} = 3(BiCI) 72,000 -54-0 5 873-973 462

(BiBr3) 4-2{Bil 3(BiBr) 66,700 -54'O 5 870-980 462
(Bi2S3> + 3(H2) = 2<Bi) + 3H2S) 24,500 27-73 -114-7 3 298-544 212
<Bi203>= 2(Bi) + 1O3 -137,890 +63-43 1 773-1093 947

<C> + 2(H2) (Cl4) -16,520 + 12-25 15-62 1 298-1200 189

<C> + 2(F2) = (CF4) -220,000 +36-0 5 298-1500
<C> + 2(d3) = (CC!4) -26,250 -5-16 49-32 1 350-800 255

<C> + (03) = (CO) -26,700 - -20-95 1 298-2500 191

(C> + (03) = (CO2) -94,200 -0-2 1 298-2000 191

<C> + (S2) = (CS) 59,000 - -22-75 7 1873-2073 361

<C> + (S2) (CS2) -3,100 - -1-73 1 298-1600 192
2(C0) + (S2) = 2(COS) -45,720 + 37-4 3 298-1500 192
graphite = diamond +310 - 1-13 0-2 298-1500 198

<CaF2>c* <Ca> + (F2) 293,300 77 -64-4 S 298-1123 -
<CaF2>a = {Ca} + (F2) 297,600 16-9 -98-35 6 1123-1424
<CaF2> = {Ca} + (F2) 285,000 - -35-0 7 1424-1756 -
(CaCl2> = <Ca> + (Ct2) 189,900 -340 3 298 -1055 255
{CaCl2) {Ca} + (Cl2) 195.400 24-44 -112-6 5 1120-1900 255

2<CaO> 2<Ca> + (02) 302,650 -4732 3 298-1124 191

2<CaO> = 2(Ca) + (0) 307,100 -51-28 3 1124-1760 191

2<CaO> = 2(Ca) + (03) 380,200 -93-24 5 1760-2500 191



Table E. Szandard Gibbs energies of reaction (contiL)
AG° = A + BTlog T + CT

AG° in cat Temp.
± range

Reaction A B C kcal ('K) Ret

2(CaS> - 2<Ca> + (S2)
2<CaS> = 2<Ca>, + (S2)
2<CaS) = 2{Ca} + (S2)
2<CaS) = 2(Ca) + (S2)
(Ca3N2) = 3<Ca> + (N1)
<Ca> + 2<C> = <CaC2>
<Ca>, + 2(C> <CaC2>
{Ca} + 2<C> <CaC2)
(Ca) + 2<C> <CaC2>
<CaCO3> <CaO> + (CC)2)
<Ca> + <Si> = <CaSi>
{Ca} + <Si> = (CaSi}
2{Ca} + <Si> (Ca2Si)
<CaO> + <Si02> = <CaSiO3>
<CaO> + <SiOi) <CaSiO3>,
2(CaO> + <Si02> = <Ca2SiO4>

2<CdO> = 2(Cd) + (02)

(CeCI3> = <Ce> .+- 1{C12)
<CeO2) = <Ce) + (02)
2<CeS> = 2(Ce> (S2)
2<CeN) 2<Ce> + (N2)
<CeC> = <Cc> i-

2(CoCI3) = 2(CoCl2) + (Cl2)
<CoC12> = <Co> + (Cl2)
{C0Cl2} = <Co> + (Cl2)
CoCl2) = <Co> + (Cl2)
<CoF2) = <Co> + (F2)
2<CoO> 2<Co> + (02)
<Co304> = 3<CoO> + (O3)

= <Co> + (S2)
<Co9S> + (S2) = <Co3S4>

3<CoS2> = <Co3S4> + (S2)
<Co2C> = 2<Co> + <C>

<CrCl2> = <Cr> + (Cl2)
CrC12} = <Cr> ± (Cl2)

(CrC!2) = <Cr> + (Cl2)
4<CrC13> = (Cr> + (Cl2)
(Cr202> = 2<Cr> + l(02)
2<Cr2N> = 4<Cr> + (N2)
4<CrN> = 2(Cr2N> + (N2)
*<Cr23C6> 2<Cr> +(C)
4<Cr7C3> = YCr2C8> + <C)

= FCr-,C3> + <C>

(CuCI) + ft12) <Cu> + (HO)
(Cu3C13) + (H2) = 3<Cu> + 3(HC1)
(Cu20> 2<Cu> + '(0a)

or
(Cu20> = 2{Cu'J + (02)
2<CuO> = (Cu20> +(02)
<Cu2S), = 2<Cu> + (S2)
<Cu2S> = <CU2S>,
(Cu2S) 2<Cu> + (S2)

258,870 - -45-62 2 298-673 192

259,100 -45-92 2 673-1124 192

263,560 - -49-88 3 1124-1760 192

336,710 - -91-44 5 1760-2000 192
105,000 -50-0 11 298-1100

-13,600 - -5.9 3 298-720 189

-11,620 -8-64 3 720-1123 189
-13,700 -6-80 3 1123-1963 189

-51,210 - +12-3 5 1963-2200
40,250 - -34-4 1 449-1150 370

-36,000 -0-5 4 29&-1123 --
-25,750 -6-58 5 1520-1717 -
-42,600 - -4-65 5 1200-1717
-21,300 +0-12 I 298-1483 193
-19,900 -0-82 2 1-483-1813 193

-30,200 1-2 2-5 298- 1700

174,500 -99-9 1242- 1379 491

255,200 184 -114-9 4 298-900 476
260,900 5-0 -65-25 3 298-- 1000
267,000 - -400 10 298-2200 192
156,000 -575 17 298-1000 123

27,900 -8-2 815-940 465

33,800 - 36-3 2 900-I tOO 208

78,700 6-9 -54-12 3 298-1000
72,200 9-2 -54-52 4 1000-1323
31,700 -13-8 +47-8 4 1323-1786

156,000 - -3}7 6 298-1450
111,800 - -33-8 2 298-1400
43,800 -35-4 3 298-1300
79,240 -39-81 2 298-1048 192

-51,640 +34'03 3 600-750 196

50,160 50-41 3 600-900 196

-3950 +2-08 5 298-1200 189

93,900 8-7 -55-0 3 298-1088 255
86,900 8-36 -47-5 3 1088-1577 255
27,700 -6-26 +37-0 5 1577-2100 255
87,400 7-42 - 58-4 5 298-1200 255

277,190 - -53-25 2 298-2100 191

51,900 11-5 -66-0 5 298-1400 307

64,000 11-5 -83-2 5 298-1400 307
+16,380 + 1-54 3 298-1673 189

10,050 - 2-85 3 298-1673 189

3200 0-20 3 298-1673 189

-43,660 -4-17 +31-81 2 298-1300 25

-4500 - -9-4 2 1300 25

40,500 3-92 -29-5 1 298-1356
39,800 -- 16-88

46,700 3-92 -34-1 1-5 1356-1503
34,950 6-1 -44-3 0-5 298-1300
35,655 4-34 -27-31 1 298-376 307
-490 -8-63 +23-53 1 307

34,150 6-22 -28-74 I 623-1360 307

242
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Tobit E. Standard Gibbs energies of reaction (contd,)

AG9T= A + BTIo8T+ CT

Reaction

M in cal
±

kcal

Temp.
range
(BK) Ret.A B C

<FeCl2> = <Fe>. + (Cl2) 82,770 698 -50-84 1 298-950 255

FeCl1} = <Fe> -- (Cl2) 68,450 -15-22 1 950-1300 255

(F6Cl2) <Fe)7+ (Cl2) 25,250 -230 +89-65 4 1300-1812 255

2<FeCI3> = 2<FeC1,) + (Cl2) 25,900 - -3&7 1 400-500 210

2(FeC13) (Fe2C16) -32,550 - +3165 I 778-978 210

<FeF2> = <Fe> + (F2) 167,000 31-8 6 298-1350 -
2(FeBr,) = 2(FcBr2} -j- (Br2) 44,600 -33-7 2 750 421

(Fe12> = (Fe> + (J2) 45,770 69 -51-2 5 298-867

{Fe12} = <Fe> + (12) 40600 11-5 -586 6 867-1208

2(Fel,) 2(Fe12) -+ (Z) 32000 - -320 2 700-1000 42!

<FeO> <Fe> + (02) 63,310 - 15-62 3 298-1642 191

(O} {Fe} +3AO) 55,620 - -10-83 3 1808-2000 191

<Fe304> = 3<> + 4{02) 74,620 - -29-9 3 298-1642 191

3<Fe,03> = 2(Fe304> + k(02) 59,620 -3362 8 298-1460 191

<Fe> -t- 2(HO) = (Fe(OH)2) + (H2) 42,700 -7-31 2 1573-1733 436

2<FeS>, = 2<Fe> + (S2) 74,320 -3118 1 298-412 192

2<FeS>,,=2<Fe>+(S2) 71,820 -25-12 1 412-1179 192

2<FeS)=2<FC>).+(S2) 72140 -254 2 1179-1261 192

2<> 2<> + (S2) 86,700 -90-0 3 600-1100 192

<Fe4N> = 4<Fe> + +(N2) 200 -11-62 24-85 298-950 123

<Fe,P> 3<Fe> -(P2) 51,000 -113 8 298-1439 191

3<FeCO,) <Fe304) +2(CO2) +(C0) 52,800 -1F22 14 298-700 191

2<Fe> + (02)+ <Si02> = <Fe2SO4> 135,300 +344 3 298-1478 193

2<Fe>-4-(02)+2<TiO,>2(FCT1O,> -129,220 +25-86 2 1173-1400 193

2<Fe> + (02) + 2<Cr203> = 2<FeCr2O4> -131,600 +242 3 1173-1700 193

2<Fe> 4- (0) -4- 2<A1203> = 2<FcAI2O4> -150,000 +418 8 1100-1400 193

<Ga203>=2{Ga} + 1102 -259,340 - +78-11 1 820-1073 945

2<Ge12> = cGe> + (Gel4) 32,500 184 -94-6 3 298-643 108

(GeO) = <Ge> + 1(GeO,) -54,600 -69 +620 4 298-860 108

<Ge02> = <Ge> + 02 - 137,330 +4486 1 600-1173

2(HF} = (I-i2) + (F2) 130,200 - +1-9 298-2500

1(H2) 1- 1(d2) = (HU) -21,770 099 -5-22 0-6 298-2100 255

(H2) 4- 1(02) = (H20) -57,250 4-48 -2-21 03 298-2500 --

or -58,900 131 1 298-2500 191

(Hi) + <S> (H2S) -3320 1172 -44-55 0-6 298-392 122

2(H2) + (S2) = 2(H2S) -40,210 7-25 - 1-21 0-7 298-1750 122

or -43,160 - 23-61 1 298-1800 192

1(N2) + 11(H2) (NH,) -10,460 7-1 3-79 0-5 298-1000 123

or -12,050 +26-7 2 298-1000 184

<1n20,> + 3(112) = 2{ln} + 3(H20) 44,960 335 -49-63 3 430-1123 238

<1n20,>=2(ln) + 110 -215,550 +72-63 1 800-1123 946

<InS) + (H2) = {ln) + (H2S) 41,900 2-75 -414 3 298-1000 335

(hO2> = <1r> + (02) 52,200 12-65 -77-25 4 298-1366 274

<Ir> + 11(02) = (hO3) 4150 +10-8 1473-1673 423

= <Ir> + (S1) 64,500 -4466 5 1000-1600 192

<KCI) {K + MO2) 104,900 240 1 298-1043 255

{KCl = (K)+ 1(d2) [16,600 -35-2 1-5 1043-1680 255

(KCI) (K) -t- 4(d2) 66,000 16-1 46-84 2 1680-2300 255

= 2<K> + 1(02) 86.600 4-6 -44-6 3 298-
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Table E. Standw-d Gihh.c enerqtes of reaaion (contd.)
A -4- BTIog T + CT

Reaction

AG in cal

A B C
±

kcal

Temp.
range
(CK) Ret

<La203) = 2<La> + 11(02) 447,200 9-2 -969 4 298-1000
<LaN> = <La> + 1(N2) 72,100 -25-0 9 298-1000 123
2(LIOH> <Li20> + (H20) 34,940 -25-98 3 648-795 4-8

L12CO3} = {Li20) + (CO2) 77,950 -69-0 m.p.-1125 532

<MgF2> = <Mg> + (F2) 267,200 -40-2 3 298-923
<MgF2> = {Mg} + (F2) 269,300 -42-5 3 923 -1276
<MgCl2> = <Mg> + (Cl2) 154,440 9-88 -68-18 1 298-923 255

MgC1 = {Mg) + ((12) 147,850 1358 -12-77 15 987-1376 255
(M8Cl2} = (Mg) + (Cl2) l84,100 20-71 - 12152 15 1380-1691 255
IMgCl2I (Mg) + (Cl2) 134,500 -2-29 -17-94 5 1691-2000 255
<MgO>= <Mg>+1(02) 144,350 2-95 -33-95 1-5 298-923 191a
<MgO> = {M + 1(02) 145,350 024 -2695 1-5 923-1380 191a
<MgO> = (Mg) + 1(02) 181,600 737 75-7 3 1380- 2500 191a
<Mg(O1-1)2> = <MgO> + (Il0) 11,000 -240 653-923 420
<M8S> = <Mg> + f(S2) 99,650 -228 5 298-923 192
<MgS> = Mg} + 1(S2) 101,800 -25-65 5 923-1380 192
<MgS> = (Mg) + 4-(S2) 134,350 - -48-75 5 1380-2000 192
<Mg3N2>= 3<Mg> + (N2) 109,600 - -4741 3 298-823 184
<Mg3N2> = 3Mg} + (N2) 115,970 - -54-30 3 923-1061 184
<Mg3N2>= 3(Mg} -+- (N2) 115,750 -5-4-09 3 1061-1300 184
<MgCO3> = <MgO> + (CO2) 28,100 -40-6 4 298-1000 191
<MgO> + (Si02> = <MgSiO3> -8900 + 11 1 298-1600 193
2<MgO> + <Si02>= <Mg2SiO4> -15,120 0-0 2 298-1700 193

<MnCl2> = <Mn> + (Cl2) 116,300 8-37 -56-0 1 298-923
{MnU2} <Mn> + (c12) 107,970 9-11 -49-15 1 993-1373
(MnCl2} = <Mn>+ (Cl2) 105,930 4-07 -31-84 1-5 1400-1504
(MnCl2)= (Mni} + ((12) 53,450 -16-4 68-2 2 1517-
(MnO) = <Mn> + 1(02) 91.950 -17-4 3 298-1500 19!
(MnO> = (Mn} + 1(02) 95,400 19-7 3 1500-2050 19!
<MnS> = <Mn> + f(S2) 64,000 15-32 1-5 298-1000 192
<MnS> = <Mn> + f(S2) 64,540 15-86 1-5 1000-1374 192
<Mn5> = <Mn> + I(S2) 65,510 - 1656 15 1410-1517 192
(MnS> = Mn} + f(s2) 69,010 -1W86 2 1517-1803 192
MnS = Mn) +f(S2) 62,770 -1540 2 1803-2000 192

(MnC'> = 3<Mn> + <C> 3330 +0-26 3 298-1010 189
(MnSiO1> = <MnO> + (SiC)2) 5920 -3-0 4 298-1600 193

[Mo!2) = <Mo> + 2(1) 25,000 9-5 2 1050-1500 278
(MoO2> = <Mo> + (0) 140,500 4-6 -5611 6 29-1300 307
(MoO3> (MoO2> +1(02) 38,700 -19-5 3 298-1300 307

(Mo2N> 4<Mo> + (N2) 34,400 9-2 -57-9 8 298-1300 307
<Ma2S3>=4<Mo>+ (S2) 85,700 -36-41 2 1123-1473 626

NaF>= (Na} + 1(F2) 137,000 -24-9 3 271-1156
[NaC1> = {Na} + f(C12) 99,000 -23-6 F5 298-- 1073 255
NaCI} = (Na) + 1(d2) 114,300 -35-8 2 1183-1738
Na2S> 2{Na} + f(S2) 105,250 -3145 5 371 1187 192
[Na2SiO3> <Na20> + <Si02) 55,550 1-1-40 8 298-1361 193

43,080 10-55 10 1361-1600 193

<NbC14> = <NbCI3> + (NbC1) 28,300 -47-0 1 475-590 206
<NbO> = 2<'Nb'> -4- (02) 198,700 I I-S -77-0 4 298-
1<Nb02> = 2<NbO> + (02) 185,100 11-5 -79-5 4 298-
VNb2O) 4(Nb02> + (02) 149,700 11-5 -68-9 5 296-
(NbC> = <Nb> + <C> 3I,100 -0-4 1180-1370 656
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Table E. Stanthjrd Gibbs energies of reacrion (coud.)
AG= A + BTIog T+ CT

Reaction

ttG in cd
±

kcal

Temp.
range

K) Ref.A B C

<NdCI3> + (1-10) = (NdOC1> + 2(HCI) 20,910 3031 3 785 137

(NiCl2> + (l-1) <N1> + 2(HCI) 29,075 6-15 -58S3 0-8 298-1260 30

(NiO>=(Ni+ 402) 56,010 -2037 2 298-1725 191

<NiO> = {Ni) + (02) 62,650 -25-98 3 1725-2200 191

(NiC> = 3<Ni> + <C> -8110 +1-70 3 298--WOO 189

(N13S2> 3<Ni> + (Si) 79.240 -3901 2 650-800 196

(NIS> = 2(Ni> + (Si) 69,960 -3441 3 670-850 196

(P4) = 2(P2) 53,860 435 - 50-05 3 298-1200 237

(PCI5) (PC3) + (Cl2) 22,850 4-37 -56-22 4 298- 1000 237

(PbCl2> = Pb + (02) 85,000 -34-3 2 298-771 255

{PbCI) (Pb) -I- (Cl2) 83,600 14-12 -73-3 3 771-1224 255

(J'bCl2) (Pb) + (Cl2) 37,800 - 16-3 +57-92 3 1224-1500 255

Z(PbO> 2(Pb> (02) 105,700 6-9 -68-86 4 298-600

2<PbO> = 2{Pb} + (02) 107,500 -- -526 4 600-760

2<PbO>=2(Pb) +(0) 106,600 -- -51-4 4 76&-1150

2<PbS> 2<Pb> + (83) 72,710 -34-17 3 298-600 192

<PbS>=. 2(Pb} + (S2) 75,160 -38-25 3 600-1380 192

(PbSe> <Pb> + (Se) 25,340 -3-8 2 473-573 481

(I'dC12> = <Pd> + (Cl2)
[Pad2) = (Pd) + (Cl2)
(PdO) <Pd> + (02) 22,400 5-15 -36-9 2 298-1133 274

Prc!3> + (H20) = <PrOCI> + 2(HCI) 21,530 -. -30-07 3 785 137

Pt02) = <Pt> + (02) -39.270 +0-93 2 1373-1823 423

l<PtS> 2<Pt> + (S2) 66,100 - -43-6 5 1000-1700 192

<PtS2> = 2<P> + (S2) 43,750 -43-8 5 700-1100 192

ReS2> = <Re) + (S2) 64,200 9-2 -686 5 298-1500 -
Rho2) = <Rh> + (02) -45,140 +4-94 1 1473-1773 423

RuCL) <Ru> + 2(02) 21,650 -483 -84 2 298-1400 434

RuC13> = <Ru> + 14(C12) 61,800 10-35 -86-5 434

Ru02> <Ru> + (02) 73,600 69 -624 298-1850 605

S2)=(S4) -14,200 +15-94 2-5 298-1300 21

S2) (S6) -21,240 -- + 23-1 1 298-1300 21

S2) (S) -23,040 + 25-3 2 298-1300 21

S2) = 2(S) +77,250 -29-7 10 298-2000 221

(S0) = (S2) + (02) 30,800 -- +2-8 7 298-2000

S2) + 2(02) 2(S02) -173,240 34-62 1 298-2000 192

S2) + 3(02) = 2(S03) -218,440 - 77-34 3 318-1800 192

Sb203>=2<Sb> + 1402 -164,340 +57-62 1 773-900 947

(SiC!4) = <Si> + 2(03) 155,600 364 -43-9 3 298- 1000

(Si> + (SIC4) 2(SiCl2) 83,000 12-0 -89-4 3 298-1800 209

(Si02> + <Si> = 2(SiO) 169,600 12-9 1243 3 298-1700 .221

<Si02>=<Si>+(02) 215,600 -41-5 3 700-1700

(Si02>= {S} + (02) 227,700 -48-7 3 1700-2000

(Si3N4> 3(Si) + 2(N2) 177,000 5-76 -96-3 6 298-1686 590
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Table E. Standard Gibbs energies of reaction (contd.)
= A + BTIog T + CT

Reaction

/G in cal
±

kcal

Temp.
range
(AK) Ref.A B C

<SiN4> = 3(Si} + 2(N2) 209,000 -96-8 i 1686-1973 590

<SiC> = <Si> -+ <C> 14,000 1-3 -5-68 2-5 298-1686
<SiC>" (Si) + <C> 27.100 273 -18-1 2 1686-2000 502,

468,
189

(S1S) = <Si> S2 12,740 - 19-18 2 863-1620 948

{SnCl2} (Sn) + (Cl2) 79,600 - -28-3 4 520-925
(SnCJ4) (Sn) + 2(C12) 122,500 -36-0 2-5 500-1200
<Sn02>'= {Sn} +(02) 140,180 -51-52 1 770-980 433

(TaCI,) = (TaCL) + 41C12) 33,600 31-3 615
2<TaCI4> = <TaCl) + (TaCI3) 27,000 - -483 -. 615

3<TaCI3> = 2(TaCI4) + (TaC13) 33,400 - -32-3 - 615

<Ta20> + 3(TaC15) = 5(TaOCI) 99,000 -95-0 854-1026 606
<Ta205> = 2<Ta> + 24{02) 491,000 20-7 -1684 5 298-2000 307
2<TaN>= 2<'Ta'> + (N2) 117,800 13-8 -797 7 298-2240 307

(TaC> (Ta> + <C) 34,900 -0-S 1250-1400 656

<Te02> = {Te} + 02 -75,120 +41-18 1 773-973 947

<Th02> (Tb> + (02) 293,400 1-61 -47-7 5 298-1800
<Th(SO4)2) = <Th) + (S2) + 4(02) 645,150 33-2 -33105 - 569

<Th,N4> = 3<Th> + 2(N2) 310,400 - -89-7 20 298-2000 123

<ThC2> = <Th> + 2<C> 45,000 -2-6 tO 298-2300

2<TiC1,> <TIC12> + (TiCI4) 40,500 18-4 -96-4 4 298-1000
(TiCI4) = (Ti> + 2(d2) 180,700 1-8 - 34-65 3 298-1700 -.
2(T112>= <Ti> + (Ti14) 50,600 138 -76-5 8 298-1000 84

<'TiO') = <'Ti'> -F- 4(02) 22,300 -21-3 4 600-2000 149

<Ti203> 2<'TiO') + j(0,) 114,150 19-05 4 298-2000 149

2<Ti,05> = 3<Ti203> + 4(02) 88,500 19-7 3 700-2000 149

3('Ti01') = <Ti,05> (02) 73,000 -23-0 3 298-2123 149

2<TiN'> = 2<Ti>. + (N2) 160,500 - -44-4 4 298-1155 184
2<'TiN'> = 2<Ti)' + (N2) 161,700 - -45-54 4 1155-1500 184
('TiC') = <'Ti'> <C> 43,750 -2-41 3 298-1155 189

<'TiC> = <'Ti') + <C) 44,600 -3-16 3 1155-2000 189

= <U) + 2(F2) 448,500 -67-4 298-1309 399
((IF4) ='<U>, + 2(F2) 433,100 - -55-6 1309-1405 399

(UF4) (U} +2(Fz) 1405-1730 399
(hF6> (hF4> + (F2) 73,000 -30'4 298-337 399
(UF6)= <hF4) + (F2) 62,300 -- +2-8 298-1309 399
(UF6) {UF4) + (F,) 14,900 -7-1 - 1309-1730 399
<UCI4> = (li> + 2(d2) 253,100 14-3 - 112-8 298-861 399
(UC14} <U> 2(d2) 236,700 -520 - 861-1060 399
(UCI6) <UC14> -- (Cl2) -2600 +1-5 450-900 399
<URr4>=<U>+2(Br,) 211,000 - -70-9 298-792 399
{UBr4) =<U> + 2(Br,) 194,000 -49-2 792-1050 399

<U) -I- (02) 258,000 -40-0 - 298-1405 399
<U0,> = (U) + (02) 269,700 15-4 -97'O 1405-2000 399
2<U409> = 8<U0,> + (02) 86,700 23-0 105-3 - 298-1395 399
<U308) = 3<U0,) + (02) 75,800 -34-0 298-1395 399
<UN> = <U> + +(N,) 70,000 -20-5 - 298-1405 399
<UN> {U} + {N,) 71,200 -21-5 1405-2000 399
<UC) = <U) + <C> 21,600 -t-1-5 F5 298-m.p.
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Table E. Stwidard Gibbs energre of reaeuo,t (contd.)

AG°T A + BT log T+ CT

Rcaction

G°inca1

±
kcal

Temp.
range

(°K) ReLA 13 C

<tiC> [U} + (C> 24,600 - -F2 1-5 mp-2500
<UC2>= {U) +2<C> 27,700 -2-6 2 mp.-2050

2<VCI,> <VCI2> + (VCI4) 38,000 - -39'6 - 698-928 581

2<VBr3> + (Br2) = 2(VBr.) 19,200 - -32-9 - 523-873 617

2<'V0'> = 2KV> + (02) 205,900 - -35-9 6 900-1800 4

2<V203) 4<VO'> + (02) 175300 -40-5 5 823-1385 4

4<V02'> 2<V103> + (02) 102,800 -33.5 4 1020-1180 4

2(V2O'> = 4<V02> + (02) 64,480 - -45-6 3 298-943 4

2('V20') = 4<V02> + (0) 84,300 - -40-3 4 943-1800 4

<VC> KY> -i- <C> 24,100 -15 1180-1370 656

= <W> + (0) 138,500 - -366 5 298-1500

= <W> + 13(02) 201,500 10-2 -917 5 298-1400 191a

<WS2> = <W> + (S2) 62,360 - -23-0 10 298-1400 192

<WC>=<W>+<C> 9000 -0-4 3 298-2000

<ZnCl2> = <Zn> + (02) 101,385 1285 -7545 3 298-586 255

{ZnCl2I = Zn + (Cl2) 93,950 - -27-35 5 586-1005 255

(ZnCl2) (Zn) + (Cl2) 93,800 944 -38-6 5 1180-1800

<ZnO> = <Zn> -i- 4(02) 84,100 69 -44-14 15 298-693

<ZnO> = (Zn) -i- (02) 115,420 10-35 -82-38 2 1170-2000

<ZnS> = <Zn> + 3(S2) 63,650 4-6 -3668 4 298-693

<ZnS> = (Zn) + 4(S2) 94,970 8'OS -7492 5 1120-2000

2KZnO> + <Si02> = <Zn2SiO4> -7130 +0-23 2 300-1300 135

<ZrCJ4> = <Zr> + 2(12 -233,250 - -f 69'46 1 298-700

<'Zr02'>, (Zr'> + (02) 259,940 4-33 -59-12 4 298-1143 307

<'Zr02'>, = <'Zr'>, + (02) 260,200 6-44 -65-99 4 1478-2138 307

2<ZrN'> = 2(Zr> + (N2) 174,000 - -44-61 3 298-1135 184

2<'ZrN'> 2<Zr> + (N2) 175,850 -46'22 3 1135-1500 184

<'ZrC'> = <Zr> + (C> 44,100 - -2-2 3 298-2200




