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Internal Displacement Reactions in Multicomponent Oxides:
Part I. Line Compounds with Narrow Homogeneity Range

S.N.S. REDDY, D.N. LEONARD, L.B. WIGGINS, and K.T. JACOB

As a model of an internal displacement reaction involving a ternary oxide “line” compound, the fol-
lowing reaction was studied at 1273 K as a function of time, #:

Fe + NiTiO; = “Ni” + “FeTiO;”

Both polycrystalline and single-crystal materials were used as the starting NiTiO; oxide. During the
reaction, the Ni in the oxide compound is displaced by Fe and it precipitates as a y-(Ni-Fe) alloy.
The reaction preserves the starting ilmenite structure. The product oxide has a constant Ti concentration
across the reaction zone, with variation in the concentration of Fe and Ni, consistent with ilmenite
composition. In the case of single-crystal NiTiOj; as the starting oxide, the vy alloy has a “layered”
structure and the layer separation is suggestive of Liesegang-type precipitation. In the case of poly-
crystalline NiTiOj; as the starting oxide, the alloy precipitates mainly along grain boundaries, with
some particles inside the grains. A concentration gradient exists in the alloy across the reaction zone
and the composition is >95 at. pct Ni at the reaction front. The parabolic rate constant for the reaction
is k, = 1.3 X 107> m? ™" and is nearly the same for both single-crystal and polycrystalline oxides.

I. INTRODUCTION

A displacement reaction between a metal and an oxide
involves the reduction of a noble oxide by a reactive metal.
Previous studies of solid-state displacement reactions between
metals and oxides!'™® have identified several types of reac-
tion morphologies and their relationship to the thermody-
namic and diffusional transport properties of product phases.
Some of the reaction couples considered were Cu,0/Co,!!!
Cu,O/Ni,[!! Cu,0/Fe,'?! Cu,0/Co,_,Fe,,*! NiO/Fe, !4
NiO/AL"™! and NiO/Mg." In particular, Rapp et al.'! have
considered the reactive interface stability as a function of
the diffusional rate control in the product phases. Internal
reactions occur inside a metal or ceramic matrix; an exam-
ple is the well-known internal oxidation of alloys.!”)
Schmalzried®™*! has considered internal oxidation and reduc-
tion reactions in multicomponent oxides and an extensive
review is given by Schmalzried and Backhaus-Ricoult.!!”)
Shook et al.""! have considered the internal displacement
reaction in a metal matrix by studying the reaction between
Cr and MoQ, inside a Ni matrix. As part of a study of the
internal displacement reactions in multicomponent oxides,
the reaction between a metal and ternary oxide compound
of a narrow homogeneity range (a line compound) is con-
sidered in this article, along with the results for a model
reaction between Fe and NiTiO; at 1273 K. Reactions involv-
ing solid solutions of oxide compounds will be considered
in Part II of this series of articles.['?! These reactions can

S.N.S. REDDY, Senior Engineer and L.B. WIGGINS, Senior Technical
Staff Member, are with the Systems and Technology Group, IBM Corporation,
Hopewell Junction, NY 12533. Contact e-mail: snreddy @us.ibm.com D.N.
LEONARD, Graduate Student, is with the Department of Materials Science,
North Carolina State University, Raleigh, NC 27695. K.T. JACOB, Professor,
is with the Department of Metallurgy, Indian Institute of Science, Bangalore-
5600 12, India.

Manuscript submitted July 13, 2004.

METALLURGICAL AND MATERIALS TRANSACTIONS A

be exploited to manufacture metal-ceramic composites hav-
ing unique physical and mechanical properties.

II. DISPLACEMENT REACTIONS INSIDE A LINE
COMPOUND

An internal displacement reaction in an oxide compound
of a narrow homogeneity range is defined by the following
chemical reaction:

A (metal) + BCO,, , ,(oxide) = “B”(metal) + “ACO,,.,”
(oxide); AG; <0 [1]

where AG, is the Gibbs energy change for the reaction. In
Reaction [1], cation B is displaced by cation A in the oxide,
without changing the crystal structure of the oxide, and cation
C does not participate in the chemical exchange reaction.
During the reaction, “B” is typically precipitated as A-B alloy
and the product oxide, “ACO,,.,”, is usually (A,B)CO,,.,.
The reaction is associated with a volume increase in the prod-
uct zone, mainly due to the volume of “B” precipitate. The
oxide systems in which Reaction [1] is possible are illustrated
in Figure 1 and discussed in the following.

Consider three binary oxides, AO,,, BO,,, and CO,; AO,,
and BO,, have the same crystal structure (different from that
of CO,) and form a continuous series of solid solutions.
Also, the thermodynamic stability of the binary oxides is
such that AG° (CO,) << AG° (AO,,) < AG° (BO,,). The
binary oxides combine to form ternary line compounds of
narrow homogeneity range, e.g., ACO,,;, and BCO,,,, and
having the same crystal structure. The meaning of line com-
pound is that the ratio A:C or B:C has a constant value
(equal to 1:1)* and any deviation from it will result in the

*QOther ternary line compounds, such as (A or B),CO,,,;, or (A or
B)C,0,,:5,, referred to as (2:1) or (1:2), respectively, are not considered
for the sake of simplicity. However, reactions in these compounds follow
the same technical arguments that are applied to (1:1) compounds.
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Quaternary system:{(A-B-C-0)
Line Compounds: ACO, ., & BCO,_,,
Solid Solutions: (A,B)O,, & (A, B)CQO,,,,

AGHNCO,) <= AGYAO,) < AGYBO,)
AGYACO,_ ) < AGYBCO,,,,)

KH—H]

AB)O,,

Fig. 1—Oxide system for internal displacement reaction between a metal
and an oxide line compound.

decomposition of the ternary into individual binary oxides.
The ACO,,,, is thermodynamically more stable than the
BCO,,.,, i.e., AG° (ACO,,.,) < AG° (BCO,,.,). For con-
venience, it is assumed that there is no solid solubility in
the end members for the systems: AQO,,-CO,, and BO,,-CO,,.
The various chemical equilibria and the associated Gibbs
energies for the binary and ternary oxides are

A + (m/2)0, = AO,; AG°(AO,) (]

B + (m/2)0, = BO,; AG°(BO,,) [2]
C + (n/2)0, = CO,; AG°(CO,) [3]
A+C+{(m + n)2}0, = ACO,, . ; AG°(ACO,,,,) [4]
B +C+{(m + n)/2}0, = BCO,,,.; AG°(BCO,..,) [5]
AO,, + CO, = ACO,,,,; AGs = AG°(ACO,, )
— AG%(AO,)) — AG°(CO,) [6]
BO,, + CO, = BCO,,,,;AG, = AG°(BCO,,.,)
— AG°(BO,,) — AG°(CO,) [7]

Usually, AG¢ = AG;. In addition, the decompositions of
ternary compounds are defined by the following equilibria:

A + (m/2)0, + CO, = ACO,, . ,; roy = (2/m)

{AGO(ACO:n+11) - AGO(COn)} [8]
B + (m/2)0, + CO, = BCO,,.,; os = (2/m)
{AG°(BCO,,+,) — AG°(CO,)} (9]

where the standard state for po, is pure O, at 1 atm pressure
and the standard states for the solids are pure elements or
compounds.
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A (A-B) alloy + (A,B)CO,,.., BCO,,.,
Reaction Zone »
— cha P

Reaction Path

Fig. 2—Internal displacement reaction: A + BCO,,;, = “B” + “ACO,,+,,”.

The two ternary oxides can form solid solutions with a
wide homogeneity range, (A,B,_,)CO,,+,, in which the ratio
(A + B):C is again 1:1. In (A,B,_,)CO,,.,, cations A and
B occupy a sublattice different from the sublattice for C.
Assuming that no mixing of (A,B) and C is allowed, the
diffusional transport of (A,B) and C occur in two separate
sublattices and are not strongly correlated.

After the initial start of Reaction [1], the reactants are
spatially separated from each other by the product phases
(Figure 2):

A /I (A-B) + (A.B;_)CO,,,

A/boundary
boundary I

//' BCO,,.,

reaction front
boundary II

The overall Reaction [1] can be represented by the boundary
reactions involving cation defects (vacancies or interstitials)
and electrons (or electron holes). The following discussion
considers the general features of cation diffusional transport
and composition profile of product oxide during Reaction
[1]. The discussion is qualitative and phenomenological;
no emphasis is given for the point defect structure respon-
sible for cation transport. Also, it is assumed that Dy <<
D aion and ¢, (or 1) = 1.

III. BOUNDARY CHEMICAL POTENTIALS AND
CATION TRANSPORT DURING REACTION [1]

Reaction [1] is illustrated schematically in Figure 2. Dur-
ing the reaction, chemical potential gradients develop for all
components in the product zone. Because the reacting system
has four components and only a maximum of two phases coex-
ist at a given location in the reaction zone, the chemical poten-
tials are not uniquely defined in the reaction zone. However,
relative magnitudes at the A/reaction zone boundary (bound-
ary I) and the reaction front (boundary II) can be specified.

After the start of the initial reaction, when AG, << 0, the
composition of oxide at boundary I is essentially ACO,,;,
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in equilibrium with pure A. Similarly, at boundary II, the
precipitate is essentially pure B in equilibrium with BCO,,,4,,.

The chemical potentials of the other components at the
boundaries are not independent and uniquely defined. Instead,
they are related through various chemical equilibria, (Egs. [2]
through [10]). For example, the g, values are not uniquely
defined at boundaries I and II. However, ulo, and uo,
values are bounded by the oxidation of metal (A or B) as
an upper limit (Egs. [1] and [2]) and the decomposition of
the ternary oxide (ACO,,,, or BCO,,;,) as a lower limit
(Egs. [8] and [9]), as in

2/mAG°(A0,) = po, = (2im){AG°(ACO,,+,)

— AG°(CO,)} [10]
(2/m)AG°(BO,,) = uo, = (2/m){AG°(BCO,, )
— AG°(CO,)} (1]

Given that AG° (ACO,,,,) < AG° (BCO,,.,) and AG°
(AO,,) < AG° (BO,), it is clear that o, < u"o,. To sum-
marize, during Reaction [1]:

Boundary | Boundary 11
low oy high poy

hlgh MACOern
low uBCO, .,
high
low ug

low uACO,, .,
hlgh /*LBCOern
low ua
high gz

The general flux equations for cation diffusion during
Reaction [1] are

Ja(=) = —LaaVua — LagVug [12]

Jg(¢-) = —LagVia — Lgg Vg [13]

The arrows represent the flux direction as (—) toward
boundary II or the reaction front, and («) toward sboundary
I or the A/product zone boundary. Because both A and B
occupy the same sublattice and diffuse by the same point-
defect mechanism, the cross-coefficients can be significant.
In Eqs. [13] and [14], when the transport cross-coefficient
Lxg > 0, the fluxes due to L,y terms are opposite to the fluxes
due to terms containing L, or Lgg. In this case, the effect
of the cross-coefficient is to decrease the magnitude of J,
and Jg. The composition profile of the product oxide in the
reaction zone is illustrated schematically in Figure 3.

IV. REACTION BETWEEN Fe AND NiTiO; AT
1273 K

As an example of Reaction [1], the following reaction
was studied at 1273 K as a function of time:

Fe + NiTiO; = “Ni” + “FeTiO5” [14]

where “FeTiOj;” is present in the mixed oxide, (Fe,Ni)TiOs,
formed by the displacement of Ni by Fe in the starting oxide,
and “Ni” is precipitated as a yy-(Fe-Ni) alloy. The reaction
was studied using both single-crystal and polycrystalline
NiTiO;.

The ilmenite structure of FeTiO; and NiTiOj; is hexagonal
close-packed, which is an ordered derivative of Corundum.
The two cationic sublattices are alternating sheets of
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A (A-B) + (AB)CO, ., BCO,,.,
Reaction Zone
Product Oxide; Starting Oxide:
(N, + Ng}=N. =05 Ng = Ng=0.5
Catign Reaction
fraction, Ne S Front
N }
0.5 T
Ng. N
0

0  Distance from A /boundary —*

Fig. 3—Composition profile of oxide for the reaction: A + BCO,,,, =
“B” + “ACO,,.,".

Fe?*/Ni?* and Ti** with octahedral coordination. There is
evidence!'¥! to show that Fe*" and Ti*" are not compatible
in ilmenite. Although no experimental data are available, it
is expected that NiTiO; and FeTiOj; are soluble in each other,
resulting in the formation (Fe,Ni)TiO; solid solution. From
the available data for NiTiO;!'"! and FeTiO,!'*!3! the standard
Gibbs energy change for Reaction [14], at 1273 K, is
estimated to be —66.1 kJ/mol.

During Reaction [2], it is expected that Fe diffuses toward
the reaction front with a counter-diffusion of Ni toward the
Fe/boundary. As such, concentration gradients will develop
for both Fe and Ni in the product oxide. If there is no decom-
position of the ilmenite structure during the reaction, the Ti
fraction in the product oxide should remain constant across
the reaction zone.

V. EXPERIMENTAL PROCEDURE

Sintered polycrystalline NiTiO; discs were prepared start-
ing from the powdered compound (99.9 pct pure, Cerac, Inc,
Milwaukee, WI). The powder was pressed into 12-mm discs
using an organic binder and sintered in air, at 1073 K for 1
hour and at 1673 K for 45 hours; the discs were then
annealed for 240 hours at 1273 K in air. The faces of the
discs were ground with successively finer SiC paper and
polished with 3-um diamond paste. An X-ray diffraction
analysis of the starting powder and sintered disc confirmed
the ilmenite structure of NiTiO3, and any other phases were
below the detection limit. Also, a scanning electron micro-
scope (SEM) examination of the sintered discs did not show
the presence of any minor phases such as NiO and TiO,.

Single-crystal NiTiO; was prepared by heating rutile
(Ti0O,) single-crystal discs (2-mm thick, random orientation)
inside a Pt crucible and packed with excess NiO powder
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(99 pct pure, Cerac Inc.) on all sides. The conversion of
TiO, into NiTiO; was done at 1673 K in air for a period of
500 hours. On cooling, a cross-sectional examination showed
that a thick layer of NiTiO3; (~1 mm) was formed on all
surfaces with a thin central core of unreacted TiO,. The
ilmenite structure of the thick outer layer was confirmed
by X-ray diffraction. The titanate was essentially single
crystal, with cracks developing along the reaction direc-
tion, probably formed during cooling due to the thermal
expansion difference between the TiO, core and the thick
titanate on the surface. The NiTiO; between cracks can be
considered as single-crystal grains having the same
(unknown) orientation. The diameter of each titanate grain
between cracks was larger than the thickness of product zone
for Reaction [14]. The surfaces of single-crystal titanate discs
were polished with 3-um diamond paste before use.

The Fe discs were cut from foil with a purity of 99.995 pct
(Puratronic grade, Johnson Matthey, Ward Hill, MA). The
surfaces were polished with 3-um diamond paste and washed
in deionized (DI) water before use.

To start the experiment, NiTiOs/Fe discs were sandwiched
between two flat alumina plates with a load of about 5 kg/cm?
and placed inside an INCONEL* muffle of the resistance

*INCONEL is a trademark of INCO Alloys International, Huntington
Woods, WV.

furnace. The atmosphere during the reaction was flowing high-
purity N, with less than 1 ppm of oxygen or moisture. The
reaction couple was also surrounded by a “tent” of Cu foils.
The samples were heated at a rate of 20 K/min to 1273 K,
held constant within £2 K for a specified time, and cooled
to room temperature by turning off the power to the furnace.
The reacted couple were sectioned, mounted, polished, and
examined under an optical microscope, and photographed at
known magnification. Some specimens were examined in an
SEM and the compositions in the reaction zone were analyzed
using electron-probe microanalysis (EPMA).

VI. RESULTS
A. Reaction with Polycrystalline NiTiO;

The reaction between Fe and sintered polycrystalline
NiTiO; at 1273 K for 64 hours is shown in Figure 4; Fig-
ure 4(a) is a cross-sectional view along the reaction direction
and Figure 4(b) is a transverse view perpendicular to the
reaction direction close to the Fe interface, obtained after
removing the Fe layer. The original Fe/NiTiOj; interface is
about 140 um inside the reaction zone. There is less porosity
in the reaction zone than in the starting oxide. The volume
increase in the product zone accompanying the displacement
reaction is approximately 25 pct. An X-ray diffraction analy-
sis of the reaction zone showed only the lines corresponding
to the ilmenite structure and the y phase of Ni-Fe system.
The majority of the Ni-Fe alloy is interconnected and seems
to be precipitated along the grain boundary, with some
smaller precipitates inside the grains.

The composition of both the oxide and the Ni-Fe alloy
phases in the reaction zone were analyzed by EPMA as a
function of distance from the Fe/boundary, and are shown
in Figure 5 for a reaction time of 64 hours. Care was taken
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to focus a narrow electron beam on either the oxide (gray
phase in Figure 4) or the Ni-Fe alloy (bright phase), in order
to minimize the interference from the neighboring phases.
The concentration profiles for all the cations in the product
oxide are consistent with the ilmenite structure and the
displacement of Ni by Fe in the starting oxide. Near the
Fe/boundary, the Ni is essentially completely replaced by
the Fe and the composition is close to FeTiOs; the Fe content
of (Fe,Ni)TiO; decreases away from the Fe interface; and
at the reaction front, the oxide composition is NiTiOs. The
Ti content of the oxide phase is constant throughout the reac-
tion zone (the same as in the original oxide), as is expected
when the ilmenite structure, (Fe,Ni)TiOs, is maintained dur-
ing the reaction with very little decomposition into compo-
nent oxides. The starting NiTiO; composition is maintained
beyond the reaction front. The alloy precipitate is approxi-
mately Nij,Fe,; near the Fe/reaction zone boundary and
becomes progressively richer in Ni toward the reaction front,
approaching 100 pct Ni at the reaction front.

Figure 6 is an SEM image showing the presence of a minor
phase consisting of small TiO, islands (<5 pct) in the middle
of the reaction zone, which is predominantly (Fe,Ni)TiO; +
v alloy. The X-ray imaging of the region, shown in Figure 7,
confirms that the dark gray phase in Figure 6 are rutile par-
ticles embedded in ilmenite matrix (light gray). The presence
of TiO, in the product zone is unexpected and suggests that
it was either present in the starting NiTiO; powder or was
formed during the displacement reaction, possibly by ilmenite
decomposition. The X-ray diffraction of the starting NiTiO;
powder did not show any significant presence of TiO,. The
possibility of the kinetic decomposition of the ilmenite struc-
ture as a source of TiO, is given in Section VII.

A. Reaction with Single-Crystal NiTiO;

The reaction between the Fe and the single-crystal NiTiO;
at 1273 K and 25 hours is shown in Figure 8 as a cross-
sectional view along the direction of the reaction. The bright
phase is Ni-Fe alloy and the gray phase is ilmenite. Figure
8(a) represents the entire reaction zone; Figure 8(b) is near
the Fe/boundary; and Figure 8(c) is near the reaction front.
A vertical feature of the alloy in Figure 8(a) is due to the
presence of a crack in the starting oxide. The y-alloy pre-
cipitate has an elongated ribbonlike structure and seems to
be arranged in layers, in contrast to the sintered NiTiOs, in
which grain boundary precipitation was predominant. The
alloy layers are not continuous; the crystallographic orien-
tation relationship between alloy and ilmenite phases, if it
exists, is not clear. The distribution of the y alloy close to
the Fe/boundary, along a plane approximately normal to the
reaction direction, is shown in Figure 9. It is clear from Fig-
ures 8 and 9 that pores (dark regions) develop at the edges
of the alloy precipitate, due to the condensation of vacan-
cies during precipitation. The reaction zone was examined
in an SEM under high magnification for the presence of any
rutile or wustite phases formed during Reaction [14]. The
reaction zone consists of vy alloy and ilmenite phases only,
without any trace of rutile or wustite phase.

The composition of the product oxide phase for the
reaction between the Fe and the single-crystal NiTiO;, as
determined by EPMA, is shown in Figure 10. The compo-
sition data are very similar to those using sintered NiTiO;
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Original
Interface

reaction front %y

Fig. 4—Reaction zone between Fe and polycrystalline NiTiO; at 1273 K and 64 h: (a) cross-sectional view and (b) transverse section, perpendicular to the
reaction direction, near the Fe interface. Bright phase: vy alloy; and gray phase: (Fe,Ni)TiO;.

in Figure 5 and are consistent with ilmenite composition
within 6 pct. In Figure 10, the minor deviation of (Ni +
Fe):Ti from a 1:1 ratio (i.e., higher Ti and lower Ni + Fe)
is attributed to measurement error during EPMA, possibly
related to machine calibration; this is also reflected in the
analysis of unreacted NiTiOs. If the starting NiTiOj; crystal
were to be considered as the source of calibration, the
deviation from the exact cation ratio required for the ilmenite
structure disappears.

In reaction with the single-crystal NiTiO;, an EPMA analy-
sis of y-alloy precipitate, without interference from the neigh-
boring oxide phase, was difficult because of the narrow width
of the precipitate. However, measurements at selected loca-
tions indicated that the composition profile was very simi-
lar to that in reactions using sintered polycrystalline NiTiO;.

METALLURGICAL AND MATERIALS TRANSACTIONS A

The kinetics of the Fe/NiTiO; reaction follows parabolic
behavior, as shown in Figure 11, where the reaction zone
thickness is plotted against the square root of time. The data
for both polycrystalline and single-crystal NiTiO; are similar,
indicating that the influence of grain boundary diffusion and
precipitation on reaction kinetics is not significant. From the
combined data, the rate constant, defined as (thickness)*/2 X
(time), is given by

k, = 1.3 X107 m’™" [15]

VII. DISCUSSION

The composition profiles of the product oxide (Figures 5
and 10) in the reaction zone are consistent with the selective
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Fig. 5—Composition of the oxide and alloy phases in the product zone for the reaction between Fe and polycrystalline NiTiO;. The 7= 1273 K and = 64 h.

displacement of Ni cations in NiTiO; with Fe, without
changing the crystal structure of ilmenite. During the
reaction, Fe diffuses toward the reaction front, accompa-
nied by a counter flux of Ni toward the Fe/boundary. The
fluxes are given by Eqs. [12] and [13], where A and B are
Fe and Ni, respectively. As such, concentration gradients
develop in the Ni/Fe sublattice of the product oxide. There
is no net flux in the Ti sublattice, and its concentration
remains constant across the reaction zone. It is possible, in
principle, to model the composition profile of the product
ilmenite in the reaction zone, provided that D, and Dy; in
(Fe,Ni)TiO; are known as a function of composition and
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oxygen partial pressure. However, there are no experimen-
tal data on cation disorder and diffusion in (Fe,Ni)TiO; at
1273 K as a function of composition and oxygen partial
pressure.

The possible point defects in the cation sublattice of
(Fe,Ni)TiO; are either due to thermal disorder or to nonstoi-
chiometry. Neglecting any nonstoichiometry in ilmenite, the
possible cation defects due to thermal disorder are as follows:
(1) Schottky disorder with vacancies in both sublattices Vi
and Vr;, (2) interstitials only in both sublattices Ni; and Tiy,
and (3) Frenkel disorder of vacancies and interstitials: Vy;,
Niy, or Vy, Tip.

METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 6—An SEM image showing the presence of TiO, particles in the mid- Fig. 7—The X-ray dot maps of Ti, Ni, and Fe in the reaction zone containing
dle of the reaction zone between Fe and polycrystalline NiTiO;. Bright TiO, particles.
phase: v alloy; light gray: (Fe,Ni)TiO; and dark gray: TiO..

Fig. 8—Reaction between Fe and single-crystal NiTiO, at 1273 K and 25 h: (a) complete reaction zone, (b) region near the Fe/boundary, and (c) region
near the reaction front. The bright phase is y-(Ni,Fe) alloy; the gray phase is (Fe,Ni)TiO3; and the dark spots are porosity.
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Fig. 9—The Fe/single-crystal NiTiOj; reaction at 1273 K and 25 h. Trans-
verse view (i.e., normal to the reaction direction) of the reaction zone near
the Fe/boundary.

1
0.9
L1y
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E 02 Reaction Zone: (Fe, Ni)TiO, NiTiO,
Ni
0.1 1 5
0 & A : ; :
0 200 400 600 800

Distance from Fe / reaction zone boundary, um

Fig. 10—The EPMA analysis of the oxide composition in the product zone
for the reaction between Fe and single-crystal NiTiO; at 1273 K; t =
49 h. (Note: The EPMA points correspond to the ilmenite composition
within 6 pct; the lines are drawn for visual recognition purpose only).

Not all possible defects are equally significant; on energetic
grounds, one type of disorder is more favored and it
dominates the cation diffusion process. In addition to ther-
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Fig. 11—The kinetics of the displacement reaction between Fe and NiTiOs.

mally created defects, any nonstoichiometry can introduce
one type of point defect (vacancy or interstitial), with a con-
centration much higher than that of the other defects; at a
constant temperature, 7, the defects due to nonstoichiometry
are strong functions of the composition (Ni/Fe ratio) and the
oxygen partial pressure. For the discussion of displacement
Reaction [14] only the point defects in the Ni/Fe sublattice
are important for cation diffusion. Since no data are available,
it is not possible to write the displacement reaction mecha-
nism in terms of the majority point defects. However, assum-
ing that Fe/Ni diffusion occurs mainly through a vacancy
mechanism, the boundary reactions can be written as the
following.

(a) The Fe/product oxide zone boundary (Fe dissolution and
vacancy annihilation): Fe (metal) + Vy; (ilmenite) = Fe?*
(ilmenite) + 2e” (ilmenite).

(b) The reaction front (Ni precipitation and vacancy genera-
tion): Ni** (ilmenite) +2 e~ (ilmenite) = Ni (y alloy) +
Vi (ilmenite).

Similar boundary reactions can be written if interstitials are
responsible for Fe/Ni diffusion.

As shown in Figure 11, the reaction rates are similar for
either polycrystalline or single-crystal NiTiOj; as the starting
oxide. This indicates that the kinetics is controlled by the
lattice diffusion of Fe and Ni, and that any contribution of
diffusion along grain boundaries is negligible. The grain
boundaries in polycrystalline oxide act as preferred nucle-
ation sites for y-alloy precipitates, as is evident in Figure 4.
Since the diffusion data for Ni and Fe are not available, it
is not possible to relate the magnitude of the rate constant
to the transport properties in (Ni,Fe)TiOs.

In the case of single-crystal NiTiO; as the starting oxide,
the +y-alloy precipitates are elongated ribbons in layered
arrangement perpendicular to the diffusion direction. An
interesting question is whether the precipitation process fol-
lows the Liesegang-type phenomenon, which is related to
cation diffusion combined with buildup of supersaturation
before the nucleation of y phase. (In polycrystalline NiTiO;,
the grain boundaries provide easy heterogeneous nucleation
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sites and a layered structure is not observed). A well-known
characteristic of Liesegang precipitation is the relationship
between the layer separation and the layer sequence as the
distance increases from the Fe/boundary, as in
(Ax,/x,) = (x,41 — x,)/x, = K (constant)  [16]
where x, is the distance of nth precipitate layer from the
Fe/boundary. This phenomenon is more common in dilute
precipitating systems (e.g., References 16 and 17); the applic-
ability of Eq. [16] for concentrated systems such as Reac-
tion [14] is not clear. An attempt was made to check Eq.
[16] for the layered vy-alloy precipitate in single-crystal NiTiO;
(Figure 8). Because of the discontinuous layers in the vy phase,
in a single two-dimensional micrograph, not all the precipi-
tate layers are present along a line in the diffusion direction.
Using micrographs at different depths of the reaction zone
and measuring along different lines in the diffusion direction,
the data shows that Ax, increases systematically with x, and
are suggestive of Eq. [16]. However, because the precipitat-
ing system is concentrated and the data show large scatter,
the constant K in Eq. [16] could not be determined accurately.
Finally, a brief discussion is necessary to account for the
small numbers of TiO, particles observed in the product
zone, when the starting oxide is polycrystalline NiTiO;. It
cannot be ruled out that a minor “kinetic decomposition”
of the ilmenite structure occurs during the cation diffusion
processes responsible for Reaction [14]. The kinetic decom-
position of ilmenite is not possible when the counterfluxes
Jr. and Jy; are equal in magnitude and Jr; = 0 during the
displacement reaction. However, because of the oxygen
chemical potential gradient across the reaction zone, a small
flux of both Ti and Fe/Ni is directed toward the reaction
front (these minor fluxes are in addition to the major counter
fluxes of Fe and Ni due to the displacement reaction). The
decomposition occurs when the minor fluxes are such that
‘]Ti * EJFE,Ni or the ratio B = DFe(Ni)/DTi is Substantially
different from 1. The kinetic decomposition of initially homo-
geneous NiTiO; subjected to oxygen chemical potential gra-
dients has been observed and discussed by Schmalzreid and
Laqua.l'®1°! The decomposition products are as follows:
(1) a rutile phase (without any NiO in solution) at the side
of low oxygen pressure, and (2) a (Ni,Ti)O wustite phase
(i.e., NiO containing dissolved TiO,) at the side of high oxy-
gen pressure, indicating 8 > 1. Following similar arguments,
when pure initially homogeneous FeTiO; is maintained under
a sufficient oxygen partial pressure gradient at 1273 K, the
expected decomposition products, based on the phase dia-
gram!? and Dy, > Dy, are TiO, at a low oxygen partial
pressure boundary and Fe,TiO, at a high oxygen partial pres-
sure boundary. Given the composition of the ilmenite phase
during Reaction [14], the expected phases due to kinetic
decomposition are TiO, at the Fe/boundary and (Ni,Ti)O at
reaction front. Also, from the phase diagram,”! the solu-
bility of wustite is negligible in rutile near the Fe/boundary,
and the reaction rate should decrease drastically after some
initial time because of the reduced Fe transport. Such behav-
ior was not observed in the current experiments. Instead,
very minor amounts of TiO, were distributed, more or less
uniformly, in the reaction zone, and the rate constant was
unchanged for up to 64 hours. Thus, it is unlikely that the
product oxide layer undergoes kinetic decomposition after

METALLURGICAL AND MATERIALS TRANSACTIONS A

its formation. Another possible explanation for the presence
of TiO, is the kinetic decomposition of unreacted NiTiO;
exposed to an oxygen potential gradient throughout the exper-
iment: one side of the disc is in contact with the Ni-Fe alloy
(~100 pct Ni) at the reaction front and the other side is
exposed to nitrogen gas, which might have an higher oxygen
partial pressure because of trace oxygen molecules present.
The unreacted disc can kinetically decompose during the
experiment, producing TiO, particles near the reaction front.
As the displacement reaction proceeds, these TiO, particles,
formed by the kinetic decomposition of unreacted NiTiOs,
get incorporated into the product layer. In this case, there
should be excess “NiO” phase present on the side of the disc
exposed to nitrogen gas; this was not detected. Consequently,
the source of the rutile phase in the product oxide (<5 vol
pct) is not clear. Based on these observations, it is highly
unlikely that any kinetic decomposition of ilmenite occurred
during Reaction [14]. The most probable source for rutile
is the starting NiTiO; powder, even though X-ray diffrac-
tion was unable to detect it; additional evidence for this is
the absence of any trace amounts of TiO, in the product
zone when the starting oxide is single-crystal NiTiO;.

VIII. SUMMARY

Internal displacement reactions in an oxide compound with
a narrow homogeneity range were studied using an Fe/NiTiO5
reaction couple at 1273 K. The starting oxide was both sin-
gle-crystal and sintered polycrystalline discs. During reac-
tion, Fe displaces Ni in the oxide maintaining the ilmenite
crystal structure and Ni is precipitated as a Ni-Fe (7) alloy.
The displacement is nearly complete near the Fe/reaction
zone boundary and decreases towards the reaction front. The
v alloy tends to precipitate along grain boundaries in poly-
crystalline samples; in single-crystal oxide, the alloy precip-
itate is elongated and has a layered structure. Concentration
gradients develop for both the oxide and the alloy precipitate
in the product zone. The alloy has highest the Fe concen-
tration (~30 at. pct) near the Fe/product zone boundary, and
becomes progressively richer in Ni toward the reaction front.
The product oxide exhibits a concentration gradient for Fe
and Ni, but not for Ti, consistent with the ilmenite structure.
The parabolic rate constant for the reaction at 1273 K is
k, =13 X 107> m*s™". In the case of single-crystal NiTiO;
as the starting oxide, the vy-alloy precipitate is probability a
Liesegang-type phenomenon, which is indicative of the super-
saturation required for y-alloy precipitate nucleation.
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