Displacement Reactions in the Solid State

ROBERT A. RAPP, ANDRE EZIS, AND GREGORY J. YUREK

Simple displacement reactions in the solid state are considered with the purpose of predict-
ing the morphologies and the reaction rates from a knowledge of pertinent thermodynamic
and diffusion data. The theoretical predictions are substantiated by experimental observa-
tions for four reaction couples [Ni/Cu,0, Co/Cuz0, Fe/Cu,0, and Fe/NiO] reacted at 1000°C.
Displacement reactions are classified according to the product morphology; layered and ag-
gregate arrangements of the product phases were observed, with two modifications (lamellar
and interwoven) occurring within the aggregate morphological class. Parabolic kinetics for
the growth of the product phases are observed for each couple. The magnitudes of the para-
bolic rate constants for the couples which exhibit the layered arrangement are comparable
with calculated values. A technique for controlling the product morphology is discussed,

and a process for producing porous metal or oxide screens is introduced.

IN metal-matrix composites and other high-tempera-
ture materials, the occurrence of displacement reac-
tions between metal matrices and compound fibers,

particles, or precipitates is an important consideration.

The purpose of the present investigation is the predic-
tion (or rationalization) of morphologies and Kinetics
for simple displacement reactions from a knowledge of
the thermodynamic and kinetic properties of the phases
involved.

THEORETICAL ANALYSIS

Consider the following simple displacement reaction
involving the metals M and Me, and their lowest oxides
M, 0 and Me,O

vMe +M,O — Me,O +xM (1]

Negligible mutual solubility is assumed for the phases
M and Me, O, Me and M, 0, M, O and Me, O, and Me
and M. It is assumed that no other binary compounds
and no ternary compounds are formed by the reaction.
Finally, the phases involved are assumed to exhibit
predominant electronic conduction, and except when
otherwise mentioned, the product oxide is assumed to
exhibit predominant cation diffusion. Although only ox-
ides are considered herein, the analysis should also be
applicable (where the assumptions are valid) to ni-
trides, carbides, silicides, borides, sulfides, and other
compounds.

The Gibbs free energy change per mole of oxygen
for reaction [1] is

AGr = AGye,0 ~ AGH, 0 (1]

if metal saturated with respect to its lowest oxide and
oxide saturated with respect to the metal are chosen
as the standard states for the phases. In terms of the
oxygen activities for metal/oxide coexistence, AG; can
also be expressed as

RT ., Po,(Me/Me,0)

AGI = In
2 Po,(M/M,0)

(2]
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A spontaneous reaction should result from the contact
at high temperatures of phase combinations such as
Fe/NiO, Fe/Cu,0, Co/Cu,0, Ni/Cu,0, and so forth.
While the magnitudes of the Gibbs free energies of
reaction for the indicated pairs differ considerably,
large differences also exist in the cation diffusivities
in the product oxides and in the oxygen permeabilities
in the product metals.

Wagner' has considered the morphological and ki-
netic aspects of displacement reactions in the solid
state. He pointed out that, in principle, the reaction
product phases might form either a) adjacent to one
another (to yield an aggregate arrangement as shown
schematically in Fig. 1(a)) or (b) behind one another
(to yield a layered arrangement as shown schematic-
ally in Fig. 1(b)). Wagner explained that significant
plastic deformation must occur in the product phases
for the aggregate arrangement of Fig. 1(a), because
of the large volume changes involved in the reaction.
Furthermore, the actual microstructure for the reac-
tion zone in the aggregate arrangement should be a
disordered conglomerate of the product phases in con-
trast to the schematic illustration of Fig. 1{a).

A criterion to predict the type of product morphology
for a given reaction couple has not been considered
previously. The actual product morphologies resulting
from displacement reactions and their relation to the
limiting aggregate and layered arrangements receive
further experimental investigation and rationalization
in this study. First, however, a criterion to predict the
arrangement of the product phases will be presented.
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Fig. 1—Schematic illustrations of possible product morphol-
ogies for displacement reactions in the solid state (after
C. Wagnerly,
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In a paper concerned with the description of morphol-
ogies resulting from the diffusion~controlled oxidation
of alloys, Wagner? has established a criterion for the
stability of a flat growth interface. This criterion is
adapted here for the case of displacement reactions.

In Fig. 2 the M/Me, O interface in a layered arrange-
ment of the products is tentatively assumed to be wavy.
It is assumed that local equilibrium exists at the reac-
tion interfaces and that the reaction rate is limited only
by diffusion of the reacting species in the product
phases.

If the growth of the Me, O phase is limited by cation
diffusion within the Me, O phase, then the flux of cations
arriving at position I exceeds that at position II. With a
higher growth rate at position I, a flat M/Me, O inter-
face would be stable and the interface would become flat.
Alternatively, if the growth of the Me,O phase were lim-
ited by a step in advance of the M/Me, O interface (the
relatively difficult transport of oxygen through the metal
as considered here, or in general, a slow reaction at the
M /M, 0 interface), then the flux of oxygen arriving at
position I would exceed that at position I. Under these
conditions, the more rapid growth at position II would
lead to a clefted or serrated interface and a flat growth
interface for Me, O would be unstable; a two-phase
product zone (i.e., the aggregate morphology) would
result. Although capillarity effects could stabilize a
slightly wavy interface in the latter case, the driving
forces are so large in the present situation that such
effects are negligible.

For any couple having the layered morphology, the
phase M would grow by the dissociation of M, O at the
M/M,O interface with the dissolution and transport of
oxygen atoms in the metal M. I the dissociation step
maintains local equilibrium at the M/M, O interface
then the growth of phase M is necessarily controlled
by the transport of oxygen through M, and thus, a flat
M/M,O interface should always be stable. For this
reason, the occurrence of the layered or the aggregate
arrangement should be decided solely by the stability
of either a flat or a serrated M/Me,O interface, re-
spectively. The type of M/Me, O interface which forms
is determined by the rate-controlling step in the growth
of the Me, O phase, as described above. The meaning
of the ‘‘rate-controlling step’’ in a sequence of steps
which all occur at the same net rate has been dis-
cussed recently.®

If the product oxide phase, Me, O, should exhibit pre-
dominant anion diffusion (contrary to an initial assump-

Me

Fig. 2—Schematic illustration of a displacement reaction
with a layered morphology and a tentatively assumed un-
even interface.
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tion) then the growth of the Me,, O phase would neces-
sarily occur at the Me/Me, O interface. The growth of
the Me, O product layer would be controlled by the dif-
fusion of anions through this phase, or by the diffusion
of oxygen through the M phase, so that the layered
morphology of Fig. 1(b) would always be expected if
the product oxide should exhibit predominant anion
diffusion. Experiments verifying this prediction will
be presented in a later publication.

EVALUATION OF THEORY

In order to examine quantitatively the proposed se-
lection criterion, consider the reaction between nickel
and Cu,0 at 1000°C and assume tentatively that the lay-
ered morphology of Fig. 1(b) would result. As a limit-
ing case, assume that essentially the entire free energy
change occurs across the NiO layer, and that only a
very small gradient in oxygen activity exists across
the copper. Actually, some gradient must exist across
the copper because the flux of oxygen, jgo (Cu), through
the copper is equivalent to the flux of nickel, jy;(NiO),
through NiO oxide according to the stoichiometric re-
quirements for the reaction Ni + Cu,O — NiO + 2Cu.
With local equilibrium at the Cu/Cu,O interface, the
rate of growth of the NiO layer should equal that for
the diffusion-controlled oxidation of pure nickel in a
gas of oxygen activity corresponding to the coexistence
of copper and Cu,0. The rate of reaction should then
be described by Wagner’s* parabolic oxidation rate
theory, whereby

P,

dir _ 1) %q Zcat
dt £ 2 |Zan|
Po,

where the term in brackets is k,, Wagner’s rational
rate constant, and dn n/dt is the reaction rate with units
of equlvalents/cm -s.In Eq. [3], ¢ is the thickness of the
product layer ceq is the number of equivalents of prod-
uct oxide/cm?®, D* oat is the self-diffusion coefficient for
cations, z,; and z,,, are the valences of the ions, and
Pb, and Py, are the oxygen activities at the metal/
oxide and oxide /gas interfaces, respectively.

Displacement reactions in the solid state are most
readily studied by the microscopic measurement of the
thickness of the reaction product layer. Eq. [3] can be
converted by using Eq. [4]:

dé _an | 1
at dt Ceq

With the substitution of Eq. [4] into Eq. [3] and inte-
gration,

(D%, )d In Poz} [3]

[4]

P,_f,’z
V4
g=all [ -C—(Dcat)dlnpozt
2 lZan |
P’Z
= 2k, (NiO)¢ [5]

where the term in brackets is the parabolic rate con-
stant, k,(NiO), for the diffusion-controlled growth of
the N10 layer. At 1000°C, Pp, for Ni-NiO coex1stence
equals 107 atm, P, for Cu-Cu .0 coexistence® equals
10°%* atm, and zy; /zo equals umty Although the ther-
modynamlc data are well established, selection of an
expression for D;(NiO) and its Pg,-dependence is
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fraught with uncertainties, which will be discussed
later in the Results and Discussion section. ¥ we ten-
tatively accept the recent work of Crow:®

D¥;(NiO) = 8.9 x107® pg; exp (- 54,700/RT) [6]

For 1000°C, Crow’s expression is in good agreement
with that of Lindner and Akerstrom,’ but is a factor of
five lower than the single crystal results of Choi and
Moore,? and as much as an order of magnitude lower
than values obtained from measurements of the chem-
ical diffusion coefficient.”!® Substitution of Eq. [6] into
Eq. [5] and integration gives

k,(NiO) = 7.7 x107° em®/s [7]

which should describe the parabolic growth of a flat,
compact NiO layer in the Ni/Cu,O displacement reac-
tion, if Eq. [6] is appropriate.

Now, consider a second limiting case, namely that
the entire Gibbs free energy change occurs across the
copper layer for a layered morphology such as in Fig.
1(b). This limiting case should represent an unrealis-
tic condition because it is equivalent to assuming that
the reaction kinetics are controlled by the transport of
oxygen through the copper, and under this condition, the
aggregate arrangement of Fig. 1(a) would be expected
to predominate. For each mole of oxygen transported
through the copper, two moles of copper would be added
to the copper layer. The use of Sieverts’ law, a linear
oxygen concentration profile across the copper layer,
and a concentration-independent diffusion coefficient
are justified. Then

dX _ ACO
di X [8]

where V¢, is the molar volume of Cu, j5(Cu) is the
flux of oxygen atoms through the copper layer (mole/
cm -s), X is the thickness of the copper layer, Do is
the diffusivity of oxygen in copper, and Acq is the dif-
ference in oxygen content (mole/cm®) across the copper
layer. From Sieverts’ law,

2Vgudo (Cu) = 2V DS

Cu
co=kgPY2 = NO_ [9]
2 Vcu
where kg is the Sieverts’-law constant and NCu is the
atom fraction of dlssolved oxygen in copper. At Cu-
Cu,O coexistence, NSY equals 1.7 x 107 at 1000°C,
and with Ve, equal to 7.13 cm®/mole,

-2 mole oxygen

ke =3.15x10
§ cm’-atm*/?

[10]
With the substitution of Eqs. [9] and [10] into Eq. [8]
and integration

X* = 2[2V DS kg (PG, 2~ p! 1/2)]t = 2k,(Cu)? [11]

where the term in brackets represents & (Cu), the par-
abolic rate constant for the growth of the copper layer
if oxygen transport through the copper were rate con-
trolling. With DS" equal to 3.0 x10™ em?/s at 1000°C,™
evaluation of Eq. [11] gives

k,(Cu) = 1.0 X107® cm?/s [12]

Because of the difference in molar volumes, & (N10)
and k,(Cu) cannot be compared directly; however mul-
tiplication of kp by cgq for each phase yields compa-
rable rational rate constants, k,, which are defined by
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the expressions
#° (NiO) = £%(NiO) cdq (NiO) = 2ceq (NiO)k,(NiO) ¢
[13a]
and
7% (Cu) = X*(Cu) ¢y (Cu) = 2ceq (Cu)k,(Cu)t [13b]

where 7 is the extent of the reaction and has units of
equivalents/cm® At 1000°C, from Egs. [7] and [13a]
with Vo= 11 em®/mole

~13 equlv

k,(NiO) = coq (NiO) %, (NiO) = 1.4 x 10 s [14a]
and from Eqs. [12] and [13b],
_o equiv
,,(Cu) = Coq (Cu)kp(Cu) = 1.4 X107 (rln-s [14b]

For the chosen example of the Ni/Cu,O displacement
reaction, the copper layer formed would be able to
transport oxygen at a rate which is 10,000 times faster
than cations could be transported through NiO for the
same free energy change. In accord with the previous
discussion, the tentatively postulated layered arrange-
ment of product phases would be expected.

In general, the calculated values of %, for the para-
bolic growth of the individual metal and oxide product
layers in a presupposed layered arrangement should
indicate whether the layered or the aggregate morphol-
ogy is stable, such that

a) for k,(M) > k,(Me,O), the layered arrangement is
stable

b) for k(M) < k,.(Me,0), the aggregate arrangement
is stable.

When the resulting calculation indicates that the
value of k,.(M) is an order of magnitude or more
greater than k,(Me,0), then the product oxide of the
layered arrangement should grow according to the
calculated value of kp(Me,,O). Thus, the calculated
value of kp(Me,,O) also serves to predict the kinetics
of a displacement reaction which results in the layered
arrangement. Because the growth of the product metal
for a layered morphology is limited by the growth of
the product oxide, the growth of this layer should be
described by the rate constant

k;;(M) = [ceq(Mevo)/ceq (M)]zkp(Meuo) [15]
For a Ni/Cu,O couple at 1000°C, Eq. [15] gives
kp(Cu) = 1.3 x107** cm?/s [16]

With the use of the theoretical selection criterion
which was just evaluated for the Ni/Cu,O couple, let
us now examine the Fe/Cu,0 and Fe/NiO couples at
1000°C. For each of these couples, a complication
arises in that the phase Fe, 0, as well as wustite,
“FeQ’’, might be formed. From thermodynamic data®
at 1000°c Py, (Fe/Fe,0) = 107 atm and
Po, (Fe, 0/ Fe.0,) = 107%™ atm. T we tentatively as-
sume that the layered morphology would be formed,
implying rate control by diffusion in the oxide, the
layer sequences could appear as follows:
Fe|FeO|Fe,0,|Cu|Cu,0 or Fe|FeO|Fe,0,|Ni|NiO.
However, in the oxidation of iron at high Py, only
relatively thin layers of the higher oxides Fe304 and
Fe,O, are formed and the oxidation rate is not in-
creased significantly with an increase in Pg, above

VOLUME 4, MAY 19731285



that corresponding to FeyO/ Feg 0, coexistence. Then,
in the calculation of k,(FeO) by Eq. [5] for the Fe/Cu,0
and Fe/NiO couples, Py, can be set equal to
Pp,(Fe;O/Feg0,) = 107%™ atm. To calculate £, (Cu)
and k,(Ni) according to Eq. [11], the value of PO can
be set equal to Po,(Fe,O/Fe;0,). This choice is *not
critical because the term Pg 1/ is essentially negli-
gible relative to P"‘/2 in Eq. [11] for these couples.

The dependence of the composition of wustite on Pg,
at 1000°C was determined by employing the results of
Vallet and Raccah:'?

(O/Fe) = 1.94P5"® = (24 /2 5) [17]

By combining the diffusion data of Himmel, ef al.'® and
of Hembree and Wagner“ with the composition data of
Vallet and Raccah,® the following tracer-diffusion co-
efficient for cations in wustite was obtained as a func-
tion of composition at 1000°C:

DL, (FeO) = 5.89 x107° PG [18]

With the assumption that only a negligible correlation
effect exists for the diffusion of radioactive iron ions
in wustite,' the self-diffusion coefficient, Dff¢ (FeO),

may be taken as equal to the tracer-diffusion coeffi-

cient of Eq. [18]. Then,

10-12.74
-f (1.14 x10™* PG, ") d P,
10-14.85
2.1 x107" cm?/s [19]

The calculation of k,(Cu) from Eq. [11] using the pre-
viously mentioned data yields

kp(Cu) = 1.0 X107 cm?/s [20]
I kp(FeO) and k,(Cu) for the Fe/Cu,0 couple are con-

kp(FeO)

verted to &, values for comparison (Ve ,.0 = 11.5
cm /mole)
k,(FeO) = 3.7 x 10°® equiv/cm-s [21a]
and
k,(Cu) = 1.4 x10™° equiv/cm-s [21b]

Because k,.(FeO) is greater than k,(Cu), the presup-
posed layered arrangement should be unstable, and the
aggregate morphology would be expected for Fe/Cu,0
couples.

For the reaction of a Fe/NiO couple at 1000°C, the
values of & (FeO) from Eq. [19] and k,(FeO) from Eq.
[21a] should again be valid, because the highest ¢‘ef-
fective’’ Po, possible for FeO again corresponds to
Po,(FeyO/ Fe 40,). To calculate kp(Nl), the solubility
of oxygen in nickel is chosen as 350 ppm (N(I)"1 =3.5
x107%) from Alcock and Brown.'® The diffusivity of
oxygen in nickel is selected from a recent study by
Kerr and Rapp'” as 6.0 x10™® em?/s at 1000°C,

In the evaluation of Eq. [11], P, [equal to Pg,

(Fe, O/Fe0,)] is small relative to Py, [equal to’ Po,
(NI/NIO)] Therefore, with one mole of nickel formed
per mole of oxygen transported, Eq. [11] may be writ-
ten as

X*= 2NNiD Sit
so that N N‘ equals k,(Ni). Then for the Fe/NiO

[22]
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couple at 1000°C,
kp(Ni) = 2 x 107" cm®/s [23]

and corresponding to Eq. [14b], with Vy; equal to 6.6
cm®/mole

k,(Ni) = 6.1 x10™** equiv/cm-s [24]

Comparison of ,(Ni) from Eq. [24] with 2, (FeO) from
Eq. [21a] indicates that the aggregate morphology, and
not the tentatively postulated layered morphology,
should be stable.

Tracer-diffusion data are available for CoO, so that
calculations and predictions can be made for the
Co/Cu,0 couple. In this couple, CoO and copper are
assumed to be the resulting product phases. From the
data of Carter and Richardson,® which agree with those
of Crow,® at 1000°C

DZ (Co0) = 2.6 x10™° P,"** cm?/s [25]

With the assumption that D&, (CoO) ~ D, (Co0), sub-
stitution of Eq. [25] into Eq. [5] and integration between
P§,(Cu/Cu,0) and Pg,(Co/Co0) = 107*% atm from Ref.
[5] gives

kp(Co0) = 3.1 X107 cm®/s [26]
or, with Voo = 11.6 em®/mole, _
k,(CoO) = 5.3 x 10" ?equiv/cm-s [27]

for the Co/Cu,0 couple. Evaluation of Eq. [11] gives
ky(Cu) = 1.0 X107 cm®/s . [28]
or

k,(Cu) = 1.4 x107° equiv/cm-s [29]

The comparison of k,(Co0) and k,(Cu) for the Co/Cu0
couple at 1000°C indicates that the layered morphology
should result with the kinetics described by Eq. [26]
and

ky(Cu) = 4.7 x107" em?/s

The calculated values for &, and &} (for layered
morphologies) and the predicted morphological modes
have been listed in Table I for the four reactive cou-
ples which have been examined.

(30]

EXPERIMENTAL PROCEDURE

Solid cylindrical specimens 1 em in dlameter and
0.06 cm thick of Fe (purity >99.9 pct Fe), Ni (purity
>99.9 pet Ni), and Co (purity >99.9 pct Co) were used
for the reactions. Similarly-sized powder compacts
of reagent- grade NiO and CoO were made. Prior to
reaction, the powder compacts were sintered at 1075°C
for 48 h. Solid Cu,O slabs were made by the complete
reaction of 99.999+ pct Cu slabs in an Ar-1 pct O, gas
at 1025°C such that CuO was not stable and did not
form. After oxidation, the Cu,O specimens were sliced
with a diamond saw and lapped. For some experi-
ments, slices from a NiO single crystal {purity >99.9
pct NiO) were used.

After the faces of the specimens for a given reactive
couple had been ground and polished to produce flat,
parallel and smooth faces, the specimens were assem-
bled into a spring-loaded holding device which would
position the specimens in the center of the hot zone of
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a resistance-heated tube furnace. This ‘‘cell holder’’
has been previously described.®

The specimens in the cell holder were placed into
the heated furnace and reached the experimental tem-
perature of 1000°C within 20 min. A stream of puri-
fied argon passed over the couple. To minimize chem-
ical interactions between this gas and the couple, a
combustion boat filled with coexistent Me and Me, O
(with the lower Po, of the components in the couple)
was placed immediately upstream from the couple.
After the short transient upon heatup, the temperature
of the cell was maintained at 1000° + 1°C with the help
of a thermocouple modulator which was recently de-
scribed by Burt.'® To conclude an experimental run,
the cell holder was withdrawn from the furnace over
a period of 3 to 5 min.

The reacted couples were mounted, sectioned, pol-
ished, and examined in a metallograph. The thickness
of the product layers were measured using a scribed
ocular lens which was calibrated against a stage mi-
crometer. For couples with varying product layer
thickness (resulting from imperfect initial contact of
the specimens) the largest measurements from two
cross-sectional cuts were accepted.

Some specimens were further examined in a scan-
ning electron microscope (Materials Analysis Com-
pany, Model 700). When possible, X-ray diffraction
was used to identify the product phases.

RESULTS AND DISCUSSION

Ni/Cu,O Reaction: A photomicrograph of the layered
product morphology formed upon the reaction of nickel
and Cu,O at 1000°C is shown in Fig. 3. The layered
morphology is expected from the evaluation of the se-
lection criterion according to Eqs. [14a] and [14b]. As
is often encountered in the gaseous oxidation of nickel
to form NiQ, the oxide product consists of a compact

j Cu,0

Ni

Fig. 3—Layered product morphology for the Ni/Cu,O dis-
placement reaction after 72 h at 1000°C. Magnification 700
times.
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Fig. 4—Time dependence of the thickness of the product
copper layer in the layered morphology for the Ni/Cu,0
displacement reaction at 1000°C.

external scale and a fine-grained inner scale. Upon
cooling, a crack formed to split the NiO scale.

The uniform thickness of the product copper layer
is quite suitable for microscopic measurement; a plot
of the thickness of the copper layer vs the square root
of the reaction time for five experimental runs is
shown in Fig. 4. The linearity of this plot indicates
that the rate of the displacement reaction is indeed
controlled by diffusion as opposed to a rate-limiting
step at an interface. The value of the rate constant
k}(Cu) derived from the slope of Fig. 4 is entered into
Table I for comparison with the predicted rate con-
stant. The observed reaction rate is a factor of about
thirteen greater than the predicted rate. This dis-
agreement is not considered serious as it probably
arises from the following three sources: 1) the un-
certainty in the value for D};(NiO) used for the cal-
culation, 2) the presence of impurity dopant ions in
the NiQ, and 3) the occurrence of the two-layered NiO
scale, which probably contained considerable porosity
and which is in contrast to Wagner’s model for diffu-
sion-controlled oxide growth. The product morphology
of the Ni/Cu,O reaction couple seems to represent the
ideal layered arrangement of Fig. 1(d).

Co/Cu,0 Reaction: The CoO and Cu product layers
resulting from the reaction of cobalt and Cu,O at 1000°C
are shown in Fig. 5. The observed layered morphology
agrees with the expectations from the comparison of
Egs. [27] and [29].

As is also observed in the gaseous oxidation of co-
balt, the inner, fine-grained portion of the two-layered
CoO scale is less pronounced than that for NiO formed
on nickel. The Co/Cu,0 couples also exhibited para-
bolic reaction rates as indicated in Fig. 6. The value
for k5 (Cu) from the slope of Fig. 6 is listed in Table I;
it is about a factor of three higher than the calculated
value. This better agreement is obtained probably be-
cause the higher native cation vacancy concentration
of CoO leads to a lower sensitivity of CoO to aliovalent
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Fig. 6—Time dependence of the thickness of the product cop-
per layer in the layered morphology for the Co/Cu,0 dis-
placement reaction at 1000°C.

Fig. 5—Layered product morphology for the Co/Cu,0 dis-
placement reaction after 25 h at 1000°C. Magnification 500
times.

CUzo

Cu,0

®)

(a)
Fig. 7—Aggregate product morphology for the Fe/Cu,0 displacement reaction after one hour at 1000°C. (a) Magnification
200 times, (b) Magnification 400 times.

dopant ions, and therefore to less uncertainty in iron oxide in an aggregate arrangement. Photomicro-
D §,(Co0). In addition, the CoO product was mostly graphs of the reaction products are shown in Fig. 7.
compact. In contradiction to a previous study' of the The observed product morphology differs from the
Co/Cu,0 reaction at 800°C, the Co/Cu,0 reaction re- schematic model of Wagner, which is shown in Fig.
sults in an ideal layered product morphology. 1(b), because a thin layer of copper separates the

Fe/Cu,0 Reaction: The product zone of the Fe/Cu,0 Cu,0 from the lamellar copper and iron oxide in the
displacement reaction at 1000°C consists of copper and two-phase product zone. This is the first report of
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this modified aggregate product morphology.

The iron oxide lamellae of the two-phase zone grow
at their tips into the thin copper layer. As shown in
the succeeding paper, the oxide lamellae consist pri-
marily of wustite with a small amount of magnetite at
the growth tips. The presence of the magnetite affects
the details of the reaction mechanism, but it has only
a small effect on the net rate of growth of the oxide
lamellae. Because there is negligible diffusion of oxy-
gen anions in FeO, growth of the iron oxide lamellae
must occur by the diffusion of iron cations from the
reactant iron through a continuous iron oxide phase to
to the growth tips. Oxygen atoms, which are produced
by the dissociation of Cu,O at the Cu/Cu,O interface,
diffuse through the thin copper layer to the growing
iron oxide lamellae.

As shown in Fig. 7, the copper in the two product
zones is continuous. In order to examine the morphol-
ogy of the oxide lamellae in greater detail, transverse
and longitudinal sections of several reaction couples
were examined with a scanning electron microscope.

T, LD A

oy & Eha, £V
RO e VAR

oo A
b o

)
Fig. 8—Scanning electron micrographs of the product iron
oxide lamallae after selective dissolution of the product
copper for the Fe/Cu,0 displacement reaction at 1000°C.
(a) Oxide growth tips, magnification 2000 times, (6) Oxide
lamallae in the middle of the two-phase product zone, mag-
nification 1000 times.
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A transverse section was obtained by grinding away
the Cu,O which remained after the reaction until the
product copper layer was exposed. The copper layer
was then selectively dissolved by a solution of ammo-
nium hydroxide and hydrogen peroxide until the growth
tips of the product oxide were exposed, Fig. 8(a). A
longitudinal section with the product copper selectively
dissolved is shown in Fig. 8(b).

Fig. 8(b) shows that growth defects, such as branches
and terminations, occur in the oxide lamellae. The ap-
parent discrepancy between the sizes of the oxide lam-
ellae shown in Figs. 7(b) and 8(b) must be explained by
the partial dissolution of the oxide by the etchant. As
required by the growth mechanism, the oxide phase is
continuous across the two-phase product zone. The
growth mechanisms of the copper and iron oxide prod-
ucts are discussed in more detail in the succeeding
paper.

Plots of the thicknesses of the thin copper-layer and
of the two-phase copper + iron oxide zone vs the square
root of the reaction time are shown in Fig. 9; both of -
the zones grow according to parabolic kinetics. The

Table 1. Predicted and Observed Morphologies and Rate Ci 1ts for

Displacement Reactions at 1000°C

Calc. for Presupposed

Layered Morphology,
Reactive Equiv/cm-s Morphology k;,, cm?/s
Couple  k,, Oxide k,, Metal  Pred. Obs. Calc. Expt.
NifCu,0 14X 107 1.4X 10° layered layered 1.3X10'? 1.7X10"
Co/Cu,0 53X 10" 14X 10° layered layered 4.7X107! 14X107%°
2.8X 107
— for Cu +
Fe/Cu,0 37X 10® 1.4X 107° aggregate aggregate FeO
B 2.8X 10710
for Cu
21x10°®
- NiO single
Fe/Ni ) .8 ; 12 crystal
e/NiO 37X 10°® 6.1 X 107'? aggregate aggregate 91X 107
- NiO pow-
der compact
! 1 ' [
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Fig. 9—Time dependence of the thickness of the copper layer
and of the copper + iron oxide zone in the aggregate mor-
phology for the Fe/Cu,O displacement reaction at 1000°C.
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{a)
Fig. 10—Aggregate product morphology for the Fe/NiO
(powder compact) displacement reaction after 9 h at 1000°C.
(@) Magnification 125 times, (&) Magnification 700 times.

parabolic rate constants obtained from Fig. 9 are
given in Table 1.

Fe/NiO Reaction: The aggregate product morphology
which results from the reaction of iron and a powder
compact of NiO at 1000°C is shown in Figs. 10(a) and
10(b). The aggregate morphology was predicted from
the calculated rate constants. In contrast to the ar-
rangement of the product phases of the Fe/Cu,0 reac-
tion, the Fe/NiQ reaction results in a conglomerate of
the product phases. Furthermore, a thin layer of prod-
uct nickel is not formed between the NiO and the two-
phase product zone.

The FeO phase of Fig. 10(b) is obviously continuous
as is required for the transport of iron cations during
the progress of the reaction. The nickel product phase
of Fig. 10(b) is not obviously continuous, nor would that
condition seem to be required by the growth mechanism
because repeated nucleation and growth of nickel at the
growth interface could be possible.

To examine more carefully the morphology of the
nickel product phase in the two-phase field, the FeO
phase was selectively dissolved by a solution of 25 pct
concentrated HCI in ethyl alcohol. The remaining
nickel phase was examined with a scanning electron
microscope. As shown in Fig. 11, the nickel phase is
completely continuous (as was the copper phase in the
Cu + FeO product zone), and thus, the Ni + FeO prod-
uct zone consists of two completely interwoven and
continuous phases.
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b)
Fig. 11—Scanning electron micrographs of the product nickel
after selective dissolution of the product FeO for the Fe/NiO
(powder compact) displacement reaction at 1000°C. (@) Mid-
dle of the two-phase product zone, (b) iron/product zone in-
terface. Magnification 2000 times.
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This type of product arrangement; i.e., the inter-
woven-aggregate arrangement, is a subgroup of the
aggregate morphological class. The arrangement of
the product phases of the Fe/Cu,O reaction is the
other subgroup; i.e., the lamellar-aggregate arrange-
ment. The reasons for the selection of a given sub-
group by a reaction couple which should have the ag-
gregate arrangement of product phases is a topic re-
ceiving further attention in our current research.

A scanning electron micrograph of the interface be-
tween the reactant iron and the Ni + FeO product zone
after selective dissolution of the FeO is shown in
Fig. 11(b). Normally, in the oxidation of iron to form
FeO, a condensation of vacancies at the metal-scale
interface leads to significant porosity, the ultimate
loss of adherence, and a deviation from parabolic ki-
netics. While some disarrangement in the iron at the
interface in Fig. 11(b) is present, gross porosity was
not formed. .

As expected from the isothermal section of the ter-
nary Fe-Ni-O phase diagram at 1000°C,? the product
zone of the Fe/NiO reaction does not consist simply
of FeO and nickel. In particular, a band of nickel fer-
rite has been detected at the NiO/product interface by
selective etching® and polarized light microscopy. The
thickness of this band is small relative to the thickness
of the entire product zone, and thus, its presence
should have a negligible effect on the net reaction rate.
The metallic phase which exists within the nickel fer-
rite band is presumably a nickel-rich alloy.

When single crystals of NiO instead of NiO powder
compacts are used for the Fe/NiO reaction, similar

METALLURGICAL TRANSACTIONS

(
Fig. 12—Aggregate product morphology for the Fe/NiO
(single crystal) displacement reaction after 64 h at 1000°C.
(@) Magnification 95 times, (b) Magnification 700 times.
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Fig. 13—Time dependence of the thicknesses of the aggregate
product zones of the Fe/NiO (powder compact) and Fe/NiO
(single crystal) displacement reactions at 1000°C.

product microstructures are obtained, as shown in
Fig. 12. The product phases are also continuous and
interwoven for this case, and nickel ferrite was again
detected at the NiO/product interface by selective
etching.

The main differences in the product morphologies
which result when powder compacts or single crystals
of NiO are used are the degree of fineness of the mi-
crostructure and the morphology at the NiO/product
interface, as can be seen by comparing Figs. 10(a)
and 10(b) with Figs. 12(a) and 12(b). This variation in
product morphology is attributed to a difference in the
reaction mechanism at the NiO/product interface,
which results from the dissimilarity in the structure
of the reactant NiO.

When sintered-powder compacts of NiO are em-
ployed the product nickel could form in voids which
are present in the NiO. In this case, the fineness of
the product morphology would be influenced by the
pore size in the reactant NiO. Reactions using powder
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compacts made from finer mesh NiO have indeed re-
sulted in a finer product microstructure at the NiO/
product interface. The NiQ single crystals are not
porous, and the nucleation and growth processes at the
NiQ/product interface are expected to be more com-
plex for this case.

The thicknesses of the product zones for both the
Fe/NiO (powder compact) and the Fe/NiO (single crys-
tal) reactions are plotted as a function of the square
root of the reaction time in Fig. 13. Parabolic growth
kinetics is obeyed in each case. The difference in the
reaction rates is also attributed to the difference in
the growth processes at the NiO/product interfaces.
‘Investigations are being conducted to ascertain the de-
tails of the mechanism of the Fe/NiO displacement
reaction.

Engineering Implications

For a composite material, the interwoven product
microstructure should be ideal both for the transfer
of stresses and for resistance to crack propagation.

In support of this statement, the product zones of
Figs. 10 and 12 were not fractured by rapid cooling,
in contrast to the layered product phases of Figs. 3
and 5. Thus, the interwoven-aggregate morphology
should be the ideal arrangement of the product phases
in the reaction zone between a compound fiber and a
metallic matrix of a ‘“‘reactive’’ or ‘‘incompatible’’
composite.

Consideration of the morphology selection criterion
which was developed in this paper suggests that it
might be possible to artificially control product mor-
phologies, and thus the kinetics, for simple displace-
ment reactions. An initial coating of sufficient thick-
ness of the product metal between the reactants should
cause the formation (at least initially) of the aggregate
morphology regardless of the predictions based on
equivalent thicknesses of the products. Likewise, an
initial layer of the product oxide between the reactants
should always effect the initiation of the layered ar-
rangement. Because of potential applications to diffu-
sion bonding and materials compatibility, this ‘‘control
technique’’ may be of engineering importance.

The selective dissolution of either the metal or the
oxide phase in the interwoven morphology should pro-
vide a means for the production of porous oxide or
metal screens, respectively. Such porous materials
enjoy a range of application, for example, as electrode
materials in fuel cells and as catalysts for reactions
between gases.

SUMMARY

A criterion for the prediction of the product mor-
phologies for simple, solid-state displacement reac-

1292—VOLUME 4, MAY 1973

tions has been developed. If the rate-controlling step
in the growth of a presupposed layered arrangement
of the product phases is diffusion in the oxide phase,
then the layered morphology is stable. If the rate-
controlling step is permeation of nonmetal through the
metal phase, then the presupposed layered morphology
is unstable and an aggregate arrangement of the prod-
uct phases will result. Predictions based on this cri-
terion have been supported by experimental observa-
tions for four reaction couples. The observed para-
bolic reaction kinetics for the reaction couples which
exhibited the layered arrangement are comparable
with the values calculated on the basis of available
thermodynamic and kinetic data.

Two types of aggregate morphology, which have not
been reported previously, have been identified; these
are the lamellar-aggregate and the interwoven-aggre-
gate morphologies.
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