J Mater Sci (2010) 45:5676-5684
DOI 10.1007/s10853-010-4633-y

Kinetics of isothermal reactive diffusion between solid Fe

and liquid Al

Y. Tanaka - M. Kajihara

Received: 13 January 2010/ Accepted: 18 May 2010/ Published online: 4 June 2010

© Springer Science+Business Media, LLC 2010

Abstract The kinetics of the reactive diffusion between
solid Fe and liquid Al was experimentally observed using Fe/
Al diffusion couples. The diffusion couples were prepared by
an isothermal bonding technique and then immediately
annealed in the temperature range of 7 = 1053-1093 K for
various times up to ¢ = 600 s. Owing to annealing, an
intermetallic layer with a rather uniform thickness is pro-
duced at the Fe/Al interface in the diffusion couple and grows
into the solid Fe specimen. The intermetallic layer consists of
Fe,Als and FeAls, and the thickness is much smaller for
FeAlj; than for Fe,Als. Hence, the growth of the intermetallic
layer is predominantly governed by Fe,Als. The total
thickness, [, of the intermetallic layer increases with
increasing annealing time, f, according to the parabolic
relationship /* = Kr. This may mean that the growth of the
intermetallic layer is controlled by volume diffusion. If the
temperature dependence of the parabolic coefficient K is
expressed by the equation K = Kpexp(—Qx/RT), Ky =
126 m*/s and Qg = 248 kJ/mol are obtained from the
experimental values of K at 7 = 1053-1093 K by the least-
squares method. A mathematical model was used to evaluate
the interdiffusion coefficient, D, of Fe,Als from K. The
evaluation provides Do = 2.55 x 10° m*s and Q =
259 kJ/mol for the dependence of D on T described as
D = Dyexp(—Q/RT). Thus, K is one fifthof Dat T = 1053—
1093 K, and Qg does not necessarily coincide with Q. D is
about two orders of magnitude greater for the values evalu-
ated in the present study than for those extrapolated from the
previously reported result at 7 = 823-913 K. The micro-
structure observation in a previous study suggests that such
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large values of D are attributed to the boundary diffusion in
the intermetallic layer as well as the crystallographic
anisotropy of Fe,Als.

Introduction

Aluminizing is one of the useful methods to improve the
heat and corrosion resistance of steels. In this method, the
steel is immersed in a molten Al bath for a certain period.
During immersion, Fe—-Al compounds with higher Al
concentrations are formed at the interface between the steel
and the molten Al due to the reactive diffusion. However,
such Fe—Al compounds are brittle. Thus, the formation of
the Fe—Al compounds deteriorates the mechanical proper-
ties on the surface of the steel. In order to control the
formation of the compounds, the information on kinetics of
the reactive diffusion is very important. Therefore, various
efforts to obtain such information have been made by many
investigators [1-11].

The reactive diffusion between liquid Al and solid Fe was
experimentally studied by Bouché et al. [8]. In this experi-
ment, Fe/Al diffusion couples were prepared by a melt bath
technique and then isothermally annealed in the temperature
range of T = 973-1173 K. A similar experiment was con-
ducted by Bouayad et al. [10] In the binary Fe—Al system
[12], FeAls, Fe,Als, and FeAl, are the stable intermetallic
compounds in this temperature range. According to their
experimental results [8, 10], however, only Fe,Als and FeAls
are produced as visible layers at the Fe/Al interface in the
diffusion couple during annealing. The thickness is much
smaller for FeAl; than for Fe,Als, and irregular tongue-like
morphology is realized for Fe,Al;s. Owing to the irregular
morphology, the growth rate of Fe,Als could not be reliably
determined in their experiments [8, 10].
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Recently, the reactive diffusion between liquid Al and
solid Fe was experimentally observed in a previous study
[13]. In this experiment, Fe/Al diffusion couples were
prepared by an isothermal bonding technique and then
annealed at temperatures of 7 = 973-1073 K. After
annealing, Fe,Als and FeAl; were observed, but FeAl, was
not recognized clearly. Like the experiments by Bouché
et al. [8] and Bouayad et al. [10], the Fe,Als layer shows the
irregular tongue-like morphology at T = 973-1023 K. At
T = 1073 K, however, Fe,Als is formed as a rather uniform
layer. Thus, the morphology of Fe,Als varies depending on
the annealing temperature. In the isothermal bonding tech-
nique [13], the Al melt and the solid Fe specimen are sep-
arately preheated at the same temperature as the annealing
temperature in a vacuum. After sufficient preheating, the
melt and the solid specimen are bonded with each other and
then annealed immediately. Hence, in the isothermal
bonding technique, the temperatures of the melt and the
solid specimen are equivalent and remain constant during
preheating, bonding, and annealing. As mentioned earlier,
the observation in a previous study [13] indicates that the
uniform Fe,Als layer is formed during isothermal annealing
at T = 1073 K. At this temperature, however, the Fe,Als
layer shows the irregular tongue-like morphology in the
experiments with the melt bath technique [8, 10]. In the
experiment by Bouché et al. [8], the solid Fe specimen was
preheated above the Al melt in a vacuum chamber before
immersion into the melt. Due to the temperature gradient in
the chamber, however, the preheating temperature of the
solid Fe specimen may be lower than the immersion tem-
perature of the Al melt. In contrast, the preheating tem-
perature of the solid Fe specimen was 473 K independent of
the immersion temperature in the experiment by Bouayad
et al. [10]. In both experiments [8, 10], the temperature of
the solid Fe specimen continuously increases with increas-
ing immersion time and then finally reaches to the immer-
sion temperature. During continuous heating, Fe,Als is
formed at the Fe/Al interface and grows into the solid Fe
specimen. According to the observation in a previous study
[13], however, the Fe,Als layer is uniform at 7 = 1073 K
but irregular at 7 < 1073 K. Therefore, in the experiments
with the melt bath technique [8, 10], the Fe,Als layer with
the irregular tongue-like morphology is produced during
continuous heating at 7 <1073 K and then grows during
isothermal annealing at 7 = 1073 K. Consequently, it is not
so easy to obtain the uniform Fe,Als layer by the melt-bath
technique. In order to examine the kinetics of the reactive
diffusion between liquid Al and solid Fe, the isothermal
bonding technique proposed in a previous study [14] was
used to prepare diffusion couples consisting of liquid Al
and solid Fe in the present study. The diffusion couple
was isothermally annealed in the temperature range of
T = 1053-1093 K, and then the growth behavior of Fe—Al

compounds was observed in a metallographical manner. On
the basis of the observation, the kinetics was quantitatively
analyzed using the mathematical model reported in a pre-
vious study [15].

Experimental

Polycrystalline columnar specimens with a length of 5 mm
were cut from a commercial rod of pure Fe with a diameter
of 8 mm and purity of 99.7 % in a manner similar to a
previous study [13]. The Fe rod contains a trace of C, 0.01
mass% of Si, 0.25 mass% of Mn, 0.004 mass% of P, 0.004
mass% of S, 0.01 mass% of Cu, 0.01 mass% of Ni, and
0.01 mass% of Cr as impurities. The columnar specimens
were separately annealed in evacuated silica capsules at a
temperature of 1173 K for a time of 2 h, followed by air
cooling without breaking the capsules. The top and bottom
flat-surfaces of each annealed columnar specimen were
mechanically polished on 800-4000 emery papers.

A commercial rod of pure Al with a diameter of 6 mm
and purity of 99.99 % was cut into columnar specimens
with a length of 9.6 mm. Each polished Fe specimen was
encapsulated together with a columnar Al specimen in an
evacuated silica capsule with an inner diameter of 8.5 mm.
The silica capsule was isothermally preheated for a time of
1.8 ks (30 min) in the temperature range between 1053 K
and 1093 K. During preheating, the solid Fe specimen was
separated from the Al melt in the silica capsule. After
preheating, a flat surface of the solid Fe specimen was
immediately contacted with that of the Al melt with a
diameter of 8.5 mm and a length of 4.8 mm to prepare a
columnar Fe/Al diffusion couple. The diffusion couple was
isothermally annealed for various times up to 600 s
(10 min) at the same temperature as preheating, followed
by water quenching with breaking the capsule. The
annealing temperature and time are denoted by 7 and ¢,
respectively.

Cross-sections of the annealed diffusion couple were
mechanically polished on 800-4000 emery papers and
then finished using diamond with a diameter of 1 um. The
microstructure of the cross-section was observed with a
back-scattered electron image (BEI) by scanning electron
microscopy (SEM). Concentrations of Fe and Al in each
phase on the cross-section were measured by electron
probe microanalysis (EPMA) using pure Fe and Al with
purity of 99.99 % as standard specimens under the fol-
lowing conditions: the accelerating voltage was 20 kV;
the probe current was 5 nA; the analyzing crystals for
Fe-K, and Al-K, were lithium fluoride (LiF) and thallium
acid phthalate (TAP), respectively; and the chemical
composition was evaluated by a standard ZAF correction
technique.
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Model

In order to analyze quantitatively the kinetics of the reac-
tive diffusion controlled by volume diffusion, a hypothet-
ical binary A-B system consisting of one intermetallic
compound and two primary solid solution phases was
adopted in previous studies [15-22]. The « and y phases are
the primary solid solution phases of components A and B,
respectively, and the [ phase is the intermetallic com-
pound. Now, we consider a semi-infinite diffusion couple
composed of the o and y phases with initial compositions of
y*® and y°, respectively. Here, y is the mol fraction of
component B. In the semi-infinite diffusion couple, the
thickness is semi-infinite for the o and y phases, and the o/y
interface is flat. Therefore, the interdiffusion of compo-
nents A and B occurs unidirectionally along the direction
perpendicular to the flat interface. This direction is called
the diffusional direction. If the diffusion couple is annealed
at temperature 7 for an appropriate time, the f§ phase will
be formed as a layer with a uniform thickness along the
interface owing to the reactive diffusion between the o and
7y phases. The concentration profile of component B across
the f§ phase layer along the diffusional direction is sche-
matically drawn in Fig. 1 [15]. In this figure, the ordinate
shows the mol fraction y, and the abscissa indicates the
distance x measured from the initial position of the a/y
interface. Dashed lines and solid curves show the concen-
tration profiles before and after annealing, respectively, and
2 and 7%’ indicate the positions of the o/f and f/y inter-
faces, respectively, after annealing. When the local equi-
librium is realized at each migrating interface during
annealing, the compositions of the neighboring phases at
the interface coincide with those of the corresponding
phase boundaries at temperature 7 in the phase diagram of
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Fig. 1 Concentration profile of component B across the [ phase
along the diffusional direction in the semi-infinite diffusion couple
[15]
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the binary A-B system. Consequently, the migration of the
interface is controlled by the volume diffusion in the
neighboring phases. In Fig. 1, y** and y** are the compo-
sitions of the « and [ phases, respectively, at the o/f
interface, and y*” and y’# are those of the § and 7 phases,
respectively, at the fi/y interface. The compositions y*#, y#*,
y"" and y’” give the boundary conditions, and those y** and
y"* provide the initial conditions.

For the reactive diffusion controlled by volume diffu-
sion, the positions z** and z* of the «/f and f/y interfaces
are described as functions of the annealing time, #, by the
equations

7 = K*P\/4D% = KP*\/4DPt (1a)
and
" = kP 4aDPt = K'P\/4D't, (1b)

respectively [23]. Here, D~ D’ and D’ are the
interdiffusion coefficients for volume diffusion in the o,
f, and y phases, respectively, and K**, k" KP' and K'P
are dimensionless coefficients. The thickness, /, of the 8
phase layer is determined as the difference between 2 and
Z¥, and thus the following equation is obtained from
Eq. la, 1b to express / as a function of z.

P = (% — )= aDP (kP — kP')’t = ke (2)

Equation 2 indicates the parabolic relationship, where K is
the parabolic coefficient with a dimension of m?%s.
According to Eq. 2, K is described as a function of Dﬁ,
KP*, and K" by the following equation:

K = 4DF(KP* — k), (3)

The dimensionless coefficients are related to the initial and
boundary conditions as follows [15]:

o0 _ af
pu_ af _ ?—c (kP
© K“ﬁ\/ﬁ{l—erf(K“ﬁ)}eXp{ (K*) }
cfr — b 2
— (KB
+Kﬁ“\/%{erf(Kﬁ")—erf(Kﬁ'V)}eXp{ (™) }
(4a)
and
po _ By
B B — ¢ —c _(KkP)?
“ e KB /m{erf(Kh*) —erf(Kﬁ"/)}eXp{ (&%) }
0 ob
<Y
MVINTE +erf(K"»’/3)}eXp{ (k")'}
(4b)

Here, c is the concentration of component B measured in
mol per unit volume. The initial and boundary conditions
are indicated with the concentration ¢ in Eq. 4a, 4b but
shown with the mol fraction y in Fig. 1. However, y is
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readily converted into ¢ by the equation ¢ = y/V,,, where
Vin is the molar volume of the relevant phase. The
following relationships are deduced from Eq. la, 1b:

DF

Ko(ﬂ — Kﬂo{
D>

(5a)

and

Db
KPP =KP = (5b)
D7

Equation 5a, 5b indicates that only two of the four
dimensionless coefficients are independent. In the present
study, KP* and K”" are chosen as the independent variables.
Insertion of Eq. 5a, 5b into Eq. 4a, 4b yields two inde-
pendent equations. As a result, the two independent vari-
ables are determined from the two independent equations,
and then K is finally calculated from Eq. 3.

Results and discussion
Microstructure

Typical BEI micrographs of the cross-section for various
diffusion couples are shown in Fig. 2. Figure 2a, b indi-
cates the micrographs of the diffusion couples annealed at
T =1053 K and 1093 K, respectively, for t = 600 s
(10 min). In this figure, the brightest region on the lower
side is the Fe specimen, and the darkest region on the upper
side is the Al specimen. As can be seen, a compound layer
with an intermediate contrast is observed between the Fe
and Al specimens. Concentration profiles of Fe and Al
across the compound layer were measured by EPMA. A
result for the diffusion couple with 7'= 1083 K and
t =300 s (5 min) is shown in Fig. 3. In this figure, the
ordinate and the abscissa indicate the mol fraction y; of
component i and the distance x, respectively, and open
circles and squares show the mol fractions ys; and yge,
respectively. According to the result in Fig. 3, the com-
pound layer consists of Fe,Als and FeAl;. However, the
thickness is much smaller for FeAls than for Fe,Als. Since
Fe,Als and FeAl; are brittle, cracks are formed in the
compound layer on the cross-section during mechanical
polishing as shown in Fig. 2. In optical micrographs, FeAls
is distinguished from Fe,Als [13]. As indicated in Fig. 3,
however, the thickness is much smaller for FeAl; than for
Fe,Als. Hence, the thickness of FeAl; was not necessarily
reliably determined from the optical micrograph. In con-
trast, the mean atomic number is close to each other
between Fe,Als and FeAls;. Thus, Fe,Als and FeAl; are not
clearly distinguishable in the BEI micrographs like Fig. 2.
In Fig. 2, the black and gray areas in the Al specimen
are the Al-rich solid-solution (Al) phase and FeAls,

Fig. 2 Back-scattered electron images of cross-section for the Fe/Al
diffusion couples annealed for r = 600 s (10 min) at a 7' = 1053 K
and b T = 1093 K
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Fig. 3 Concentration profiles of Fe and Al across the intermetallic
layer in the Fe/Al diffusion couple annealed at 7' = 1083 K for
t = 300 s (5 min)
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respectively. During cooling after isothermal annealing in
the liquid single-phase region, the Al-rich liquid-solution
(L) phase containing a certain amount of Fe is decomposed
into the Al phase and FeAl; by the eutectic reaction
L — Al + FeAlj;, where the eutectic temperature is 928 K
[12]. The BEI micrographs in Fig. 2 suggest that the
eutectic reaction occurs very fast even during water
quenching. The volume fraction of FeAls in the Al speci-
men increases with increasing annealing temperature and
time. According to a recent phase diagram in the binary
Fe—Al system [12], FeAl, as well as Fe,Als and FeAls
should appear as a stable intermetallic compound at
T = 1053-1093 K. However, FeAl, was not observed in
any diffusion couples in the present study. Hence, nucle-
ation and/or growth may be much slower for FeAl, than for
Fe,Als and FeAls. As a consequence, FeAl, cannot grow to
visible thicknesses within the experimental annealing
times. Microstructures similar to Fig. 2 were observed for
all the diffusion couples.

Growth behavior of intermetallic layer

In the BEI micrographs of the cross-section like Fig. 2, the
compound layer is clearly distinguishable from the Fe and
Al specimens. Furthermore, the compound layer possesses
the morphology of a rather uniform thickness. Hereafter,
the compound layer with the uniform morphology is called
the intermetallic layer. From the BEI micrograph, the mean
thickness, I, of the intermetallic layer was evaluated by the
following equation [13]:

= e (6)
Here, A and w are the total area and the total length of the
intermetallic layer, respectively, on the cross-section. At
each annealing time, / was calculated from Eq. 6 using the
total values of A and w for various cross-sections. The
results of 7 = 1053 K, 1073 K, and 1093 K are plotted as
open rhombuses, squares, and circles, respectively, in
Fig. 4. In this figure, the ordinate shows the square of the
thickness /, and the abscissa indicates the annealing time ¢.
As to the result of T = 1093 K, the open circles lie well on
a solid line. This means that the parabolic relationship
holds between the thickness, /, and the annealing time, ¢, as
follows:

P2 = Kt. (7)

From the open circles in Fig. 4, the parabolic coefficient K
was estimated for 7 = 1093 K by the least-squares
method. The solid line shows the calculation from Eq. 7
with the estimated value of K. Also for the results of
T = 1053 K and 1073 K, the open rhombuses and squares
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Fig. 4 The square of the thickness / of the intermetallic layer versus
the annealing time ¢ for the Fe/Al diffusion couple at 7= 1053 K,
1073 K, and 1093 K shown as open rhombuses, squares, and circles,
respectively. A solid line indicates the calculation from Eq. 7 and
dotted and dashed lines show those from Eq. 8

are located well on dotted and dashed fitting-lines,
respectively. However, the dotted and dashed lines
intersect the ordinate with [ > 0 at t = 0. This implies
that the transition of the rate-controlling process from
boundary diffusion to volume diffusion occurs at the
critical annealing time 7. [24]. It is recommended by van
Loo [24] that the parabolic relationship at ¢ > 7. should be
described by the following equation instead of Eq. 7.

P—E=K(t—t) (8)

Here, [, is the value of [ at t = .. According to the rec-
ommendation, K is evaluated from Eq.8 even at
T = 1053 K and 1073 K. Unfortunately, however, z. can-
not be reliably determined from the open rhombuses and
squares in Fig. 4. Hence, for convenience’ sake, it is
assumed that ¢, is equal to the shortest annealing time of
t, = 75 s. The values of 15 for t, = t, were obtained from
the fitting-lines in Fig. 4 and listed at the seventh column in
Table 1. With these values of /> and 7., K was evaluated
from Eq. 8 at 7= 1053 K and 1073 K using the open
rhombuses and squares, respectively, by the least-squares
method. The evaluated values of K are shown in Fig. 4.
When the growth of the intermetallic layer is controlled by

Table 1 The interface compositions y”‘” s yﬂ * y” 7. and y7'ﬁ [12] and the
parameters f. and I2 at each annealing temperature

K y? ¥ ¥ y'P s 1210"%m?2
1053 0499 0700 0730 0971 75  1.10

1073 0500 0700 0730 0967 75 171

1093 0502 0700 0730 0962 0 0
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Fig. 5 The parabolic coefficient K versus the reciprocal of the
temperature 7. A straight line indicates the calculation from Eq. 9

volume diffusion, the parabolic relationship holds between
! and ¢ as mentioned above. However, the parabolic rela-
tionship is realized also for the growth controlled by
boundary diffusion unless grain growth occurs in any
phases of the diffusion couple [25]. Therefore, the para-
bolic relationship provides two possibilities of the rate-
controlling process for the growth of the intermetallic
layer. As reported in a previous study [13], the interme-
tallic layer consists of columnar blocks and each columnar
block is composed of equiaxed grains. Since the columnar
block coarsens during annealing, the parabolic relationship
may indicate the volume diffusion rate-controlling process.

The values of K are plotted against the annealing tem-
perature T as open circles with error bars in Fig. 5. In this
figure, the ordinate shows the logarithm of K, and the
abscissa indicates the reciprocal of 7. The temperature
dependence of K is expressed by the following equation
with certain accuracy [16-18]:

K = Kjyexp (—g—;) . 9)

Here, Kj is the pre-exponential factor, and Qg is the acti-
vation enthalpy. From the open circles in Fig. 5, Ky and Qg
were estimated by the least-squares method as shown with
a solid line. As can be seen, the open circles are located
well on the solid line. As a consequence, Eq. 9 satisfac-
torily describes the dependence of K on T within the
experimental uncertainty.

Analysis of kinetics

As previously mentioned, the intermetallic layer is com-
posed of Fe,Als and FeAl;. According to the result in
Fig. 3, however, the thickness is much smaller for FeAls
than for Fe,Als. This means that the growth of the inter-
metallic layer is predominantly governed by Fe,Als.

Hence, in order to simplify the analysis, it is assumed that
the intermetallic layer consists of only Fe,Als. The inter-
diffusion coefficient D’ of the 0 phase is expressed as a
function of the temperature 7 by the following equation of
the same formula as Eq. 9.

QO
D’ =D =
o exp( RT

Like Ky and Qg in Eq. 9, Dg and QO are the pre-exponential
factor and the activation enthalpy, respectively. Hereafter,
the Fe-rich solid-solution phase with the body-centered
cubic (bcc, A2) or B2 structure and the Al-rich liquid-
solution phase are denoted by 6 = o and L, respectively.
For simplicity, however, the superscript is omitted for
Fe,Als. Since the solubility ylﬁe of Fe in the L phase is
0.029-0.038 at T = 1053-1093 K [12], respectively, DV is
almost equal to the self diffusion coefficient D{Ee of Fe in
the L phase. Various values of D, were reported by many
investigators [26-29]. Their values are shown as different
open symbols with solid lines in Fig. 6. In this figure, Df.
is simply denoted by D", and the ordinate and the abscissa
indicate the logarithm of D" and the reciprocal of T,
respectively. As can be seen, there are large discrepancies
among the values of D" reported by the different investi-
gators. In the temperature range of T = 1053-1093 K, D"
is more than one order of magnitude greater for the largest
value than for the smallest value. Du et al. [30] critically
reviewed such discrepancies of D" and then concluded that
the values reported by Eremenko et al. [27] and Ejima et al.
[28] were reliable. Using the selected values [27, 28], Du
et al. [30] revaluated DY = 2.34 x 107’ m?%/s and
O = 35.0 kJ/mol for D". The revaluated result is shown
as open inverse-triangles with a dashed line in Fig. 6. On
the other hand, the solubility y3; of Al in the o phase is
0.499-0.502 at T = 1053-1093 K, respectively. Thus,

(10)

i T T T T T T T T
o L L
£ D" = Digexp(-Q"/RT) Kato et al. (1966)
N 1077k Di=3.7%10" m%s |
QA QLT 16.7 kJ/mol
3 O\o
2
=)
g Kikuchi et al. (1994)
= Di=7.9%10"°m?s
° 0" =52.0 kJ/mol
Ejima et al. (1980
e 108 L j - (1980) |
S 10 / Di=37%10"m¥s ]
5 — Q" = 38.9 kJ/mol ]
5 [ Duetal. (2003)
E I DL=234X10" m%s
3 0" =35.0 kJ/mol
o Eremenko et al. (1977)
g DL =8.0X10" m¥s
g 0" =26.8 klmol
g 109 1 1 1 1 I | 1
a 0.7 0.8 0.9 1
T7/10°K™!

Fig. 6 The diffusion coefficient D" versus the reciprocal of the
temperature 7 reported by various researchers [26-30]
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unlike yk., y%; is not sufficiently small. Furthermore, the
crystal structure of the o phase is bcc (A2) at lower Al
concentrations but B2 at higher Al concentrations [12].
Hence, D* may not be necessarily close to the self diffusion
coefficient D%; of Al in the o phase in the full composition
range of the o single-phase region. Nevertheless, D* is
much smaller than D" and D. In such a case, the growth
rate of Fe,Als is insensitive to D* [15]. Therefore, in the
present analysis, it is assumed that D* is equal to D3;.
According to this assumption, the following values
were adopted for D*: Df =52 x 107* m%s and Q* =
246 kJ/mol [31].

As mentioned earlier, the mol fraction y is readily con-
verted into the concentration ¢ by the equation ¢ = y/V,,,.
Here, V,, is the molar volume of the relevant phase. The
molar volumes V% and V% of the pure L and « phases are
11.17 x 107° m*mol and 7.29 x 10~° m*/mol, respec-
tively, at T = 933 K [31]. Thus, Vh is 53% greater than Vp,.
On the other hand, at 7 = 1053-1093 K, DV is more than
three orders of magnitude greater than D*. Although K is a
function of the diffusion coefficients and the molar volumes
of the constituent phases through the equation ¢ = y/V,;, and
Eqgs. 3-5a, 5b under the initial and boundary conditions
described with y, the difference between VE and V2, is
negligible compared with that between D and D* Thus,
with sufficient accuracy, we may assume that the molar
volumes of all the constituent phases are equivalent. On the
basis of this assumption, the concentration c in Eq. 4a, 4b is
automatically replaced with the mol fraction y. In the Fe/Al
diffusion couple, the components A and B are Fe and Al,
respectively, and the superscripts o, 8, and 7y in Egs. 1a, 1b—
5a, 5b correspond to the « phase, Fe,Als, and the L phase,
respectively. The initial compositions of the Fe and Al
specimens in the diffusion couple are given as y** = 0 and
y"® = 1, respectively. The composition y“ﬂ represents the
solubility of Al in the o phase, and hence y** = y%,. On the
other hand, y** and y”” show the lowest and highest con-
centrations of Al in the solubility range of Fe,Als, and y”
indicates the concentration of Al on the liquidus curve of the
L phase. Thus, y# =1 — yk. The interface compositions
y*P P 7 and y7P at T = 1053-1093 K [12] are listed in
Table 1.

Using the parameters mentioned above, D was evaluated
from Eqs. 3-5a, 5b for the values of D" indicated with the
different open symbols in Fig. 6 to reproduce the experi-
mental values of K at 7= 1053-1093 K in Figs. 4 and 5.
The results are shown in Fig. 7 with the same open sym-
bols as Fig. 6. As can be seen, D is smaller than D" but
much greater than D”. Furthermore, like Fig. 6, there are
discrepancies of D among the different open symbols.
Nevertheless, in Fig. 7, D is merely about twice greater for
the largest value than for the smallest value. Since D" is
greater than D as mentioned above, K varies depending on
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Fig. 7 The diffusion coefficient D versus the reciprocal of the
temperature T evaluated from Eqs. 3-5a, 5b using D" shown in Fig. 6

D" and D [15]. Even in such a case, however, K is not so
sensitive to D& [15]. As a result, the evaluation of D is not
strongly affected by the discrepancy of D".

The reactive diffusion between solid Fe and solid Al was
experimentally observed in a previous study [32]. In this
experiment, Al/Fe/Al diffusion couples were prepared by a
diffusion bonding technique and then isothermally
annealed at 7 = 823-913 K for various periods up to
t = 4.32 ks (120 h). During annealing, a Fe,Als layer is
formed at the Fe/Al interface in the diffusion couple and
grows according to the parabolic relationship. However,
FeAl; and FeAl, were not clearly observed even after the
longest annealing at each temperature. In the solid-Fe/
solid-Al reactive diffusion, coarse equiaxed grains of
Fe,Als are formed by isothermal annealing at 7T = 823-
913 K [32]. Hence, the growth of the intermetallic layer is
governed by volume diffusion. On the other hand, in the
solid-Fe/liquid-Al reactive diffusion, columnar blocks of
Fe,Als are produced in the early stages and then coarsen
during isothermal annealing at 7 = 973-1073 K [13].
Here, the columnar block is composed of equiaxed grains.
As a result, at T = 1053-1073 K, the growth of the inter-
metallic layer may be controlled by boundary diffusion in
the early stages but by volume diffusion in the late stages.
In a previous study [19], D was evaluated from the
experimental values of K at 7 = 823-913 K in a manner
similar to the present study. The evaluation is shown as
open squares with a dashed line in Fig. 8. In this figure, the
open inverse-triangles with a solid line in Fig. 7 are rep-
resented as open circles with a solid line. The penetration
distance, p, of Fe into the L phase from the o phase in the
Fe/Al diffusion couple during isothermal annealing is
roughly estimated by the following equation [15]:

p =2VDlt. (11)
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Fig. 8 The open inverse-triangles with a solid line in Fig. 7 are
represented as open circles with a solid line. The corresponding result
in a previous study [19] is shown as open squares with a dashed line

Using the parameters D§ = 2.34 x 107’ m*s and
QL = 35.0 kJ/mol, reported by Du et al. [30], we obtain
D" =430 x 107 m/s, 4.63 x 107 m%s, and 4.97 x
107" m%s at 7= 1053 K, 1073 K, and 1093 K, respec-
tively, from Eq. 10. On the other hand, the longest
annealing time, t,,,, is 600 s at T = 1053-1093 K. Thus,
p=32mm, 3.3 mm, and 3.5 mm are estimated for
T = 1053 K, 1073 K, and 1093 K, respectively, at t = t,,
from Eq. 11. As mentioned in the “Experimental” section,
the length s, of the L phase and that sg. of the o phase are
4.8 and 5 mm, respectively, for the Fe/Al diffusion couple.
Since p is smaller than su; at t = t,,, the Fe/Al diffusion
couple is considered semi-infinite within the experimental
annealing times. Owing to preheating before annealing, the
temperature becomes uniform in both the L and o phases.
Thus, thermal convection is minimized in the L phase
during annealing. On the other hand, the circular side of the
L phase is directly contacted with the inner side of the
silica capsule. Hence, the flat surface is the only free sur-
face of the L phase. Since the flat free-surface of the L
phase is parallel to the Fe/Al interface in the diffusion
couple and the thermal convection is negligible, the
chemical composition as well as the temperature should be
uniform along the flat free-surface during annealing.
Therefore, Marangoni convection is minimized for the flat
free-surface. In contrast, the L-phase/silica interface is not
microscopically smooth. It may be difficult for Marangoni
convection to occur readily along such a microscopically
uneven interface. Consequently, we may expect that
Marangoni convection is also negligible in the L phase. In
previous studies [14, 33], it was confirmed that the pene-
tration of Cu into the L phase in the solid-Cu/liquid-Al
reactive diffusion was actually controlled by volume dif-
fusion. In the solid-Fe/liquid-Al reactive diffusion, how-
ever, the L phase is quickly decomposed into the Al-rich

solid-solution (Al) phase and FeAl; by the eutectic reaction
L — Al + FeAl; during water quenching as mentioned
earlier. Furthermore, the solubility of Fe in the Al phase is
negligible [12]. As a consequence, the penetration of Fe
into the L phase during isothermal annealing could not be
experimentally ascertained from the concentration profiles
like Fig. 3. Nevertheless, the result of the solid-Cu/liquid-
Al reactive diffusion [14, 33] guarantees that volume dif-
fusion is the rate-controlling process also for the penetra-
tion of Fe into the L phase in the solid-Fe/liquid-Al reactive
diffusion. Thus, like the analysis in a previous study [19],
the mathematical model [15] used in the present study is
valid for the evaluation of D. In the temperature range of
T = 1053-1093 K, D is about two orders of magnitude
greater for the solid line than for the dashed line in Fig. 8.
Recently, Nishimoto et al. [11] experimentally observed
the solid-Fe/liquid-Al reactive diffusion. In their experi-
ment, Fe/Al diffusion couples were prepared by the melt
bath technique and then annealed at 7 = 1023 K for var-
ious times up to t = 600 s. Like other experiments [8, 10,
13], the irregular tongue-like Fe,Als layer was observed in
the annealed diffusion couples. Using such diffusion cou-
ples, the crystallographic orientation relationship of the
polycrystalline grain in the Fe,Als layer was measured by
an electron back-scattered diffraction (EBSD) technique.
Here, Fe,Als possesses the orthorhombic crystal struc-
ture with lattice parameters of a = 0.76573 nm, b =
0.64087 nm, and ¢ = 0.42265 nm [34]. The EBSD mea-
surement indicates that each tongue is a columnar block
consisting of fine equiaxed grains. The c-axis of the fine
equiaxed grain is almost perpendicular to the initial Fe/Al
interface but the a- and b-axes are randomly distributed on
a plane mostly parallel to the Fe/Al interface. Although
Fe,Als is formed as a rather uniform layer at 7 = 1053—
1093 K in the present study, the observation in a previous
study [13] indicates that the uniform layer consists of
columnar blocks and each columnar block is composed of
fine equiaxed grains. Thus, according to the EBSD mea-
surement by Nishimoto et al. [11], we can expect that the
c-axis of each fine equiaxed grain is almost perpendicular
to the initial Fe/Al interface. As a consequence, the solid
line in Fig. 8 may show the value of D along the c-axis. On
the other hand, the observation at 7= 823-913 K in a
previous study [32] indicates that the Fe,Als layer consists
of coarse equiaxed grains. Unlike the fine equiaxed grains
in the columnar block, any preferential growth directions
are not recognized for the coarse equiaxed grains. There-
fore, the dashed line in Fig. 8 may correspond to a mean of
D among the a-, b-, and c-axes. Due to the orthorhombic
crystal structure of Fe,Als, there exists anisotropy for D
[3]. The comparison between the solid and dashed lines in
Fig. 8 implies that D is more than two orders of magnitude
greater along the c-axis than along the a- and b-axes.
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As mentioned earlier, however, the columnar block of the
Fe,Als layer is composed of fine equiaxed grains. In a
previous study [13], coarsening was experimentally
examined for the columnar block but not for the fine
equiaxed grain. If the coarsening of the fine equiaxed grain
is sluggish in the late stages, the parabolic relationship
holds between [ and ¢ even for the growth of the Fe,Als
layer controlled by boundary diffusion [25]. In such a case,
the boundary diffusion as well as the crystallographic
anisotropy contributes to the values of D shown as the open
circles in Fig. 8. This may be the reason why D is about
two orders of magnitude greater for the solid line than for
the dashed line in Fig. 8.

Conclusions

In order to examine the kinetics of the reactive diffusion in
the liquid-Al/solid-Fe system, Fe/Al diffusion couples were
prepared by the isothermal bonding technique and then
immediately annealed at temperatures of 7 = 1053-
1093 K. At these temperatures, FeAls, Fe,Als, and FeAl,
are the stable intermetallic compounds in the binary Fe—Al
system [12]. During annealing, however, only Fe,Als and
FeAl; are formed as visible layers at the Fe/Al interface in
the diffusion couple. The intermetallic layer consisting of
Fe,Als and FeAl; indicates the morphology with a rather
uniform thickness and grows into the solid Fe specimen.
Since the thickness is much smaller for FeAl; than for
Fe,Als, the growth of the intermetallic layer is dominated
by Fe,Als. The square of the total thickness of the inter-
metallic layer is proportional to the annealing time. Such
annealing time dependence of the thickness is called the
parabolic relationship. The parabolic relationship may
usually indicate that the growth is controlled by volume
diffusion. The mathematical model reported in a previous
study [15] was used to evaluate the interdiffusion coeffi-
cient D of Fe,Als from the experimental values of the
parabolic coefficient. The values of D evaluated at T =
1053—-1093 K are about two orders of magnitude greater
than those extrapolated from the result at 7 = 823-913 K
reported in a previous study [32]. The microstructure
observation in a previous study [13] implies that the
boundary diffusion across the intermetallic layer as well as
the crystallographic anisotropy of orthorhombic Fe,Als
contributes to the evaluation of D.
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