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A model for studying the growth kinetics of intermetallic compounds by means of binary phase diagrams was
proposed with some assumptions. The parabolic growth relationship of intermetallic compound is deduced
mathematically using analytical solution of diffusion equations and the mass balance law. By comparing the
solubility of the adjacent phase in intermetallic compound phase, the predominant parameter controlling the
growth kinetics is the solute diffusion coefficient. The diffusion coefficient of Al atoms in intermetallic layers is
quantitatively described and the smallest diffusion coefficient is 0.373 x 10™2' m%/s in NbsAl phase. It is

demonstrated intermetallic layers formed at interface indeed inhibit the Nb container being corroded further by
TiAl melt, and NbsAl layer is a dominant factor.

1. Introduction

As a potential structural material, TiAl alloys have become a signif-
icant and burgeoning high-temperature application materials in aero-
space and aeronautics industry [1], owing to their superior advantages
over the conventional superalloys, such as low density, high strength
ratio and high stiffness ratio [2]. As of today, the maximum service
temperature of TiAl alloys can be to 800 °C, however, the target service
temperature hopes up to 900-950 °C in the future [3]. Ti-Al-Nb alloy
single crystals had been fabricated and exhibited excellent high tem-
perature and ambient temperature performance [4], indicating a perfect
match between room temperature processing and high temperature
service potential [5,6]. However, during the fabrication and processing
of TiAl alloys [7-14], many metal components suffer from corrosion to
different extent triggered by corrosive Al element and its alloy melts on
account of high chemical activity and affinity [15]. This corrosion
process drastically reduces the service lifetime of TiAl alloys and causes
the contamination of TiAl melts, which in turn compromises the effi-
ciency of TiAl alloys processing and product quality. Efficient protection
against corrosion has been one of the challenges for the sustainability of
industrial facilities. Intermetallic compounds emerge as stable phases at
the interface where they can produce a number of effects including

changing the interfacial energy, acting as a diffusion barrier and thus
mediating further dissolution of the substrate metal, which are impor-
tant for understanding and controlling corrosion behavior [16,17]. It is
necessary to figure out the kinetics of intermetallic compounds growth
and how they affect the corrosion courses, as aforementioned, which is
desired for development of improving materials and process.

In some cases, technically, growth kinetics were studied by diffusion
couples with two pure elements annealing at different temperature for
appropriate times, investigating the dynamic behavior of the interme-
tallic phase and the growth law can be obtained experimentally [18,19].
However, the method generally requires intermetallic layers are rela-
tively thin and morphological clear. Therefore, it is difficult to quanti-
tatively estimate the thickness of the intermetallic compounds layers
accurately where the phases boundaries are ambiguous. According to
Kidson’s opinion [20], not all phases which appear in the phase diagram
necessarily observed. Indeed, in certain alloy systems, stable interme-
tallic compounds layers may not be detected within realistic time at
experimental temperature [21]. Else, if there exists a barrier layer at the
interface, an equilibrium phase maybe absence, notorious examples are
some phases in Sn—-Ag-Ni system [22], Ni-Al-Cr system [23] Si-C-X (X:
Nb, Ti, Mo) system [24]. Under these circumstances, such consideration
will give rise to difficulty for intuitive understanding of the kinetics
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process. A analysis kinetics was proposed to understand the
diffusion-controlling diffuion process from theoretical aspect in a hy-
pothetical binary system [25], but lack of experimental verification and
the relevant details. In some ternary systems, the growth kinetics of
intermetallic compound layers are only described by empirical formulas
[22,23,26], without the relevant theoretical basis to help understand the
influencing factors of the processes. The quantitative relationships
cannot be established for kinetics assessment. In these systems, if the
growth rate of the relevant intermetallic compounds is not large enough
to observe its appearance with realistic experiment. To date, we have not
had an effective method to estimate their growth kinetics accurately
even though the intermetallic compounds are thermodynamically sta-
ble. Therefore, it is imperative to explore a convenient and easy mean to
analyze the thickness of the intermetallic compounds layers resonable so
as to the growth kinetics can be obtained. For determination of a reliable
growth kinetics, using phase diagram rationally and the experimental
information on the kinetics assessment is essentially important [27].
On the other hand, the growth kinetics of intermetallic compounds is
significantly important for understanding and controlling of interme-
tallic interaction and corrosion process, which requires a reasonable,
simple and economical method to evaluate the interaction process.
Under these conditions, an analysis model based on studying the growth
kinetics of intermetallic compounds by means of binary phase diagrams
was proposed, in which only solute concentration should be taken into
account to describe the kinetics of the reactive diffusion mathematically.
The present study attempts to elicit the parameters which govern the
reaction kinetics for intermetallic layer growth during interdiffusion
between Nb container and TiAl melt under interaction process with a
special focus on understanding the effects of Al on the interdiffusion and
corrosion process. The kinetics of intermetallics compounds layers has
been theoretically analyzed based on phase diagram and the mass
conservation law, then experimental verification. Experimental and
theoratical, the quantitative relationship between intermetallic com-
pounds layers thickness and corrosion time is approximately established
and the diffusion coeffection is calculated reasonably. The primary
purpose of this study is to figure out the transferring mechanism of Al
atoms during the diffusion between high temperature TiAl melt and Nb
container and to develop a quantitatively kinetics of intermetallic
compounds layers growth in terms of anomalous Al diffuse and corrode
into the Nb phase. The additional destination of the present work is to
contribute to an increased understanding of the fundamental scientific
aspects of interdiffusion and dynamic corrosion. The results represent a
basis which should allow engineers to improve process technology.

2. Experiments

The interfacial interaction experiments were performed between Nb
containers and Ti-47Al-2Nb(at.%) alloys with different corrosion time
at 1600 °C. The cast cylindrical raw ingots with the dimensions of @ 40
x 150 mm used in this research were produced using induction skull
melting (ISM) with 99.99 wt%Ti, 99.99 wt%Al, Nb-Al alloy under an
argon atmosphere. In order to promote homogeneity, the ingots were re-
melt at least five times. Bars with 8 mm in diameter and 50 mm in length
were cut from the ingot center by wire-electrode cutting and removed
oxide by standard metallographic techniques, then cleaned ultrasoni-
cally in a bath of anhydrous ethanol for 30 min. Each bar was placed into
a Nb (99.95 wt%) container (external diameter 12 mm, inner diameter 8
mm, surface finish 1.6) which also cleaned ultrasonically in a bath of
anhydrous ethanol for 30 min. The experiments were carried out in the
Bridgman type apparatus, the Nb container was fixed in the setup, then
the furnace chamber was evacuated at a 5 x 102 Pa, and filled with
high-purity argon of 0.05 MPa as protection. After heating to 1600 °C
and corrosion different times, then quenching quickly. Heat treatment
experiments were conducted in a vacuum tube furnace (vacuumed to 5
x 1072 Pa and back-filled with high purity argon to 0.2 MPa). After the
experiments, the solidified bars were sectioned transversely and then
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polished perpendicular to the interface using standard metallographic
techniques to study the interaction layers. A scanning electron micro-
scope (SEM, FEI Quanta 200F) equipped with energy dispersive X-ray
spectrometer (EDS) was employed to examine the microstructures and
determine the concentrations of Nb, Al and Ti elements as a function of
distance across the interaction layer. More than ten different micro-
structural fields were examined in each sample to determine the thick-
nesses of reaction layers. The Image J software was employed to
measure the thicknesses of intermetallic compound layers formed by the
interfacial interaction for quantitatively analysis, and each intermetallic
compound layer thickness should take an average of more than 5
measurements.

3. Modeling of corrosion resistance layers growth kinetics

To decrease the dissolution rate of Nb, a better adherence of the
natural corrosion products layer of Nb is necessary. Indeed, the natural
corrosion products layer on Nb container inner surface can be named
corrosion resistance Nb-Al intermetallic layer. According to the previ-
ous studies [28-30] and Nb-Al binary phase diagram (Fig. 1(a)), it can
be deduced that the intermetallic compounds phases (Nb,Ti)2Al and
(Nb,Ti)3Al are formed when Nb container interacts with TiAl alloys melt
because of Ti element dissolve into Nb-Al intermetallic compounds to
form solid solution [31], the maximum solubility of Ti in Nb3Al is about
20 at.%, as shown in Fig. 1(b) what’s more, in Nb-based alloys the
concentration of Ti is maintained to about 25 at.% to ensure that the
melting temperature of the alloys is above 1700 °C, and Ti provides
strong solid solution strengthening (like Al, Cr, Hf, Mo, Ta, and W).
As-cast material, the synergy among alloying elements can influence
significantly the composition of phase [32]. In the presence of Ti, the
solid solubilities of Al increase with increasing Ti concentration in the
Nb(BCC) [33,34]. Nevertheless, the structures of (Nb,Ti)»Al and (Nb,
Ti)sAl are still 6-CrFe(D8p) and Cr3Si(A15), respectively, this appears to
be consistent with the notion that low-carbon steel and Al-5wt.%Si alloy
[35]. It is concluded that the melting point of Nb3Al and NbyAl changed
a little after a small amount of Ti dissolved into them. Therefore, this
structure seems to support the idea that the interfacial interaction be-
tween Nb container and TiAl alloys melt can be regarded as Al element
in TiAl alloys melt interacts with Nb container, and the dominant
diffusion mechanism is controlled by the movement of aluminum atoms
[36]. In this circumstance, ternary system can be approximated to a
binary system to investigate growth kinetics of Nb-Al intermetallic
compounds.

The kinetics equation can be derived based on the consumptions as
follows:

(1) Growth of the intermetallic compounds layers is controlled only
by the diffusion of Al element, the diffusion of Ti in the same
direction is negligible,

(2) The solubility of Ti in Nb-Al intermetallic compounds is
negligible,

(3) The local equilibrium is established at each migrating interface,
the migration of the interface is controlled by the volume diffu-
sion in the neighboring phases,

(4) The diffusion coefficient for the volume diffusion is independent
of the composition in each phase.

According to the previous investigation [38], the interaction process
between TiAl alloy melt and Nb container was essential course where Al
element diffused into the boundary region of Nb container during the
erosion to form intermetallic compounds. Therefore, in the binary Nb-Al
system, as shown in Fig. 2(a), the intermetallic compounds phase NbyAl
(the melting point 1870 °C) and NbyAl + NbsAl are formed but the
intermetallic compounds NbsAl(the melting point 1960 °C) and the solid
solutions Nb3Al + Nb(BCC) after a sufficiently long corrosion time at the
temperature T, in other words, to corrode Nb container further, the Al
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Fig. 1. (a) Binary phase diagram of the Nb-Al system [37], (b) Effect of ternary additions on the NbsAl phase field [31].
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Fig. 2. (a) phase diagram of the binary system Nb-Al [40], (b) the
concentration-penetration curve of component Al at temperature T.

atoms in TiAl melt need to pass through three intermetallic layers, and a
concentration profile is established for Al element, as shown in Fig. 2(b).
The reason is that, from the basic thermodynamic point of views, the
creation of straight interface with fixed concentration gap in binary
multiphases diffusion couples follows because of the phase rule govern it
follows the only single-phase region can be formed in such a couple
instead of two-phase regions. In contrast, in a ternary system, two-phase
regions are allowed. It is assumed that the width of the Nb(BCC) (the
melting point more than 2060 °C) phase layer and NboAl phase layer are
enough and the Nb(BCC)/Nb»Al phase interface is flat, the interdiffusion

of Nb and Al elements occur unidirectionally along the direction
perpendicular to the interface (the diffusional direction). When the
corrosion happens at temperature T for an appropriate time, the Nb3Al
phase will come into being at the interface due to the reactive diffusion
between the Nb(BCC) and NbAl phase. The concentration profile of Al
element across the NbsAl phase along the diffusional direction is
depicted in Fig. 3. The related the diffusion phenomenon correlates with
the phase diagrams. The imperative standard is that the local equilib-
rium exists at the interfaces, but cannot be considered generally. For a
short corrosion time, concentrations which departure from equilibrium
diagram could certainly occur result from different surface energy, but
for long corrosion time, deviations from equilibrium conditions at phase
interface are reported [20,39]. The relation between the diffusion phe-
nomenon and the phase diagram is then less obvious, even though in

Concentration of Al

zPY
Distance, z

z%

Fig. 3. Concentration outline of element Al across the f phase along the
diffusional direction with initial compositions of ¢ and ¢®* in y and «,
respectively. Dashed lines and solid curves show the concentration profiles
before and after corrosion, respectively, and z" and z* indicate the positions of
the y/p and pa interfaces, respectively, after corrosion. a: NbzAl + Nb(BCC), p:
Nb3AL y: NbsAl + Nb,AL
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some cases metastable extensions of equilibrium lines might be helpful
in understanding these deviations. In some cases, however, these de-
viations are only apparent. If the local equilibrium is achieved at each
migrating interface during T, the compositions of neighboring phases at
the interface are identical to the corresponding phase boundaries in the
phase as shown in Figs. 3 and 4. Such a reaction will actually begin on
the assumption that the interface diffusion across the migrating interface
is much faster than the volume diffusion in each phase.

The exact profile in the various phases cannot be predicted unless the
interdiffusion coefficients are known as a function of composition.
However, the concentration values of Nb3Al + Nb(BCC)/NbsAl, Nb3Al/
NbsAl + NbsAl and Nb,Al + Nb3Al/Nb,Al interfaces can be taken from
the phase diagram if equilibrium conditions prevail at these interfaces.

The migration rate dzP'/dt is related to the flux balance at the Nb,Al
+ Nbs3Al/NbsAl interface.

B
(Cvﬁ — Cﬁv) d(Zi_ty —Jb _ Jbr €))

Similarly, the following equation can be obtained for interface
Nb3Al + Nb(BCC)/Nb3AL

dz*
o _ oob)y 22y _ job 2
(c c ) pm (2)
According to Fick’s first law, the diffusional flux J” is proportional to
the concentration gradient dc”/dx as follows.

w __ ") 0Lw
F— D (ax) ©)

In Eq. (3), D is the diffusion coefficient for the volume diffusion in
the o phase, where o stands for Nb3Al + Nb(BCC), Nb3Al and NbsAl +
Nb,Al phases. When the diffusion coefficient D® is independent of the
composition of the o phase, Fick’s second law should be described by Eq.

(4):

dc” P
E:Dw( ox? ) “
— | Y(NbyAI+Nb;Al) | B(Nb,Al)
< Lt cY
b~ vB
) J
= © : dzPr
(=) o |vﬂ}’ = —
= e I dt
g 3 )
- = [
=
<P]
o [
S By : ]By
c ‘.—y—’
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Distance, z

Fig. 4. Magnified concentration profile of element Al across the y/p interface
along the diffusional direction is regarded as almost flat because of the local
equilibrium. The differential coefficient dz""/dt corresponds to the migration
rate v'' of the y/p interface. J' and JP" are the diffusional fluxes of element Al
due to the volume interdiffusion in the y and p phases, respectively, at the
interface. a: Nb3Al + Nb(BCC), p:NbsAl, y: Nb3Al + NboAlL
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Eq. (4) obviously demonstrates that the concentration c¢” is a function
of the diffusion distance x and the corrosion time t.
The solution of Eq. (4) is

@ :E+F~erf<x / \/ﬁ) (5)

In Eq. (5), E, F are constant decided by boundary conditions, where
® =a,B or y for the NbzAl + Nb(BCC), Nb3Al, NbsAl + Nb,Al phases,
respectively.

For the Nb3Al + Nb(BCC)/NbsAl + NboAl diffusion couple, the initial
conditions are expressed as

Nb3 Al+Nb(BCC) (

c X, t=T19)=c® (6a)

NBIALNRAL (- gy (10 (6b)

On the other hand, the boundary conditions for the growth of the
NbsAl phase are described by the equations

Nb3ALEND(BCC) (x = f= Tl) Ry (7a)
oAl (x — (=, ) —cha (7b)
CNbsAl (x:zﬁy, t:rl) —ch (7¢)
CNO3ALEND Al (x =P, t= Tl) —cP (7d)

Under such initial and boundary conditions, Eq. (5) can be solved
analytically. An analytical solution will be explained in detail below.

The most intriguing aspect of this study is that the position z*' of the
moving interface are expressed as functions of time. In Fig. 5(a), the
scale of the abscissa is extremely magnified to assess the migration
distance dz" of the interface during the infinitesimally short time dt.

During the growth of the layer p simultaneous advancement of the
/v interface boundaries will occur because of the accumulation of Al
atom at the interface driving by the different concentration of Al in v,
phases, which will generate a concentration gradient dc/dz near the
interface, and the interface velocity will be controlled by this concen-
tration gradient. Hence, the rule of mass conservation at the p/y inter-
face.

If it is assumed that the interface area is unit area and the interface is
pushed forward dz" distance in dt time, so that the dz" volume of Al
diffusion into the p phase, and the diffusional flux of Al into the p phase
is (C" — ¢P)dz". According to Fick’s first law, the amount of Al passes
through the p/y interface per unit area is D& dt. At the p/y interface, the
flux balance.

d
(O - M) a7 =D e (8)

The interface migration speed is:

DY 4
dz? (dz)
o2\
T (G ON ©)

For quantitative calculation, the interface concentration profile can
be simplified as a linear one, as shown in Fig. 5(b). Which leads to
de (Ch—c*
- — 7( ) 10)
dzPr h

According to the solute mass conservation, it is required that the two
shaded area to be equal.

(c?®—cP) Fr=_(c*—c*)h an

1
2

And
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Fig. 5. Schematic representation of Al distribution caused by interface moving with thickness of z: (a) the real one, (b) the simple one. a: Nb3Al + Nb(BCC), f:Nb3zAl,

y: NbsAl + NbyAL

de  (Ch -y

dzw:—z (Cyp — Cﬁ(x) pre 12)
Integrate both sides simultaneously to obtain:
ch— ) vD't
M= ( ) @13)

\/(C‘IB _ Cﬁﬁ) (Cﬁ“ _ Cﬂﬁ)

If the moving distance of the interface is very small, then (C"* — C*)
~ (CP — c*),

(C** — C*) VD't

(Cvﬁ _ Cﬁa) a4+

and

dz  (C*—c%) DY
“a oV as)

py

Here, ¢” is defined as the dimensionless proportionality coefficients

chr— )

o

ey — (CYB - Cﬁ“) (16)
The positions 2P and z*° of the migrating Nb3Al/NbsAl + NbyAl and

NbsAl + Nb(BCC)/NbsAl interfaces are expressed as functions of the

annealing time t by the equations

2P =P/ 4DPt = /D't a7
Similarly, for a/p interface,
2% = £%/4D% = ¢/ Dby (18)

Here, D% DP, DY are the diffusion coefficient for the volume diffusion
in the NbsAl + Nb(BCC), NbsAl, NbsAl + NboAl phase, respectively. s‘xﬁ,
P P7 &P are the dimensionless proportionality coefficients.

From Eq. (7), the following relationships are obtained

Pt — g /DY/D[3 (19a)
e —gho, /DB/Du (19b)

As can be seen in Fig. 2, the thickness [ of the p phase is readily
obtained as the difference between z** and z"". According to Eq. (7), Lis
described as a function of t by the equation

P = (2% — 27)* = 4DP (e — &%) 1=Kt 20
I=VKt (21)

Here, the kinetics coefficient K in Eq. (11) is defined as

K=4DP (e — eBV)Z (22)

Theoretically, the p phase layer growth is a function of time suggests
that this phase emerges as a result of interdiffusion process. And more
than one intermetallic compound layer formed due to the migration of
their interfaces are diffusion-controlling process. And this calculation
result is coincident and consistent with an empirical expression sum-
marized by Son and Morral [26] and Kajihara’s calculational result in a
hypothetical binary system [25]. Therefore, the reactive diffusion taking
place on the surface of Nb container obeys parabolic kinetics and can be
expressed by the relationship in Eq. (20) and Eq. (21). It is concluded
that the growth of intermetallic compounds layer is controlled by the
diffusion of Al element in present paper.

4. Results and discuss
4.1. Experimental verification of growth kinetics of intermetallic layers

Fig. 6 shows the microstructure of the interface between Nb
container and TiAl melt at 1600 °C for different corrosion time and the
corresponding line scanning analysis of the chemistry composition of Al,
Nb and Ti elements. As mentioned before, it is note that the boundary
contour profile of the intermetallic compound is not obvious in the
interfacial region, as shown in Fig. 6(a, c, e, g, i). In contrast, the cor-
responding line scanning analysis reveals that there are new phases
forming based on the concentration profiles, especially for Al and Nb
elements, are discontinuous with some distinct steps in it, as revealed in
Fig. 6(b, d, f, h, j), which are closely related to the phase diagram of
Nb-Al system, as presented in Fig. 2(a and b) and Fig. 4. Accordingly,
the thickness of intermetallic layers can be measured.

For the purpose of quantitative evaluation of the intermetallic
compounds layer growth kinetics, the thickness of different interme-
tallic compounds layer needs to be knew. Even though some discrep-
ancies in the compositions of the NbsAl phase boundaries still remain, a
consensus is made that the NbsAl phase with compositions from 21 to
23 mol% Al is a single phase at 1600 °C [41-45], which is coincident and
consistent with the data shown in phase diagram (Fig. 2), as depicted in
Fig. 8. It is implied that the rationality of the data from the phase dia-
gram at this temperature. What’s more, it is interesting to note that the
thickness of intermetallic compound layers region obtained by the
components origin from the phase diagram fall exactly between the two
small steps. This is correlate well with Van Loo’s opinions [27].
Accordingly, the thickness of different intermetallic compound layers
can be obtained based on Fig. 6(b, d, f, h, j), and the relevant data as
revealed in Table 1. Otherwise, based on our previous study [38], 02,
a2, y phases can be founded in the boundary of TiAl alloy side.

In order to figure out the growth kinetics of the intermetallic com-
pound layers, the square root of time dependence of the corresponding
intermetallic compounds layers measurement thickness based on phase
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Table 1
The thickness of different intermetallic compound layers for different corrosion
time at 1600 °C. («: Nb3Al + Nb(BCC), p:NbsAL y: NbsAl + Nb,AL).

(@ (b) (©) (@ (e)

Corrosion time (h) 1.39 1.55 1.74 1.95 2.15

Thickness of Nb 4.783 + 7.096 8.882 11.614 14.335
(BCC)+Nb3Al + 0.3 +0.1 +0.5 + 0.4 +0.5
Nb,Al (um)

Thickness of a(Nb 2.525 + 3.373 4.154 5.385 + 6.596 +
(BCC)+Nb3Al) 0.2 +0.1 +0.3 0.2 0.3
(pm)

Thickness of 0.652 + 1.293 1.727 2.203 + 2.736 £
B(Nb3Al) (pm) 0.15 +0.1 +0.1 0.1 0.1

Thickness of 4.216 + 5.49 + 6.527 7.981 + 8.702 £
7(Nb3zAl + Nb,Al) 0.3 0.2 +0.1 0.2 0.3
(pm)

diagram and the relevant linear fitting are established, as shown in
Fig. 7. It can be seen that the growth thickness of intermetallic com-
pounds layers increases linearly with the square root of corrosion time,
the kinetic constants and the correlation coefficients are shown in
Table 2, indicating that the growth of intermetallic compounds layers
are controlled by the diffusion of Al element. It has been found that good
agreement with the theoretical derivation relation.

e el e e e e T T
N W R @ o

Thickness of all intermetallic compounds layer(jim)
)

- N v

.16 1.20 1.24 1.28 1.32 136 1.40 1.44 148
tla(h)

2.8

24

2.0

1.6

1.2

Thickness of p phase layer(um)

0.4

0.0
1.16 1.20 1.24 1.28 132 136 140 1.44 148

2
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Fig. 8. Concentration profile of element Al across the Nb3Al phase along the
diffusional direction in the diffusion couple according to phase diagram
at 1600 °C.
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Table 2
The kinetic constants and correlation coefficients obtained by linear fitting.

(o: Nb3Al + Nb(BCC), B:NbsAl, y: NbsAl + Nb,AL)

Intermetallic compound layers the kinetics coefficient K ((um)?/h) R-Square
the total 1375.67 0.997
a(NbzAl + Nb(BCC)) 193.77 0.989
B(NDb3AD 48.3 0.997
¥(Nb3Al + Nb,Al) 264.06 0.986

4.2. Discussing the effects on growth kinetics of the intermetallic
compound layers

In the previous section a diffusion model is developed, in terms of
error function solutions for Fick’s second law and the mass conservation
law. In order to quantitatively estimate the growth kinetics of inter-
metallic compounds layers at a certain temperature. Both Al diffusion
through the intermetallic compound phases and anomalous Al diffusion
through the Nb phase are properly analyzed to account for in the cal-
culations and experiments.

According to the phase diagram (Fig. 2(a)) at 1600 °C, the concen-
tration profile of element Al across the associated intermetallic com-
pounds phase and the boundary concentration along the diffusional
direction like Fig. 8. Consequently, the determination of the dimen-
sionless proportionality coefficient € is carried out using Eq. (16),
similarly, the values of ¢, € can be obtained. But considering that the
Al element concentration range is 21 to 23 at.% and closing to the
calculation of the dimensionless proportionality coefficient, we define:

g = 2;:722 (23a)
£ = % (23b)
&= % (230)
4= % (23d)

Combined with Fig. 8, the values of €1, €3, €3, €4 can be obtained, as
shown in Table 3. According to Eq. (22), the kinetics coefficient K is
characterized by the dimensionless proportionality coefficient defined
by Eq. (23(a-d)), the diffusion coefficient D can be calculated connec-
tion with Tables 2 and 3, the calculation results are shown in Fig. 9. It
can be seen that the diffusion coefficient of Al element in the § phase is
much smaller than those of in the o and y phases, that of in y phase is the
largest. This is the reason why the § phase layer cannot be seen in the
boundary layer, in contrast, y phase layer can easily be detected. It is
demonstrated that a long time needs for Al atoms get though p phase
layer and o phases layer, therefore, p and o phases layers can be regarded
as the corrosion resistance layers. Which is in agreement well with the
experiment results. On the other hand, as shown in Fig. 4, the concen-
tration profile of Al element is depicted as a straight line. In such a case,
the following approximation may be sometimes applied for estimating
the diffusion flux of Al element in § phase based on Eq. (3).

(CBV — Cﬁa)
l

= _DF 24)

Eq. (24) demonstrates that the diffusion flux of Al element in § phase
JP is proportional to the product of DP and ¢ — ¢#. And which is the

Table 3
The calculation values of €1, €5, €3, £4.

€ € €3 €4

0.875 4 1 0.286
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Diffusion coefﬁcient(xlo'umz/s)

a B Y

Fig. 9. The diffusion coefficients of Al element in o,  and y phases. a: NbzAl +
Nb(BCC), B:NbsAl, y: NbsAl + NbyAl

theoretical basis of approximation Eq. 22(a-d). As a consequence, the
effect of ¢® — c™ on K becomes comparable to that of D?. According to
Eq. (19) and Eq. (22), D’/D* = 0.27, D’/D' = 1.02 x 102, thus, K be-
comes very insensitive to ¢’ — ¢, which implies that the p phase
thickness is predominantly determined by DP. What’s more, taking an
existing concentration gradient into consideration, which implies that
the p phase thickness is predominantly affected initial compositions of
the a and y phases based on Eq. (20). Therefore, it is concluded that the
solubility range of a and y phases in §§ phase has a significant effect on
the growth rate of p phase at this temperature. However, it is indicated
that both Nb(BCC) and NbyAl phases do not dissolve easily in NbgAl
phase at 1600 °C [40]. Hence, the effect of solubility is not as obvious as
that of Al diffusion. It is concluded that a long corrosion time would be
taken to reach to an observable thickness for the intermetallic com-
pound layer with a small diffusion coefficient and a narrow solubility
range. From the corrosion resistance perspective, the formation of p and
o phases layers can improve the corrosion resistance ability effectively
during a certain corrosion time. This is in agreement with the experi-
mental results shown in Fig. 6.

With increasing thickness of the diffusion zones, the influence of
interfacial interaction barriers increases and the simultaneous existence
of diffusion controlled growth of all equilibrium phases is expected [46].
Therefore, it is necessary to establish the relationship the composition c®
is expressed as a function of the distance Z and the corrosion time t.

Inserting Eq. (6) and Eq. (7) into Eq. (5), the following relationship
are obtained.

Con _ Cotﬁ

Teb /a1 —erf(e )] T -]

b cap

chr — b pay 2
e Jalert () — orf(eM)] exp |~ ()] 25

and
B b — cfr pr\2
= &Pt /mlerf (e9) — erf(ert)] F [-C7]
¢ — P 52
+ gt - e €] 26)

P — by

All the independent variables are obtained, the composition ¢ is
expressed as a function of the distance Z and the corrosion time t by the
following equations for the Nb3Al + Nb(BCC), NbsAl and Nb3Al + NboAl
phases can be gotten.
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ety (2 )] 25 ) @)
1 — erf(e) NZvEyal
¢ po) _ z
& T erf(eh) — erf(e) [erf(a ) erf(\/4Dﬁt)]
b z o
~ ) e ) ()| ¢ <2< e
o — 10 Z
cr=c+ 1 + erf(ev?) {1 +erf<\/m>} (Z<) @

Combining Fig. 9 and Table 3 Eqs.27-29 can be materialized Egs.
30-32.

z
“—0.06+045[1 —erf(~— 2 30
¢ - { ¢ (2.35><10‘6\/f)] 30

P =0.205+0.03 f(i) 31
¢ 00 S s 107 vt (31)
¢’ =0.258 + 0.062erf (#) (32)

e ' 1.01 x 10-5v/t

In Egs. 30-32, the relationship between the migration distance of the
phase boundary layer and the corrosion time is established because of
the concentration of the related parameters can be obtained based on
phase diagram at 1600 °C.

4.3. The diffusion depth evaluation of Al in Niobium

In our research, we do not only understand the growth law of
intermetallic compounds layers, but the kinetics of the interaction be-
tween the TiAl melt and Nb container, which will be beneficial for un-
derstanding or predicting the diffusion process further. According to
Fig. 7(a), the total mean thickness of the reaction layer is diffusion-
controlling, therefore, the interdiffusion of elements at a certain tem-
perature can be described by Eq. (20):

lz =K1t

where [ is the total mean thickness of Al element diffusion, K is the ki-
netics constant, t is the diffusion time.

In order to calculate the mean depth of Al diffuses into Nb, it is
necessary to calculate the kinetics constant and establish the relation-
ship between the kinetics constant and the temperature T. Apparent
activation energy Q (kJ/mol) for diffusion-controlled can be obtained
from Arrhenius relation:

K, =K, exp( — R%) (33)
Eq. (32) is linearized by taking the natural logarithm,
In K, =In K, —}% 34

The values of Q = 51.88 kJ/mol and Ky = 4.5 x 107> m%/s can be
obtained from the result revealed in Fig. 10. This activation energy only
presents that the Al atoms in TiAl melt diffuse into pure Nb to form
extensive b.c.c solid solution. The diffusion mechanism is that the Al
atoms jump into the nearest-neighbor single Nb vacancies.

The activation energy Q and the kinetics constant K are substituted
into Eq. (35) and Eq. (20), and the mean depth of Al diffuse into Nb can
be characterized by the following equation:

51.88 x 10°
2=45x107° s
l 5x 10 exp( RT )t (35)
When T = 1600 °C, Eq. (36) can be materialized
P=1.6x10"% (36)
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Fig. 10. Arrhenius plot of kinetics constants K for Al in niobium phase versus
the temperature T from the present study and from the literature [33,47].

Only the diffusion of Al in Nb are considered in Egs. (36) and (37),
and the role of intermetallic compounds formed at interface is not taken
into consideration, nor do the influence of the formed intermetallic
compound layer on diffusion. In fact, through the previous study,
intermetallic compound layers are formed during the interfacial inter-
action, which makes Al diffusion in Nb more complex. And according to
the experimental results linear regression analysis shown in Fig. 11, we
can get the experimental relationship between the diffusion distance and
corrosion time:

P=167x107"% 37)

Fig. 11 reveals the connection between the average depth of Al
diffusion into Nb from experimental. By comparison, it is note-worthy
that the calculated value is three orders of magnitude higher than the
experimental value under the same corrosion time. The reason is that,
thermodynamically, the calculated activation energy is low, which re-
veals Al may diffuse far away into Nb, therefore, the predicted diffusion
depth is greater than the actual result. In fact, there existing three
intermetallic compound layers and the apparent activation energy of Al
in AlgNb is about 127 kJ/mol [36], and that of in Nb,Al is reported as

12 14 16 18 20 22 24 26
t(h)

Fig. 11. The experimental mean depth of Al diffuses into Nb versus the
corrosion time.
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230 kJ/mol [48] and in NbsAl is 366 kJ/mol [49], which are more than
51.88 kJ/mol. Therefore, higher temperature or longer time is required
to stimulate Al diffusion through intermetallic compound layers and
corrode Nb container further. It is indicated that the intermetallic
compounds formed indeed play a crucial role in hindering Al diffusion.
What’s more, p phase formed firstly to some degree when Al diffuse into
Nb by thermodynamical calculation [50], however, the previous
calculation reveals the diffusion coefficient of p is only 0.373 x 10~2!
mzsfl, as shown in Fig. 9, which is far less than the diffusion coefficient
of vy, it is concluded that the intermetallic compound f layer is a domi-
nant factor for hindering Al diffusion, in other words, there are clear
intrinsic barriers that limit Al significant further diffusion. Therefore, it
is difficult to observe the phase morphology during the experiment,
which is consistent with the previous experimental results. Therefore,
the conclusion can be drawn that the growth kinetics of intermetallic
compound layer have a positive effect on the resistance corrosion about
them. At the same time, it is implied that compared with the thermo-
dynamic factors the kinetic factors can be the dominant controlling
factor, this could be in agreement with the analysis in section 4.2.

(2)

]
2.5pm
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4.4. The corrosion average thickness of Nb vs corrosion time

Fig. 12 shows SEM images of cross-sectional microstructures of the
Nb container/TiAl alloy interface for 1.5h corrosion. Intermetallic
compounds layer can be easily found at the interface between TiAl alloy
and Nb container, as shown in Fig. 12(a). The mappings of Ti, Al, Nb, O
elements demonstrate that interdiffusion of Ti, Al elements and Nb
occurred at the interface and an overt concentration gradient existed in
the bulk of the intermetallic phases in Fig. 12(b, c, d, e), especially, Al
[Fig. 12(d)] and Nb [Fig. 12(c)]. What’s more, o layer, p layer, and y
layer can be observed clearly [Fig. 12(a)]. It is concluded that the
formed intermetallic compound layers hinder the interdiffusion of Ti, Al
and Nb. It is interesting to note that oxygen is mainly distributed near
the crack based on Fig. 12 (f), demonstrating there is almost no oxygen
in the intermetallic compound layer.

The effects on growth kinetics of intermetallic layers are discussed
and the diffusion coefficient of f is far less than the diffusion coefficient
of o and y, which leads to the thickness of f§ layer be small, in contrast,
the thickness of a and y layers are relatively large, as shown in Fig. 12(a).
To underline this point, TEM analysis is used to prove the relevant
phase, as shown in Fig. 13. The distinct intermetallic compounds layers

f 2 !

Spm

Fig. 12. SEM images of cross-sectional microstructures of the Nb container/TiAl alloy interface for 1.5h corrosion: (a) SEM-BSE image, (b) Nb, (c) Ti, (d) Al (e) Ti, (f)

Al mapping in (a). o: Nb3Al + Nb(BCC), p:NbsAl, y: NbsAl + NbyAl
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Fig. 13. (a) SEM-BSE micrograph of heat treatment of experimental sample for corrosion 1.5h. (b) Bright-field TEM micrograph of a flat specimen prepared from 1
zone in (a). This specimen was prepared with the focused-ion-beam (FIB) technology. (c) A corresponding selected-area electron diffraction (SAED) pattern collected
from A colony (Nb3Al) in (b). (d) A corresponding SAED pattern collected from B colony (Nb,Al) in (b). (e) Bright-field TEM micrograph of a flat specimen prepared
from 2 zone in (a). This specimen was prepared with the FIB technology too. (f) A corresponding SAED pattern collected from C colony (NbzAl) in (e). (g) A cor-

responding SAED pattern collected from D colony (Nbgcc) in (e).

are presented, and the relevant components revealed in Table 4, which
indeed confirms that the a, p and y phases precipitation shown in Fig. 13
(a). It is interesting to note that the precipitated p phase is approximately
1.5 pm in thickness and that of y is about 3.5 pm, these are coherent with
Fig. 7(c) and Table 1. Fig. 13(b) and (e) are bright-field TEM micrograph
of a flat specimen prepared from 1 to 2 zone in (a) respectively, indi-
cating y phase consists of NbyAl (B zone) andNbsAl (A zone) phases [the
SAED patterns shown in Fig. 13(c and d)] and a phase includes NbsAl (C
zone) and Nb(BCC) (D zone) phases [the SAED patterns shown in Fig. 13
(fand g)]. It is implied that the rationality of this approach. On the other
hand, due to the diffusion coefficient of Al in f is only 0.373 x 1072
m2s~ !, the precipitation of p phase requires a longer holding time in
terms of kinetics, and this is why there is invisible p phase in section 4.1.

The change of corrosion thickness of the Nb container with the
corrosion time is plotted in Fig. 14. From the slopes of the curves, we
calculated the corrosion rate of Nb, dL/dt, of this temperature. The
erosion rate of Nb is relatively rapid at the initial before 2.5h and then
lower rapidly with time, the reason of that is the intermetallic layers
formed at the surface of Nb container could facilitate the corrosion
resistance ability, which is in agreement with experimental and theo-
retical results. During the corrosion experiment, the corrosion thickness
of Nb increases to about 300 pm with the lower corrosion rate of Nb to
about 25 pm/h for 5h corrosion. It has been indicated that the inter-
metallic compounds resistance-corrosion sheet has a positive effect on
inhibition of further corrosion. it is concluded that the intermetallic
compounds layer formed in the surface of Nb container has a positive
role in corrosion resistance at high temperature. This is well in agree-
ment with section 4.4.

Table 4
the point results and the relevant components in Fig. 13(a) by EDS.
No. Element
Al (at.%) Nb(at.%) Ti (at.%) Phases
I 34.19 55.73 10.07 Y(Nb,Al + NbsAl)
I 29.86 62.7 7.43 B(Nb3Al)
i 19.12 76.14 4.74 a(Nb3Al + Nb(BCC))

350
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200
150
100
50

AL(pm)
dL/dt(pm/h)

1.2 16 20 24 28 32 36 40 44 48 52
Corrosion time(h)

Fig. 14. The corrosion average thickness of Nb, AL, and corrosion rate of Nb,
dL/dt, vs corrosion time at experimental temperature.

5. Conclusion

The growth kinetics of intermetallic compound is theoretically
analyzed by reasonably simplifying Ti-Al-Nb ternary system to Nb-Al
binary system. The kinetics relationship deduced may be valid based the
present analysis results from the intermetallic compounds are thermo-
dynamically stable. The effect of Al diffusion on the growth kinetics of
intermetallic compounds at the interface between Nb container and TiAl
melt was discussed and compared with relevant thermodynamic factors.
The results of the study indeed confirm that the intermetallic com-
pounds layer plays a dominant role in controlling the Al element
diffusion and corrosion process. The conclusions are as follows:

1. The growth of the intermetallic compound layers are caused by the
movement of the interface of the adjacent compound layers and
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controlled by diffusion process. Theoretically, the growth kinetics
follows the relationship I = V/Kt.

. Experimentally, the growth kinetics of NbsAl, NbsAl + Nb (BCC),
and NbsAl + Nb,Al follow the parabolic relationship. At 1600 °C, the
diffusion coefficients of Al in Nb3Al, NbsAl + Nb(BCC), and NbsAl +
NboAl are 0.373 x 10721 m?/s, 1.38 x 1072 m?%/s, 36.7 x 102! m%/
s.

. A diffusion model, which considers the successive diffusion of Al in
Nb-Al intermetallic compounds as well as solid solution, is used to
reasonable estimate Al diffusivity. The apparent diffusion activation
energy of Al diffuse into Nb is 51.88 kJ/mol, and the relationship
between the diffusion distance of Al and the corrosion time is I?
1.6 x 10~°¢.

. The growth kinetics of intermetallic compounds layers are related to
the corrosion resistance of the interface. The formation of the
intermetallic compound layer makes the corrosion rate reduce an

order of magnitude.
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