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Numerical simulation of intermediate phase growth in Ti/Al alternate foils
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Abstract: To investigate the diffusion reaction between Ti/Al solid diffusion couple, Ti/Al alternate foils formed by hot pressing
were annealed at 525, 550, 575 and 600 °C for time ranging from 1 to 40 h. The experimental results show that TiAl; was the only
observed phase at Ti/Al interface. The interface thermodynamics favored the preferential formation of TiAl; in Ti/Al couple. The
growth of TiAl; layer occurred mainly towards Al foil side and exhibited a parabolic law. Using the interdiffusion coefficients
calculated based on the contribution of grain boundary diffusion, the growth of TiAl; was simulated numerically with the finite
difference method, and the simulated results were in good agreement with the experimental ones.
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1 Introduction

Elemental powders or foils have been used to
fabricate y-TiAl sheets which have great potential in
aerospace and automotive applications due to their high
specific strength and excellent high temperature
properties[1-2]. One route of producing y-TiAl sheet
with foil metallurgy is that the stacked foils are annealed
below the Al melting point under proper pressure,
followed by annealing at high temperature (above
1 200 °C) and cooled to room temperature then. The
purpose of the first step is to consume Al foils by
reactive diffusion. There were some studies on the
diffusion reactions between elemental titanium and
elemental aluminum, but the results varied with the
thickness of Ti and Al[3—5]. If the Ti/Al multilayer with
low period produced by direct current (DC) magnetron
sputtering was subjected to proper heat treatment, the
formation of TiAl; can be avoided [3]. While for the
diffusion couples with a thickness of 2 um for both Ti
and Al foils, only TiAl; was found at the Ti/Al interface
when a sample was annealed below 600 °C and only
TiAl, was found at 650 °C[4]. In the Ti-Al binary system,
several intermetallic compounds appear as equilibrium
phases in the temperature range of 525—600 °C: TiAl;,
TiAl,, TiAl and TizAl. The absence of other compounds

in Ti/Al diffusion couple were also published by other
investigators[6—9]. In fact, the formation of only one
compound also occurs in other binary thin films system,
such as Zr-Al, Au-Al, Cu-Sn and Au-In systems[10].
Although there are several rules to predict the first phase
formation in binary systems, none is suitable for the
Ti-Al system. There has been much interest in
formulating rules to predict the first phase formation and
the subsequent phase sequence in binary metal-silicon
and metal-metal thin film systems. WALSER and
BENE[11] stated that the first compound nucleated in
planar binary reaction couples is the most stable
congruently melting compound adjacent to the
lowest-temperature eutectic on the bulk equilibrium
phase diagram. This rule is relatively successful in
predicting the first phase formation in metal-silicon
systems. RONAY[12] proposed a rule for the first phase
nucleation taking into account of the central eutectic,
diffusing species and interfacial free energy. These two
models failed to work in Ti-Al system due to the absence
of eutectic. Later, PRETORIUS et al[10] suggested that
the effective heat of formation (EHF) could be used
directly to predict the first phase formation and the
subsequent phase sequence. The EHF model is
successfully applied to some metal-Si and metal-Al
systems, but it fails to predict the first phase in some
systems where congruent and non-congruent compounds
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are simultaneously present. LAIK et al[13] proposed a
modification to the EHF model (MEHF) by
incorporating a congruency factor. However, none of the
above-mentioned rules can predict the first phase
formation in Ti-Al system. XU et al[6] successfully
predicted the first phase formation among TiAls;, TiAl
and Ti;Al in Ti/Al diffusion couple, without considering

TiAl, which is also an equilibrium phase in Ti-Al system.

More recently, based on the thermodynamic and kinetic
factors (including nucleation and growth), LIU et al[14]
proposed a new model to predict the phase formation
sequence at the interface between two metals with
different structures. This model was successfully applied
on the interfacial reactions in Ni-Sn, Cu-In, Cu-Sn and
Co-Sn diffusion couples.

In this study, Ti/Al diffusion couples are prepared
by hot processing alternating layers of titanium and
aluminum foils, and annealing experiments are
performed to identify the controlling mechanisms of the
reactive diffusion. The first phase selection in Ti-Al
system is explained from interface thermodynamic and
kinetic point of view, and the growth of TiAl; is
simulated numerically.

2 Experimental

Elemental titanium foils (purity 99.6%, 0.030 mm
thick) and elemental aluminum foils (purity 99.6%,
0.023 mm thick) were employed. The Ti and Al foils
were etched in 10% HF and 15% NaOH solutions,
respectively, water flushed, alcohol cleaned, dried and
cut into samples with size of 60 mmx60 mm. Alternating
layers of titanium and aluminum foils were stacked with
outer layers of titanium foils. Hot pressing was
conducted at 610 °C for 3 h under 30 MPa in vacuum of
about 10 Pa. The vacuum hot-pressed laminates were
cut into smaller samples with size of 6 mmx6 mm for
subsequent heat treatments. Samples were assembled in a
stainless steel sample holder, which can provide pressure
during sequential heat treatments. Al,O; powders were
used to prevent the interaction between the sample
holder and the samples. The sample holder with sample
was placed in a quartz tube, evacuated to a vacuum of
10% Pa, sealed, heat-treated in a furnace with a
temperature limit of 1 600 °C and then air-cooled.

The thickness of the reaction layers at Ti/Al
interfaces was measured from the scanning electron
microscope (SEM) micrographs of the cross-sections.
Under each condition, an average thickness of the
reaction layer was obtained from 20 individual
measurements. Annealing experiments were carried out
at 525, 550, 575 and 600 °C, with diffusion time varying
from 1 to 40 h, respectively. An SEM (Hitachi-S4700)
equipped with energy dispersive X-ray spectrometer

(EDS) and X’Pert Pro diffractometer with Cu K, (A=
0.154 06 nm) were used to identify the intermetallic
compounds formed during both vacuum hot-pressing and
subsequent annealing treatments.

3 Results and discussion

As shown in Fig.1(a), the interfaces between the
bonded Ti and Al foils are fairly straight, indicating a
good bonding between Ti and Al foils. At large
magnification, thin reaction layers with an average
thickness of 0.5 pum can be observed in Fig.1(b).
Micrographs of cross-sections in samples are all
composed of three regions, i.e. grey dark grey, and dark
regions. EDS analysis on samples with wider dark grey
regions elucidates that the compositions of the grey, dark
grey and dark regions on each micrograph correspond to
Ti, TiAl; and Al, respectively. The formation of TiAl; is
also confirmed by XRD (Fig.2) on
cross-sections of the samples annealed at 600 °C for 3 h.
Further experimental results suggest that in the
temperature range of 525-600 °C, TiAl; is the only
compound observed after reactive diffusion before Al
foils are consumed. EDS analysis shows that with the
growth of TiAl; layer, Al foils are consumed, and TiAl,,
TiAl and TizAl exist between Ti and TiAl;. Comparing
the sample annealed at 550 °C for 1.5 h (Fig.3(a)) with
the one annealed at 550 °C for 16 h (Fig.3(b)), it can
be found that the thickness of Al foils shrinks more

analysis

(a)

Fig.1 BSE images of cross-section of laminates hot-pressed at
610 °C for 3 h (a) and TiAl; with average thickness of 0.5 pm
appeared at Ti/Al interface (b)
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Fig.2 XRD pattern of cross-section in samples annealed at 600
°Cfor3h

(a)

Fig.3 SEM micrographs of interface zone of samples annealed
at 550 °C for 1.5 h (a) and for 16 h (b)

obviously than Ti foils. Obviously, TiAl; grows mainly
towards Al foils. This observation is consistent with the
work of XU et al[6] and LUO et al[7]. The Ti-TiAls
interface is rough, which may be caused by the
difference in size of TiAl; grains along the interface.
EDS analysis shows that under all annealing conditions,
there are few Al atoms in Ti foils, except for a small
region where Ti foil meets the TiAl; layer. Figure 4
shows the concentration profiles of the cross-section of
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Fig.4 Concentration profiles of cross section of sample
annealed at 575 °C for 6 h

the sample annealed at 575 °C for 6 h. The same results
occur in the work of Van LOO and RIECK][8] on bulk
Ti/TiAl, (x=1, 2) diffusion couples. Considering the
solubility of Al in Ti is about 12% (molar fraction) in the
temperature range studied in this work, it can be
concluded that no Al atoms diffused into Ti foils through
TiAls, i.e., all Al atoms diffusing from Al foils are used
to synthesize TiAl;.

Nucleation driving force is mainly decided by the
combination of the interfacial energy and the volume
Gibbs energy. The interfacial energy associated with new
phase is nucleation resistance and exert main effect on
nucleation at the very early stage. The compound with
the lowest associated interface energy will nucleate more
easily than the others. CHAKRABORTY et al[15] also
proposed that interface thermodynamics can play a
decisive role in the appearance/disappearance/
suppression of reaction phases diffusion couple. It is
shown below that the interfacial energy also induces the
initial formation of TiAl;.

The interfacial energy of the initial A/B interface
(ya-B, A or B can be either Ti or Al), surface energy of
phase AB (yap, AB can be Ti;Al, TiAl, TiAl, or TiAly)
and interfacial energy of AB/A(ys.ag) can be determined
by equations described in Ref.[16]. Some parameters,
such as the enthalpy change upon solution of 1 mole A in
an infinitely large reservoir of B, the molar volume of
atoms, the surface energy and surface fraction of atoms
can be found in Refs.[15, 17-18]. The results calculated
by methods mentioned above show that at all
temperatures in the present work, TiAl; has the lowest
interfacial energy. For example, the new formed
interfacial energies at 600 °C due to the formation of
TiAls;, TiAly, TiAl and TizAl are 450, 480, 534 and 598
mlJ/m?, respectively, indicating that TiAl; nucleates firstly
in Ti/Al couple. This result is consistent with the
experimental results.
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4 Numerical simulation of TiAl; phase

4.1 Model and assumptions

A numerical model employing finite difference
methods (FDM) was developed to solve the diffusion
equations with the purpose of evaluating the kinetics of
TiAl; layer. Similar approaches were proved successfully
in previous studies of diffusion controlled layer
growth[19—20]. The model yielded interphase- interface
positions and concentration profiles as functions of time.
The growth of TiAl; layer may be characterized as a
finite, three-phase, binary and diffusion-controlled
process. Figure 5 shows the concentration profile and the
definition of the space grid terms used in the numerical
formulation of the partial differential equations. Partial
differential describe the change in
concentration within each phase and the velocity of the
interfaces.

equations
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Fig.5 Concentration profile and definition of space grid terms
used in numerical simulation (&, & are centers of Al foil and Ti
foil, respectively)

The concentration with time within each phase
follows Fick’s law:

©_p, ¢ )

ot “ ox?

where C is the aluminum concentration; ¢ is the diffusion

time; x is the displacement and 50([ is the interdiffusion

coefficient of the @; phase (i=0, 1, 2; a,=Al, TiAl;, Al)
The flux balance equation for the interphase

interface is
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where C, ., and C,, (=1, 2) are the aluminum
concentrations in (a;-;) phase in equilibrium with «;
phase, aluminum concentration in ¢; phase in equilibrium
with (a;-) phase, respectively; & and &' are the negative
side and positive side of &, respectively.

It should be noted that &, and & are the centers of Al
foil and Ti foils, respectively. The moving velocities of &
and & are zero and the fluxes across these positions are

zero due to the symmetry, i.e. the boundary condition is

J e, =0 (6)

x=& = J

Assumptions made in determining the solutions to
the partial differential equations include: 1) interdiffusion
coefficients are independent on composition within each
phase; 2) interface concentrations are obtained from
equilibrium phase diagram.

4.2 Calculation of interdiffusion coefficients

As known, there are no available interdiffusion
coefficients of Ti, Al and TiAl; in the temperature range
in the present work. The interdiffusion coefficient D in
a binary alloys consisting of components A and B is
related to the tracer-diffusion coefficients, D, and
Dy by Darken-Manning equation[21]:

D =CyDy+CyDy =(CaD} +CyD, 08 %)

where C; and D; are the molar fractions and intrinsic
diffusion coefficient of component i, respectively. The
thermodynamic factor @ is defined as:
Olnag
0Cy

where ag is the thermodynamic activity of component B.
In present work, @, which is determined by means of
CALPHAD calculations, varies between 1 and 1.06 in
both Al(Ti) and Ti(Al) solid solutions. The vacancy wind
factor is usually taken as 1. Ti tracer diffusion coefficient
in pure Al or solid solution AI(Ti) (referred to as
D7y 1) has never been studied. The atomic radius
difference and valence difference between the atoms of

@ =Cp (®)

solute and solvent affect the diffusion of impurities in
pure metals[22]. For elements in the same group of the
periodic table, the difference of factors mentioned above
can be neglected, so the diffusion coefficients of atoms in
the same group in the same metal differ slightly. The
validity of this deduction can be verified from the
diffusion coefficients of some impurities in Al[23].
Fortunately, the diffusion of Zr, another element in IVA
group, in Al was studied. As a result, the tracer diffusion
coefficient of Ti in Al is assumed to be equal to that of Zr
in Al. The tracer-diffusion coefficients of Ti and Al
atoms in Ti can be obtained in Ref.[24], and the intrinsic
coefficients of these two atoms in TiAl; can be obtained
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in Ref.[4]. It should be noted here that these diffusion
coefficients are lattice diffusion coefficients. This is very
important in this numerical simulation, which will be
discussed below.

It has been known that grain boundary (GB)
provides high diffusivity (‘short circuit’) paths in metals
and GB diffusion plays a key role in the diffusion of
polycrystal[24]. Like lattice diffusion, GB diffusion
usually follows an Arrhenius law with boundary
diffusion activation energy O, and pre-exponential factor
Dy, Oy is two orders of magnitude less than the lattice
diffusion activation energy (@,[25], more exactly,
0Ov/0,~0.4-0.6, and the pre-exponential factors are not
much different. Dy, is usually viewed as equal to Dy,
(pre-exponential factor for lattice diffusion). To evaluate
true diffusion coefficient in polycrystal, the effective
diffusion coefficient related to the volume diffusion
coefficient D, and grain diffusion coefficient Dy, is based
on the equation[25]

Ds=fDy+(1-f)D, 9)

where f'is the volume fraction of GBs in the polycrystal,
i.e. f=qd/d; q is a numerical factor depending on the
grain shape (¢g=1 here); ¢ is the GB size (assuming 6=0.5
nm usually) and d is the grain size[25]. The average Ti
grain size in the normal direction of the foil is about 7
pm and TiAlj; grain size varies between 3 and 4 um. For
samples annealed for a long time, in the consideration of
small grain size at the early stage of annealing, the
average grain size in numerical simulation is taken as 3
um. All effective interdiffusion coefficients needed in
numerical simulation can be calculated based on the
analysis above and shown in Table 1, and the interface
concentrations are determined from Ref.[26].

Theoretically speaking, TiAl; layer in Ti/Al
diffusion couple should grow with the increase of
annealing time, which was proved by previous research
work[2, 4, 6]. However, in the present work, the
diffusion may be caused by the difference in pressure on
diffusion couples only at 550 °C. The predicted TiAls
phase growth in diffusion couple was compared with the
experimental data of present work at 550 °C and the
work by XU et al[6] at temperatures of 520, 575 and 600
°C, respectively. Figures 6(a) and (b) show the calculated
TiAl; layer thickness and experimental values with
standard deviations as a function of annealing time at
temperatures of 520, 550, 575 and 600 °C. To be
distinguished clearly, the results of 520 and 600 °C are
plotted in Fig.6(a) and the others are plotted in
Fig.6(b). The simulation results agree well with the
experimental values and the growth of TiAl; exhibits a
parabolic law, indicating that the growth of TiAl; is
diffusion controlled.
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Table 1 Interface concentrations and calculated interdiffusion

coefficients
Interface Interdiffusion
Temperature ~ Phase concentration coefficient/
(molar fraction, %) (m*s™")
Al Caimiatg 99.95 2.4x107"
Crrianan 74.90, B
520 °C TiAl, TialsAl 2.5x10°"
CTiAl3,Ti> 74.50
a-Ti Cri.ialp, 11.10 1.7x10718
Al Cairiaty 99.95 6.7x10""
Criatyal, 74.90, _
550°C Tl ARA 3.0x107%
Crialy,1i> 74.50
o-Ti Critial, 11.70 2.0x107"*
Al Cairialy 99.94 1.6x10°"°
Criatsal, 74.90, _
575 °C TiAl TiAlz Al 3.2x10°1
Criani> 74.50
o-Ti Critia, 12.10 2.5x107"®
Al Caimialgs 99.93 3.6x107"°
Criaty Al 74.90, _
600 °C TiAlL TiAlzAl 4.0x107"%
CTiAl},Tia 74.50
a-Ti Critialy 12.30 3.0x107"8
16
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Fig.6 Numerical simulation and experimental results: (a) 520
and 600 °C[6]; (b) 575 °C[6] and 550°C(present work)

5 Conclusions

1) Only TiAl; formed at the Ti/Al interface when
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Ti/Al foils were annealed at the temperature range of
525-600°C, which was explained from the interface
thermodynamic point of view.

2) The growth of TiAl; layer took place mainly on

Al foils and followed the parabolic law.

3) The growth of TiAl; phases was simulated

successfully based on a numerical model employing
finite difference method.
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