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The coarsening kinetics of L12 (γ’) precipitates in ternary Al-Ti-Zr alloys is studied by using the
three-dimensional phase-field simulations. Our focus is on the influence of misfit in the system and
the difference of diffusion coefficients for different sort of atoms on the transformation path kinetics
from disordered f.c.c. matrix to two phase equilibrium state with γ’ precipitates and f.c.c. disordered
matrix. The simulation results demonstrate that the Al3Zr particles precipitate firstly following by a
precipitation of Ti atoms. In this case, Ti atoms diffuse inside of precipitates and form homogeneous
L12 particles. The coarsening kinetics in Al-Zr-Ti alloys is discussed in comparison with kinetics in
Al-Zr-Sc system. Our simulations results are in good agreement with our experimental TEM images
and 3D atom probe analyses.
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1. Introduction
The Al-Zr-Ti and Al-Sc-Zr systems exhibit particular promise for developing thermally-stable
precipitation-strengthened Al alloys. In these systems, upon aging, decomposition of supersaturated
solid solutions occurs by the nucleation of Al3Zr1-xMx (M=Sc or Ti) precipitates with a metastable
cubic L12 structure [1-9] (structurally and chemically analogous to the Ni3Al (γ’) phase in Ni-based
superalloys).
Addition of Zr together with Sc to Al matrix improves the effectiveness of Sc as an inhibitor of
recrystallization and increases the stability of the alloy during prolonged annealing at high
temperatures [10]. This interesting behavior is believed to link to the presence of several kinds of very
fine particles [5-9]. The presence of Zr in ternary Al-based alloys reduces the susceptibility of the
Al3Sc precipitates to coarsening. Recent experimental studies [11] show that the Zr atoms dissolve in
the Al3Sc phase by replacing of Sc atoms and decrease the lattice parameter of the ordered Al3Sc1-xZrx
phase. By changing the Sc/Zr ratio, it is therefore possible to reduce the lattice parameter mismatch
between the L12 precipitates and the Al matrix. Zirconium diffuses three orders of magnitude slower
than Sc in Al at 375°C and after aging at this temperature the equilibrium structure of precipitates is
heterogeneous. The core of ordered precipitates is Sc rich and Zr segregates on the matrix/precipitates
interface. Zirconium shell blocks the diffusion of aluminium atoms and changes the coarsening rate.
In spite of attractive properties of Al-Sc-Zr alloys, the high price of scandium limits their
applications.
Malek et al. [12] have performed an extensive investigation of Al-Zr-Ti system in high supersaturated
alloys. They claimed that a partial substitution of Ti for Zr in Al3 (Zr1-xTix) improved the stability of
L12 and also delays the onset of overaging and the L12  DO23 transformation. However, Knipling et
al [1-4] didn’t find that Al-Zr-Ti alloys improvement of coarsening resistance of Al3Zr (L12)
precipitates.
In our study we give some insight on the kinetic of precipitation in ternary Al-Zr-Ti alloys. Using
Thermo-Calc® [13] calculations we discuss about the domain of stability of L12 ordered phase in
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these ternary alloys and then using phase field modeling we reproduce the coarsening kinetics. Our
simulation results are compared with experimental TEM images and 3D atom probe analyses.
2. Thermodynamic description of Al-Zr-Ti alloys.
Thermo-Calc calculations of binary Al-Zr, Al-Ti and Al-Zr-Ti alloys were performed using the
software Thermo-Calc with the TTAL6 data-base [14]. The metastable and stable phase diagrams at
475°C of Al-Zr-Ti system are shown in Fig.1. The compositions of studied alloys are indicated by the
red crosses. According to metastable phase diagram there is a fcc (A1) + L12 two-phase field where
the L12 phase is a fcc-based ordered structure. The L12 order is formed upon cooling as a result of the
primary fcc  L12 ordering followed by the secondary L12  DO22+DO23 ordering. In fact, the L12
phase is thermodynamically less stable than the DO22 or DO23 phases at 475°C. However, the L12 
DO22 equilibration in Al-Zr-Ti system is so sluggish that in the most of the cases the decomposition
and ordering develops in accordance with is the metastable phase diagram. The solubility limits for
the L12, DO22, DO23 and α(A1) phases are given in Table1. It can be seen from this table that the
solubility limit of Zr and Ti in the stable phases is smaller than in the metastable L12 phase. It means
that secondary ordering kinetics will also increase the volume fraction of ordered precipitates.

Fig. 1. Metastable and stable phase diagrams at 475°C of the Al rich corner of the Al-Zr-Ti system calculated by
THERMO-CALC.
Table 1 Solubility limits of Zr and Ti atoms in α(Al) matrix in binaries Al-Zr and Al-Ti alloys from
metastable and stable phase diagrams.
Trialuminide
Solubility limit in α(Al) at 475°C
Solubility limit in α(Al) at 475°C
Al3Zr
Al3Ti

(stable phase)
0.04%wt Zr (DO23 phase)
0.4%wt Ti (DO22 phase)

(metastable phase)
0.24%wt Zr (L12 phase)
1.22%wt Ti (L12 phase)

3. Phase field modeling
Phase field model has been extensively used for microstructure simulation studies because of its
ability to reproduce complicated microstructures without any a priori assumptions [16]. Two phase
microstructure (fcc + ordered L12 phase) can be described by three long-range order parameters
(LRO) η1, η2, η3, and a concentration field c(r,t). In this method, the microstructural evolution can be
obtained by solving the time dependent Ginzburg-Landau equation for the three LRO parameters:
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∂ηi (r, t )
∂F
= −L
+ ςi
∂t
∂ηi (r, t )

i =1, 2, 3

And the non-linear Cahn-Hillard diffusion equation for the concentration field:
∂c(r, t )
∂F
= ∇M (r, t )∇(
) +ξ
∂t
∂c(r, t )

(1)

(2)

Here L and M are kinetic coefficients, ς i and ξ are the Langevin’s noise terms describing the
compositional and structural thermal fluctuations, respectively and F is a total free energy. For the
coherent precipitation under consideration, the total free energy is consist of two terms: elastic strain
energy (Eelast) and the chemical free energy (Fchem), namely F=Eelast+Fchem . The explicit form for these
two terms in the case of ternary alloys has been done in [9]. Our simulations were performed by
numerically solving the five nonlinear equations (Eqs (1) and (2)), one for each variable, using the
semi-implicit Fourier-Spectral method [15]. The two and three-dimensional simulations were
performed with 128×128×128 simulation box, respectively. x = ∆y = ∆z = 1.0 (or the grid spacing)
were chosen such way that the interface contains enough grid points to remove the artifacts from the
underlying discretizing lattice. A uniform time step t is chosen equal 0.1 to ensure a stable solution.
Periodic boundaries conditions are applied. The lattice misfit between disordered fcc matrix and
Al3Zr and Al3Ti precipitates was extracted from experimental data [1]. Then, using the solubility
limits obtained from our thermodynamic calculations, the coefficient of crystal lattice parameter
a L12 − a A1
extension ε 0 =
is equal ε0Zr=0.020 for Al3Zr and ε0Ti=0.18 for Al3Ti particles. The
a A1 (c A1 − c L12 )
diffusion coefficient ratio of zirconium and titanium atoms in the α (A1) matrix at 475°C was
calculated using thermodynamic data [1] and equal DTi /DZr = 0.085. We studied the transformation
path from fcc to fcc+L12 two phase state in Al - 4.54at% Zr - 4.44 at% Ti at 475°C.

a) Isoconcentration of Ti

b) Isoconcentration of Zr

Fig. 2 Simulated microstructure in Al - 4.54 at% Zr - 4.44 at% Ti alloy at 475°C at reduced time
t*=100000.
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Fig. 3 Concentration profile across of two L12 precipitates
The Fig.2 show the isoconcentration of Zr and Ti in Al - 4.54 at% - Zr 4.44 at%Ti alloys at reduced
time t*=100000. The concentration profile across the L12 ordered precipitates is shown in Fig.3.
There are two major differences of microstructure in Al-Zr-Ti and Al-Zr-Sc alloys. First, the ordered
precipitates in Al-Zr-Ti keep a spherical form at different stages of coarsening. However, in Al-Sc-Zr
systems the L12 precipitates become cuboidal at very early stages of coarsening. Secondly, in
Al-Zr-Ti alloy the Zr and Ti atoms are homogeneous distributed inside of precipitate while in
Al-Sc-Zr system ordered particles have an heterogeneous structure where Zr atoms segregate at the
interface Al3Sc/α(A1)matrix. These differences can be understand from the small value of misfit in
Al-Zr-Ti systems with respect to that in Al-Sc-Zr alloys and prove a big influence of elastic energy on
stability of heterogeneous structure of precipitates. In Al-Zr-Ti system the Ti atoms diffuse 20 times
slowly at 475°C than Zr, this why at the beginning we observe the formation of Al3Zr precipitates.
This stage is following by the precipitation of Ti atoms. The misfits of both types of ordered particles
(Al3Zr and Al3Ti) are approximately the same and Ti diffuses inside of precipitates and partially
replaces Zr atoms in L12 structure. In Al-Sc-Zr system the misfit of Al3Zr particles is 1.3 times
smaller than that for Al3Sc particles and segregation of Zr atoms at the γ’/γ interface decreases the
elastic energy of system.
Comparing the Fig.2a and 2b we can conclude that at the given coarsening stage there are two types
of precipitates. Small particles correspond to the Al3Ti precipitates and the big ones have
approximately Al3 (Zr0.5Ti0.5) concentration. The concentration profiles in Fig.3 confirm this
conclusion.
4. Experimental data
TEM investigations were made to describe the microstructure and precipitates shape in the
commercial Al - Zr 0.4wt% - Ti 0.03wt% alloy with some small additions. The elaboration of this
commercial sample is confidential and can't be described in the paper. These experimental results
have been compared with simulation. Using phase field method we can't simulate the low volume
fraction of precipitate. In this case the driving force is quite small and the system stays in the
disordered state.
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Samples were prepared with by mechanical polishing to have a thickness between 80 and 100µm.
Electropolishing using Tenupol were used to prepare a thin. TEM investigations were performed with
a JEOL 2000 FX.

Fig. 4 Dark field image in [100] α-All zone axis selecting reflexion (110) showing Al3 (Ti-Zr) L12
precipitate distribution in Al – Zr0.4 Ti0.03
Fig.4 shows the dark field image in [100]α-All zone axis selecting reflexion (110). A fine
homogeneous distribution of spherical precipitates with L12 structure is observed. The mean radius
was found to be approximately <r> = 3.7 ± 1.4 nm. In combination with TEM, Atom probe
tomography (APT) analysis was made to compare our simulated concentration profiles across the
precipitates.

(a)
(b)
Fig. 5. (a) APT reconstruction showing Al3 (Zr-Ti) precipitates (box size: 40x40x37nm) (b) Erosion
profile in a box of 15x15x20nm across the interface of the larger dispersoid observed on the left.
Fig 5 shows 3D reconstruction and erosion profile obtained by APT analysis in an Al – Zr 0.4wt% –
Ti 0.04wt% alloy. Thanks to the erosion profile across Al3 (Zr-Ti) dispersoid, we can see that the
distribution of Zr and Ti atoms is homogeneous in Al3 (Zr-Ti) precipitates. No core/shell structure
was observed. This confirms the observation of Knipling et al [1-4, 12].
5. Conclusions
Precipitation in Al- Zr- Ti alloys has been investigated. The followed results have been obtained and
discussed:
•

The microstructure contains the spherical L12 precipitates homogeneously distributed in the
disordered fcc matrix.
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•
•

The difference in diffusion coefficients of Ti and Zr atoms in Al matrix is responsible to the
existence of two types of precipitates at the later stages of coarsening. The small particles
have the composition Al3Ti and biggest ones have Al3(Zr-Ti)
The distribution of Ti and Zr atoms inside of precipitates is homogeneous.

Our simulation results and our experimental data show a big difference between Al – Zr – Ti [1-4, 12]
and Al – Zr – Sc [5-11] in the kinetics of precipitation and in morphology of ordered particles.
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