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ABSTRACT

The accurate knowledge of liquid properties for Ti-Al based alloys is of great significance for scientific explora-
tions such as revealing the atomic-scale behaviors in alloy processing and realizing the optimization of manu-
facture technology. By means of the active learning method based on deep neural network (DNN) and
electromagnetic levitation technology (EML), we investigate the microstructure evolution of Tis;Al47Zre alloy,
and with a focus on obtaining its liquid state properties. The density, surface tension, viscosity of this liquid alloy
and the related self-diffusion coefficient are predicted by the DNN potential. The calculated surface tension ex-
hibits only a deviation of less than 2 % as compared with EML experimental values. The liquid local structure
characteristics acquired through Voronoi polyhedron analysis indicate that the fraction of relatively high-
coordinated clusters with Al as the central atom displayed an anomalous decrease with the falling of liquid
temperature. This effect is attributed to the tendency of these clusters to form icosahedral-like geometries,
resulting in an increased fraction of icosahedral-like geometries in liquid alloy.

1. Introduction

Considering their low density, high specific strength, ablation resis-
tance, good high-temperature mechanical properties, and excellent
oxidation resistance, Ti-Al based alloys are an emerging type of materials
for aviation and aerospace field [1,2]. They have been applied in critical
high-temperature components such as skin and control surface of
spacecraft, and aircraft engine blade [2-5]. Researchers have made ef-
forts to improve the service performance of Ti-Al based alloys, but further
advancements are still needed [6,7]. Precise determination of the liquid
thermophysical properties is essential for optimizing the manufacturing
processes, and understanding the liquid structure is helpful in revealing
its liquid-solid phase transition process, thereby further realizing per-
formance optimization. In experimental studies, researchers utilized
ground-based or space station electromagnetic levitation (EML) facilities
to investigate the thermophysical properties of Ti-Al, Ti-Al-Nb, Ti-Al-Ta
and Ti-Al-Cr-Nb alloys [8-11]. Also, in situ synchrotron micro X-ray
diffraction was employed to study the liquid-solid phase transition pro-
cess of Ti-Al alloys [12]. In simulations, ab-initio molecular dynamics
(AIMD) simulations based on density functional theory (DFT) was con-
ducted to explore the influence of chemical composition on the ther-
modynamic properties and liquid structure of Ti-Al alloys [13].
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Additionally, researchers have developed empirical interatomic poten-
tials for classical molecular dynamics (MD) of Ti-Al [14], Ti-Al-Nb [15],
and Ti-Al-Ni [16] alloys based on the solid phase, although further
validation of their prediction accuracy for liquid alloys is still required.

While experimental measurements and first-principles calculations
are reliable, they often come with high costs and low efficiency. Classical
molecular dynamics simulations are efficient, while they may have
slightly lower accuracy. Advances in machine learning methods, such as
deep neural network (DNN), have provided researchers with a promising
approach to obtaining properties of materials [17-19], striking a balance
between accuracy and efficiency.

In this work, we consider the beneficial effects of Zr on the me-
chanical properties, oxidation resistance, irradiation resistance, as well as
processability and weldability of Ti-Al alloys [20-22], and select Ti-Al-Zr
alloy as the research subject. The microstructure and phase constitution
of rapid solidified Ti-Al-Zr alloy are analyzed. By active learning
approach based on Deep Potential Generator (DPGEN) [23], DNN po-
tential for liquid Ti-Al-Zr alloy is constructed to acquire its thermo-
physical properties. Moreover, the structural evolution behavior in the
liquid alloy is revealed.
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2. Experiments and simulations

The electromagnetic levitation (EML) technology [24] was used for
rapid solidification of the alloy and to measure the surface tension of the
liquid alloy. Prior to the EML experiments, the Tig7Al47Zrg master alloy
was prepared from pure Ti (99.999 %), pure Al (99.999 %), pure Zr
(99.99 %), using an arc melting furnace. In the EML experiments, the
chamber was evacuated to a high vacuum environment (10’4 Pa) and
then backfilled with a mixture gas of high purity Ar (99.999 %), He
(99.999 %), and Hy (99.999 %) in the volume ratio of 10:9:1 to prevent
oxidation. The temperature of the EML sample was monitored by a
KELLER CellaTemp PA20 pyrometer. After the experiments, the samples
were analyzed by an FEI Verios G4 scanning electron microscope (SEM),
a Bruker D8 Discover A25 X-ray diffractometer (XRD), and an FEI Themis
Z double Cs corrector transmission electron microscope (TEM).

A total of 3.90 x 10* configurations served as the initial training
dataset were obtained by performing AIMD calculations using the Vienna
ab initio simulation program (VASP). These calculations were conducted
for liquid pure Ti at 1300, 1800, and 2500 K; liquid pure Al at 800, 1200,
1800, and 2500 K; liquid pure Zr at 1400, 1800, and 2500 K; and the
liquid middle-entropy alloy TigsAl33Zrss at 1200, 1800, and 2500 K.
During the AIMD calculation, the Projector-Augmented-Wave (PAW)
pseudopotentials and Perdew-Burke-Ernzerhof (PBE) gradient approxi-
mation to the exchange-correlation functional were adopted to predict
the system evolution. Only the I” point was used to sample the Brillouin
zone, and the energy cutoff of 300 eV was set. The systems were con-
ducted under periodic boundary conditions and canonical (NVT)
ensemble with the Nosé-Hoover thermostat (200 atoms in the supercell,
time step 3 fs and external pressure 0 + 3 kbar).

After the initial training dataset was prepared, the DPGEN was
employed to automatically generate DNN potential for the liquid
Tiq7Al47Zrg alloy through 10 Training-Exploration-Labeling iterations.
The fundamental principles and methods of DPGEN have been intro-
duced in Refs. [23,24]. During the exploration process of the 10 itera-
tions, the DPGEN software was used to freely explore the evolution of the
liquid Ti47Al47Zre alloy with 40 initial structures within the temperature
range of 1300-2500 K. In the labeling process, the lower boundary and
upper boundary of the force differences [£ow, €nignl, were set to [0.15,
0.30] eV-A~L. In each iteration's labeling process, the DPGEN software
randomly selected up to 2000 configurations labeled as "Candidate" for
AIMD calculations, which were then added to the training dataset in the
subsequent iteration's training process. Throughout the active learning
process, a total of 2 x 10* configurations were actively added to the
training dataset. In each training process, four DNN potentials was
generated, the cutoff radius was 6 ;\, and the smooth started from 5.8 A.
The embedding and fitting nets had (25, 50, 100) and (240, 240, 240)
layers, respectively. The training was performed for 1 x 10° epochs with
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an exponentially decaying learning rate from 1 x 10° to 3.51 x 1078
using an NVIDIA TESLA V100 TENSOR CORE GPU. Subsequently, the
properties of the liquid TisyAls;Zrg alloy were acquired through MD
simulation in LAMMPS by DNN potential. The MD simulation involved a
supercell containing 8100 atoms, which was equilibrated at the set
temperature using the isothermal-isobaric (NPT) ensemble with a time
step of 1 fs. The cooling rate was 102 K s™1.

3. Results and discussion
3.1. Microstructure and phase constitution

Before acquiring the liquid properties, the microstructure and phase
constitution were analyzed, as shown in Fig. 1. The XRD pattern indi-
cated the presence of the y-TiAl phase in the alloy. However, the ay-TizAl
phase only exhibited two peaks, making it impossible to determine its
existence. Therefore, TEM analysis was further conducted. Ultimately, by
combining the Ti-Al phase diagram, SEM image of arc-melted Tis;Al4;Zr¢
master alloy, selected area electron diffraction (SAED) patterns and XRD
result (Fig. 1a), the phase transformation path can be inferred. During the
cooling period, the aTi phase was first formed from the liquid alloy, and
then the residual liquid phase evolved into y phase. Eventually, the aTi
phase underwent eutectoid transition and transformed into the y phase
and oy phase. Moreover, the SAED illustrated that the (y+ay) eutectoid
followed the Blackburn orientation relationship: (111),//(0001),0, [1T
0],//[1120]42. In the EML experiments, the Ti4zAls7Zre alloy achieved a
maximum undercooling of up to 277 K (0.16Tr). The microstructure of
alloy solidified with AT = 277 K is demonstrated in Fig. 1b. The phase
composition of the alloy with 277 K undercooling remained consistent
with that of the master alloy, while the primary oTi dendrites were
refined and the formation of interdendritic y phase was inhibited.

3.2. Validation for DNN potential

Fig. 2a is the variation in the fraction of labeled data during the active
learning process. In the iteration 0, since the initial training dataset did
not include configurations of the liquid TisyAlsyZre alloy, and the com-
positions of the configurations in the initial training dataset were far from
the TigyAl47Zrg alloy in the phase diagram. As a result, the fractions of
configurations labeled as “Accurate”, “Candidate”, and “Failed” during
the evolution of the liquid Tis7Al4;Zre alloy calculated by the four models
were 0 %, 66.37 %, and 33.63 %, respectively. As the number of itera-
tions increased, the DPGEN software continuously added new configu-
rations to the training dataset, leading to a rapid increase in the fraction
of data labeled as Accurate, while the quantities of data labeled as
Candidate and Failed decreased significantly. By the iteration 9, the
fraction of data labeled as Accurate reached 90.23 %, while the fraction

Fig. 1. Microstructure and phase analyses of TisyAls;Zrg alloy: (a) master alloy [insets represent XRD pattern of master alloy and SAED patterns of (y+ay) eutectoid

and y phase]; (b) alloy solidified with 277 K undercooling.
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Fig. 2. DNN potential accuracy validation: (a) data fraction versus iteration in active learning process; (b) energy; (c) force; (d) virial.

labeled as Failed dropped to 0.34 %. This indicated a high consistency in
the predictions of the four models regarding the evolution process of the
liquid Ti47Al47Zrg alloy after the iteration 9. Owing to the high consis-
tency among the four models, theoretically, anyone of them can be
selected as the DNN potential for the liquid Ti47Al47Zrg alloy. One of the
models was randomly chosen, and its predictive accuracy was examined,
as shown in Fig. 2b and c. The validation datasets consisted of the liquid
Tis7Al47Zrg systems at 2500, 2000, 1500 and 1300K, respectively, which
were not included in the training dataset. The DNN potential provided
energy, atomic forces, and virial results that aligned well with those from
AIMD, with root mean square errors (RMSEs) in orders of 1073
eV-atom ! for energy, of 107! ev A™! for atomic force, and of 1072
eV-atom ! for virial. Moreover, during the predicted liquid evolution
process, no unphysical atomic aggregation or stratification behavior was
observed [see example snapshot in Fig. 3a]. And the predicted pair dis-
tribution functions (Fig. 3b) and bond angle distributions (Fig. 3c) of the
liquid alloy by the DNN potential also matched well with the AIMD re-
sults, indicating that the DNN potential achieved computational accuracy
comparable to DFT for the liquid alloy.

3.3. Liquid properties

After examining the DNN potential, the thermophysical properties of
the liquid Ti47Al47Zrg alloy were calculated in LAMMPS by utilizing the
DNN potential. The surface tension oy, of the alloy calculated by DNN
potential exhibited a liner dependency on temperature, as shown in
Fig. 4a, and can be described by the following equation:

oLpww =1.25—-2.46 x 1074(T - Ty.). )}

The surface tension measured by EML can be expressed as

oLeme=123-338 x 10°4(T - Tp). )

The measured results showed a deviation of only less than 2 % as
compared with the calculated values across the entire experimental
temperature range, indicating that the DNN potential demonstrated a
high level of accuracy in predicting thermophysical properties of the
alloy. The density py, (Fig. 4b) was further calculated, and its relationship
with temperature can be expressed as

PLony =3.62 —2.56 x 1074(T — T,). 3)

The viscosity 7y, (Fig. 4c) of the liquid alloy and self-diffusion coeffi-
cient Dy, (Fig. 4d) of Ti, Al, and Zr in the liquid alloy predicted by DNN
potential exhibited an exponential variation with decreasing temperature
and can be fitted as

o =00sesp( 0. @
Dy =224 x 107 exp (%) 5)
Dpa=2.61 x 1077 exp (%;104) (6)
Dy z=1.96 x 1077 exp <76'%;104>. )
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Voronoi polyhedron analysis was adopted to reveal the liquid local
structure evolution of the TisyAls7Zre alloy. The Voronoi indices < ns, ng,
..., n; > represent the number of polyhedron faces with i edges, and the
sum of n; is equivalent to the coordination number (CN) of the central
atom. The fraction of 10 most abundant Voronoi polyhedrons in the
liquid alloy and CNs of different central atoms were counted and pre-
sented in Fig. 5. The analysis revealed that clusters with CN = 12 and 13,
characterized as icosahedral (ICO, <0, 0, 12, 0>), distorted ICO (<0, 2, 8,
2> and <0, 1, 10, 2>), and quasi-icosahedral geometries (<0, 2, 10, 0>,
<0, 4, 6, 2>, <0, 3, 6, 4>, <0, 3, 8, 2>, <0, 4, 6, 3>, <0, 3,7, 3>, and
<0, 2, 10, 1>), dominated the liquid alloy, and their population
increased as the temperature decreased. This indicated that as the tem-
perature decreased, the interaction between various atoms strengthened
and the atoms tended to form bonds, leading to enhanced liquid local
structural stability, which eventually resulted in an increase in the sur-
face tension, density and viscosity of the liquid alloy, while the atomic
diffusion ability decreased. Clusters with CN = 14 and CN = 16 pre-
dominantly characterized the local environments around Ti and Zr
atoms, respectively. The fraction of relatively high-coordinated clusters
(full line) increased as the temperature decreased, while the fraction of
relatively low-coordinated clusters (dash line) exhibited an inverse cor-
relation with temperature, specifically in the clusters with Ti and Zr as
the central atoms. This demonstrated that as the temperature decreased,
the low-coordinated clusters with loose correlations tended to transform
into high-coordinated cluster with tight correlations. It is noteworthy
that in the clusters with Al as the central atom, the fraction of relatively
low-coordinated clusters with CN = 12, 13, and 14 increased, while the
fraction of the high-coordinated clusters with CN = 15 and 16 decreased.
This behavior was completely opposite to that observed in the clusters
with Ti and Zr as central atoms. This phenomenon can be attributed to
the tendency of Al-centered clusters to favor ICO-like geometries, which
was reflected in the increasing fraction of ICO-like geometries in the
liquid alloy as the temperature decreased.

4. Conclusions

In summary, this work utilized active learning method to construct a
DNN potential for the TisyAlsyZrg alloy, enabling accurate prediction of
its liquid properties. Meanwhile, the surface tension of this liquid alloy
was measured by EML experiments for a comparison. The following
conclusions are derived.

(1) The arc-melted master alloy and the EML sample consist of (y+az)
eutectoid structures formed by the decomposition of primary oTi
dendrite, along with the interdendritic y phase. The primary aTi
dendrites were refined under rapid solidification condition.

(2) The DNN potential achieved accuracy levels comparable to DFT in
predicting system energy, atomic forces, virial, and liquid struc-
ture. The surface tension of the liquid alloy is 1.25 N m™?, the
density is 3.62 g cm™> and the viscosity is 6.68 mPa s at the lig-
uidus temperature. Within the temperature range of 1300-2500
K, the surface tension and density exhibit a linear variation, while
the viscosity and self-diffusion coefficient show an exponential
change. The calculated surface tension displays only a deviation of
less than 2 % as compared with the EML experimental values.

(3) As the temperature of the liquid alloy decreases, the low-
coordination clusters with Ti and Zr as central atoms tend to
transform into high-coordination clusters. In contrast, in those
clusters with Al as the central atom, there appears to be an in-
crease of clusters with coordination numbers of 12, 13 and 14.
This ultimately results in the formation of a significant number of
icosahedral-like geometries in liquid alloy.
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