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Strain-induced structural phase transition of a Ni lattice through dissolving Ta solute atoms
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The structural phase transition of a single-crystal Ni lattice upon dissolving Ta solute atoms is investigated
by means of molecular-dynamics simulations with a realistiody Ni-Ta potential. It is found that when the
solute concentration is within 9—19 at. % of Ta, the accumulated strain results in a martensitic phase transition,
i.e., face-centered-cubi@fcc) Ni transforms into a face-centered-orthorhomien) like structure through
shearing, and that when the solute concentration is over 21 at. % of Ta, the Ni lattice collapses and turns into
an amorphous state. Comparatively, for the case of an initial hcp Ni lattice, the same martensitic and amor-
phization transitions also take place. The former hcp-fco transition, however, is mainly through atomic rear-
rangement as well as readjustment of lattice parameters, and the resultant state is almost perfect single crystal
with no shearing bands. Besides, the above structural transitions are frequently in association with a dramatic
softening in shear elastic moduli.
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Since the early 1980s, several techniques, such as ioof Ni atoms in the fcc lattice are randomly selected and sub-
mixing (IM), solid-state interfacial reactioi8SIR, and me-  stituted by the Ta solute atoms to form a fcc Ni-rich solid
chanical alloying(MA), have emerged and produced a greatsolution. The solid solution model is then run at a constant
number of metastable alloys with either an amorphous or &mperature 300 K to reach a relatively equilibrium state, at
Crysta”ine structure in the binary metal Syste:h_]%_'ro un- which all dynamic parameters show no secular variation.
derstand the underlying mechanism responsible for the To characterize the resultant structure after equilibrating,
crystal-to-amorphous transition, molecular dynamittD)  the radial distribution functiong(r) are calculated and
simulations have proved to be a powerful method to trace thehown in Fig. 1. It can be seen that when the concentration
structural evolution that results in the formation of the meta-
stable alloy$~® To the authors’ knowledge, most of the 8
simulation studies were concentrated on the crystal-to-
amorphous transition, whereas only a few simulations con-
cerning the crystal-to-crystal transition have so far been re-
ported. In our previous MD simulation study of the Ni-Ta
system, we focused on the crystal-to-amorphous transition . 2 -
by tracing solid solutions with increasing solute concentra-
tion, yet the structural evolution of the solid solutions before 0
spontaneous decay was not studied in d&tails known that 4+ L

3
2

the time scale involved in the simulation is far below 1 s, ~
which is much too short for a crystalline structure to nucleate <
and grow. On the contrary, if the growth of a specific crys-
talline phase proceeds by a fast transition process, e.g.
through a martensite transformation, MD simulations are
able to reveal the associated transition mechanism at ar
atomic scale. We report, in this paper, MD simulation results
concerning structural evolution in the single-crystal Ni lattice
upon dissolving the Ta solute atoms, which results in a
crystal-to-crystal transition before spontaneous decay.

MD simulations are carried out with a Parrinello-Rahman
constant-pressure scherhand the equations of motion are A e
solved using a fourth-order predictor-corrector algorithm of 0 : AL s e
Gear with a time step=5x10"°s. In the simulation, the 0.0 0.2 0.4 0.6 0.8 1.0
interactions between atoms are described withngmody
potential®

A fcc Ni single-crystal model is first constructed to con- g1, 1. Total and partial pair-correlation functions for fcc Ni-
sist of 8X8X8Xx4=2048 atoms. In the model, three a¥&s  rich solid solutions after running at 300 K. The compositions are of
B, and C of the computational box corresponding to the (g 5 at. %, (b) 15 at. %, andc) 25 at. % of Ta, respectively. The
[100], [010], and [001] crystalline directions, respectively, solid line is for totalg(r), the short dashed line is for Ta-§{r),
are set to be parallel tg, y, andz directions, and periodic the dotted line is for Ni-Nig(r), and the dot-dashed line is for
boundary conditions are adopted. Second, a certain amouma-Tag(r).
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FIG. 3. Total and partial pair-correlation functions for hcp Ni-

rich solid solutions after running at 300 K. The Ta concentrations
are of(a) 5 at. %,(b) 15 at. %, andc) 25 at. %, respectively. The
" solid line is for totalg(r), the short dashed line is for Ta-N{r),

the dotted line is for Ni-Nig(r), and the dot-dashed line is for
Ta-Tag(r).

of the Ta solute atoms is less than 8 at. %, the fcc crystalline

structure is preserved and that when the Ta concentration is given in Table |. One observes that after dissolving 8 at. %
between 9 and 20 at. %, the fcc lattice turns into a faceTa the Ni lattice remains almost cubic, the same as fcc Ni
centered-orthorhombidfco-) like structure. Further increas- single crystal, except for the increase of the length of the box
ing the Ta concentration up to 21 at. %, the correspondingrom approximately 2.8 nm of Ni single crystal to 2.9 nm of
g(r) features a shape commonly known as an amorphoulli solid solution. This suggests that the Ni solid solution
structure, indicating that the initial fcc lattice has turned intowith 8 at. % Ta still retains fcc structure, which is the same
an amorphous state. The variation of the computational boas that of 5 at. % Ta shown in Fig(d). Interestingly, it can

of fcc Ni solid solutions with different solute concentrations be seen that when the solute concentration is of 15 at. % Ta

FIG. 2. The projections of the atomic positions of fcc Ni-rich
solid solutions with Ta concentrations ¢f) 5 at. % and(b) 15
at. %, respectively, after equilibriating at 300 K. Open circle: Ni
Solid triangle: Ta.

TABLE |. Variation of the computational box of fcc Ni solid solutions with different solute concentra-
tions after simulations performed at 300 K for 0.1 ns. H&r&, andC are three axes of the computational
box, anda, B, andy are the corresponding angles of these axes:d.é,an angle between the axBsand
C, B an angle between the ax€sand A, andy an angle between the axésandB.

Composition
(at.% Ta A (nm) B (nm) C (nm) a (deg B (deg v (deg
0 2.828 2.832 2.828 89.981 90 90.007
8 2.865 2.871 2.899 89.971 90.194 90.038
15 2.872 2.666 3.246 89.54 90.631 92.595
25 2.947 2.920 2.986 89.834 90.23 89.594

212102-2



BRIEF REPORTS PHYSICAL REVIEW B 63 212102

15_] T T T T T ] 15 T T T T T
0000600000000
0 1 NVFOODPROOO0HOO00O0 T
02200000 9®G00
5| L 000OOD000EOO®E _
0000000@06080
ol i 0000000000 OOR
°F 000000002089
000000000006 C
-5 - gCa%0 Boda® o 4 5/ 00@3388600060 -
ogggg.af;gd@ %8080028 0808000000080
~1o b &8 S oS50S0 ©00680000000 |
8T ' e®00006000000
=15 | 1 | 1 1 1] | ) . . |
=15 -10 -5 0 5 10 15 _qm 10 -5 0 5 10 15
(a) ()
15 T T T
800000@0@000
10 RPIDIPOT OGO -
oY X-X uX N ¥ QX X XY
.| \0P00800608006 |
0000806000000
POSPO06I®ROS
0 ®9HQCO0GHISISV® -
PPV 0O 0006 S
sl 0600060090
000602800 ¢
® 5998009808
10 A BSIOPDBO0QO0P
DOB®OOO®® 0O O
-15 | | 1 1 |
15 -10 -5 0 5 10 15
(b)
FIG. 4. The projections on a plane perpendicular toGleeis of FIG. 5. The projections on a plane perpendicular toAfeis of

the atomic positions of hcp Ni-rich solid solutions with Ta concen-the atomic positions of hcp Ni-rich solid solutions with Ta concen-
trations of(a) 5 at. % andb) 15 at. %, respectively, after equilibri- trations of(a) 5 at. % andb) 15 at. %, respectively, after equilibri-
ating at 300 K. Open circle: Ni. Solid triangle: Ta. ating at 300 K. Open circle: Ni. Solid triangle: Ta.

three edges of the computational box vary asymmetricallysolution, from which the sheared regions can vividly be seen.
i.e., after equilibrating at 300 K for 0.1 ns, the edges for theln fact, the shear events are in cooperative with different
original as-set model of 2.816 nm in all three directionschanges in the lattice dimensions. In the case of Ni-rich solid
change into 2.872, 2.666, and 3.246 nm, respectively. Moresolution with 15 at. % Ta, as shown in Table I, the dimension
over, the anglesy and 3 still keep almost 90°, whereag  of the B axis is reduced, while the other two dimensions of
increases from 90° to 92.595°. In other words, the dimensiomhe A andC axes are both elongated. The configuration of the
of the B axis is reduced, while the other two dimensions ofshear bands shown in Fig. 2 is a projection on a plane per-
the A and C axes are both elongated, implying that a struc-pendicular to the most elongat€taxis. It is also noted that
tural transition takes place in the Ni lattice after dissolvingin the other two directions along theandB axes no reori-
15 at. % Ta solute atoms. entation is observed, and the original crystalline planes per-
Some interesting features are observed after the aboygendicular to theC axis can still be distinguishable, suggest-
structural transition for the fcc Ni-rich solid solutions with ing that the shear events occur along the direction
solute concentration of 9—-20 at. % Ta. It is found that someperpendicular to the most elongat€daxis. Referring again
coherent shear bands are produced in the crystal and that theFig. 2, one notices that there are shear events occurring on
initial fcc single crystal changes into a fco-like structure. Tothe (110 plane. This is probably the reason responsible for
illustrate the effect of the Ta solute atoms on the resultanthe increase of thes angle mentioned above. Furthermore,
structure, Fig. 2 shows a projection of the atomic positions osimulation results reveal that the elongation or strain of the
a Ni-rich solid solution with 15 at. % of Ta after equilibrating lattice takes place at the first 0.02—0.03 ns and the strain
at 300 K to compare with that of a Ni-T& at. % fcc solid  rates are calculated to t8.45-0.65% ps 1. These results
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are quite compatible with a recent report that the cooperativéhan 21 at. %, an amorphous structure is obtained. Figures 4
shear eventgtwins) could take place in a perfect crystal and 5 show the projections of the atomic positions of the
upon application of strain at a rate of 0.5% pand less®  resultant structures transformed from the hcp Ni-rich solid
In comparison, for the Ni-Ta solid solution models wheresolutions with 5 and 15 at. % of Ta on two planes perpen-
amorphization takes place, lattice elongation is observed ificular to theC and A axes, respectively. It is of interest to
three directions: e.g., for a solid solution of 25 at. % Ta, asotice that unlike the structural transition beginning with a
given in Table |, they are elongated to about 2.95 nm. It istcc N lattice, the transition from the hcp Ni lattice has no
also true for the solid solution models with Ta solute atomsgpegr bands, and the resultant structure is almost a perfect
less than 9 at. %: e.g,, for 8 at. % of Ta the lengths are allyyice Moreover, the axes of the computational box for Ni-

elongated to about 2.87 nm. rich solid solutions with 5 and 15 at. % of Ta are still per-

.lt IS knowr! that th? fce and .th strL_Jctures are very mucu)endicular to each other after equilibrating at 300 K. It is
alike and their cohesive energies are indeed calculated to be

quite close based ambody Ni-Ta potentiaf We therefore se%n from Fig. 5 that for a th Ni I_attice, by disso!ving 5
also perform a MD simulation for a single-crystal hcp Ni fat. % Ta, the hcp structure's'u'll remains as the atomic stack-
lattice consisting of 18 6 X 6 X 4= 1440 atoms to find out if Ing sequence along thé axis is observed _to bABAB...., .
some new features would emerge in the structural evolution?ile such a sequence no longer remains for the hcp Ni
In the model, the axe, B, andC of the computational box lattice after_d|ssolvmg 15 at. % Ta. The r_esultant state for the
corresponding t42110], [0110Q], and[0001] crystalline di- latter case is fgce-ce_ntered-orthorhomb!c structure. The hcp-
rections are set to be parallel to tkey, andz axes, respec- fco transition is realized through atomic rearrangement as
tively, and periodic boundary conditions are also adoptedWell as readjustment of the lattice parameters.
Similarly, the Ni atoms in the hcp lattice are randomly se- In summary, the above simulation results indicate that
lected and substituted by the Ta solute atoms, and the modéissolving Ta solute atoms into a Ni fcc or hcp single-
is then run at a constant temperature 300 K to reach a rel&rystalline lattice can induce considerable stress in the lat-
tively equilibrium state. tice. If the stress is small, the fcc lattice can relax the stress
The radial distribution functiong(r) are calculated for through a volume expansion. When the stress reaches a me-
the resultant structures, and Fig. 3 exhibits the calculatedium level, the initial crystalline lattice transforms into a
curves for the hcp Ni-rich solid solutions with 5, 15, and 25reoriented fco crystal through a heterogeneous plastic defor-
at. % of Ta. It can be seen that when the Ta solute is of Bnation and the fco crystal contains some cooperatively
at. %, i.e., less than 8 at. %, the hcp crystalline phase is presheared regions. Further increasing the stress up to a high
served, and that when the Ta solute is of 15 at. %, i.e., bedevel, which cannot be accommodated through a strain relax-
tween 9 and 20 at. %, the radial distribution functions areation, the initial crystal lattice turns into a disordered state.
similar to those shown in Fig.(h), suggesting that no matter Similar structural evolution also takes place in the hcp Ni-
what the initial Ni lattice is, by dissolving Ta solute atoms rich solid solution, yet the hcp-fco structural transition is
within 9-20 at. % the resultant structure is the same. Furthetealized through atomic rearrangement with no sheared
increasing the Ta concentration up to 25 at. %, i.e., greatdvands appearing.
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