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Dislocations and other atomic-level defects play a crucial role in determining the macroscopic properties of crystalline
materials, but it is extremely difficult to observe the evolution of dislocations due to the limitations of the most advanced
experimental techniques. Therefore, in this work, the rapid solidification processes of Nig7Cos3 alloy at five cooling rates
are studied by molecular dynamics simulation, and the evolutions of their microstructures and dislocations are investigated
as well. The results show that face-centered cubic (FCC) structures are formed at the low cooling rate, and the crystalline
and amorphous mixture appear at the critical cooling rate, and the amorphous are generated at the high cooling rate. The
crystallization temperature and crystallinity decrease with cooling rate increasing. Dislocations are few at the cooling
rates of 1x10!! K/s, 5% 1012 K/s, and 1x 1013 K/s, and they are most abundant at the cooling rates of 5x 10! K/s and
1x10'2 K/s, in which their dislocation line lengths are both almost identical. There appear a large number of dislocation
reactions at both cooling rates, in which the interconversion between perfect and partial dislocations is primary. The
dislocation reactions are more intense at the cooling rate of 5x10!" K/s, and the slip of some dislocations leads to the
interconversion between FCC structure and hexagonal close packed (HCP) structure, which causes the twin boundaries
(TBs) to disappear. The FCC and HCP are in the same atomic layer, and dislocations are formed at the junction due to
the existence of TBs at the cooling rate of 1x10'2 K/s. The present research is important in understanding the dislocation

mechanism and its influence on crystal structure at atomic scales.

Keywords: molecular dynamics simulation, rapid solidification, crystal structure, dislocation interaction
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1. Introduction

Ni—Co alloys are an important engineering material,
which are commonly used for functional and decorative coat-
ings in connectors, turbines, microelectronics, and medical de-
vices due to their superior hardness, wear resistance, magnetic
properties, and corrosion resistance.!!~3] However, processing
parameters such as Co salt density and current density in the
plating solution have important effects on the morphology and
abrasion properties of Ni—Co coatings.[*! In fact, the yield and
tensile strength can be increased by increasing Co content, but
the fracture resistance and ductility will be reduced, ™! thereby
limiting its practical application. It was found that the activ-
ity of crystal defects can improve the mechanical properties,
such as point defects, line defects, and surface defects.[®! As
line defects in the crystal structure, dislocations are the carriers
of plastic deformation in metallic materials, so the generation
and evolution of dislocations and the interaction between dis-
locations can affect the mechanical properties.[”~"! Therefore,
the investigation of dislocations can optimize the properties of
materials on an atomic scale.

Dislocation theories play a key role in studying plastic
deformation and strength of materials, which have attracted
Lu et al.''% found that
1/6(112) (Shockley) partial dislocations are dissociated by

the attention of many researchers.

perfect dislocations on twin boundaries, and these partial dis-
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locations can slide on the twin boundaries and lead to plas-
tic deformation, thereby increasing ductility. Laplanche et
al."V and Miao et al.!'?! studied the deformation behavior of
CrCoNi alloy, where the planar slip of dislocations and the
dissociation of 1/2(110) (perfect) dislocations on the {111}
plane into 1/6(112) (Shockley) partial dislocations affect the
deformation behavior in the early stages. In Zhang et al’s
study,[13] the substrate stacking faults started from the lattice
mismatch region and evolved into B-type face-centered cu-
bic (FCC) sheets at the relaxed P-type HCP/FCC (where HCP
stands for hexagonal close packed) interface, and then the mis-
match region provided a source of nucleation for perfect dis-
locations. The interactions between dislocations also play a
vital role in functional materials such as shape memory alloys
(SMAs), dictating the rate of slip emission from disconnected
on twin boundaries, which ultimately manifest in the damping
and fatigue response of SMAs.[!4]

Dislocations are also essential for crystal growth, and the
formation of dislocations during crystal growth has been stud-
ied by numerous researchers. Zhou ez al.!'! investigated the
directional growth of Si, and they found that there are no dis-
locations formed as growing along the [100] and [110] direc-
tions, while multiple dislocations are formed as growing along
the [112] direction, which are identified as a partial disloca-
tion located on the {111} plane. Ryningen et al.!'®! found

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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that dislocation clusters can be formed during the growth of
polysilicon, and the number of dislocations in the dislocation
clusters increases with the growth of polysilicon. The inter-
actions of He with dissociated screw dislocations in fcc Ni
were investigated by Xu et al.,l'”! and they found that inter-
stitial He atoms at tetrahedral sites in the perfect fcc lattice
and atoms occupying one plane above or below one of the two
Shockley partial cores exhibit the strongest binding energy.
Recently, the first principles method has been used to study
the strengthening effect of alloying elements Re, Ta, and W
in the /¥ interface [110] (001) dislocation core.!'8! By an-
alyzing the substitution formation energy and alloy-element
migration energy, it was found that the stability of [110] (001)
dislocation core is enhanced by adding Ta, W, and Re. Rapid
solidification was widely used as an important material prepa-

s.119-211 However, it

ration method to enhance their propertie
is greatly difficult to reveal the dislocation mechanism experi-
mentally during rapid solidification, which limits the study of
dislocations on an atomic scale. Therefore, in this study, the
dislocations and their reaction mechanism of Ni—Co alloy are
investigated during rapid solidification by molecular dynamics
(MD) method, which is important in further understanding the

microstructure and its evolution.

2. Simulation conditions and methods

In this study, MD simulations of the rapid solidification
process of Niy;Coss alloy!??! at five cooling rates were per-
formed by using a large-scale atomic/molecular parallel simu-
lator (LAMMPS). 23] The embedded-atom method (EAM) es-
tablished by Pun et al.[**! was used to describe the interactions
among atoms. In the EAM, the total energy E; of an atom i is
represented by

E;=Fy ZPﬁ(h‘jH%Z%ﬁ(m)? )
J#i J#
where o and B are the element types of the center atom i and
the neighboring atom j, Fy, is the embedding function of «, pg
is the charge density function of f3, r;; is the distance between
atoms i/ and j, @y is the pair potential function between & and
B.

The lattice parameters and formation energy fitted with
the EAM are listed in Table 1, and compared with the first
Refer-
ences [24,26,27] provided the specific construction method
of EAM, and the EAM has been verified to be suitable for
Ni—Co system and it can effectively simulate the dislocation
behaviors. 2821

principle data, the results are generally consistent.

Table 1. Lattice constants and formation energy values of imaginary phases of Co—Ni system obtained from the present EAM potential in
comparison with first-principles data.!>! In the table, the numbers marked by an asterisk are used in the potential fit, and remaining numbers
are predictions of the potential. The formation energy is in units of eV/atom.

Lattice parameter (a,c) (A)

Formation energy

Phase Structure
Ab initio EAM Ab initio EAM
Bl 5.042 67 491311 0.755 80* 0.646 24
CoNi B2 2.79175 2.922 41 0.138 60* 0.152 09
By? 2.475 14,4.032 98 2.439 83, 4.3795 —0.01530% —0.04390
L1 3.568 91, 3.461 30 3.690 74, 3.587 06 —0.01160% —0.00962
CoNij3 L1, 3.497 65 3.609 25 0.002 90* 0.004 11
Co3Ni L1, 3.496 99* 3.621 63 —0.01780% —0.01213
2WC prototype.

The 10* atoms (4700 Ni atoms and 5300 Co atoms) were
randomly placed in a cubic box with periodic boundaries in
three directions. The simulation process was performed un-
der NPT synthesis in time steps of 1 fs. The starting tem-
perature was set to 1800 K (the alloy melting point is about
1200 K to 1375 K1), and the isothermal relaxation of 1 ns
at this temperature took place to ensure that the system is in a
full equilibrium state. Subsequently, the system was solidified
to a specified temperature of 300 K at five different cooling
rates (1x 101 K/s, 5x 101 K/s, 1x10'2 K/s, 5% 1012 K/s, and
1 x 10'3 K/s), and finally five models were obtained. During
the simulation, the Nose—Hoover thermostat method 132! was
used to control the temperature and the Parrinello-Rahman

[33]

algorithm'>>! to control the pressure (0 GPa). And thermody-

namic information such as coordinate, velocity, and energy of

the atoms are recorded every 1 K for subsequent microstruc-
ture analysis.

The simulation results were analyzed and visualized by
the open visualization tool (OVITO),?* where the evolution
of microstructure and the combination and dissociation of dis-
locations were identified by the common neighbor analysis
(CNA)B1 and the dislocation extraction algorithm (DXA).[3%]

3. Results and discussion
3.1. Average potential energy

The energy—temperature (E—T") curve can intuitively de-
scribe the basic characteristics during rapid solidification. In
general, the potential energy decreases linearly as the temper-
ature decreases, with a sudden drop at a certain temperature,
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i.e., a phase transition, and the discontinuous change in po-
tential energy often occurs during liquid—solid transition. 3]
Figure 1 shows the E-T curves of Nis7Cos3 alloy at five cool-
ing rates during rapid solidification. For the cooling rates of
1x10'" K/s, 510" K/s, and 1x10'2 K/s, the E-T curves
exhibit obvious inflection points with temperature decreasing,
indicating that crystallization transition occurs at these cool-
ing rates. The temperatures corresponding to these inflection
points are values of the crystallization transition temperature
T. of the systems, which are T,y = 1504 K, Tco = 1440K, T3 =
1300 K, respectively. For the cooling rates of 5x10'? K/s and
1x10'3 K/s, there are no significant abrupt changes in the E-T
curves, and their slopes change at 7 = 1140 Kand T =910 K,
respectively, suggesting that there are no obvious crystalliza-
tion transitions in these two systems.

— X101 K/s
| 5X10'! K /s
—1%102 K /s
4.3 |m—5%x1012 K/s
— %1013 K /5
910 K

—4.2

1440 K
1300 K
1504 K

—4.4F

—4.5F

Potential of per atom (eV)

—4.61

1 1 1 1 1 1 1 1
200 400 600 800 1000 1200 1400 1600 1800
T (K)

Fig. 1. Curves of average potential energy versus temperature at five
cooling rates.

3.2. The g(r) function

The g(r) function is the Fourier transform of structure
factor S(g) obtained from systematic x-ray diffraction, 38!
which represents the probability of finding an adjacent atom
at a distance r from the central atom. It is commonly used as a
statistical analysis to describe the order of the microstructure.
For an ideal crystal structure, the curve behaves as a pulse, but
owing to the thermal motion of the atoms, the curve is usually
a spike with a certain width.[*"!

The g(r) curves at five cooling rates are displayed in
Fig. 2. The initial structures of five systems after isothermal
relaxation are consistent with each other, when the tempera-
ture drops to 300 K, the g(r) curves show sharp peaks at the
cooling rates of 1x10M K/s, 5x10" K/s, and 1x10'2 K/s,
which is significant feature of the crystal structure, indicating
that these systems form crystal structures. For the cooling rate
5x10'? K/s, the height of the peak is quite small and there
exists short-range orderliness, which is an intermediate state
between crystalline and amorphous, and the cooling rate is de-
fined as the critical cooling rate (CCR).21:40] At the fastest
cooling rate of 1x 103 K/s, the second peak of the g(r) curve

splits into two sub-peaks, which is typical feature of the spa-
tial distribution in the amorphous system, implying that the
system forms amorphous structure.

T=300 K

g(r)
O = N W ks 0 N 0o ©
T

[ 1x1011 K /s
L 5X1011 K/s
F1x10'2 K/s
F5X1012 K /s
[1X10' K/s

L Il L Il L Il L Il L
0.2 0.4 0.6 0.8 1.0

r (nm)

o

Fig. 2. Curves of g(r) versus r of the system at five cooling rates.

3.3. Cluster analysis

In order to investigate the microstructure of Nig7Coss al-
loy during rapid solidification, the variation of clusters with
temperature are shown in Fig. 3. For convenience, the clus-
ters except FCC, HCP and BCC are called the other. Since the
number of BCC is extremely small at five cooling rates, the
analysis focuses on the variation of FCC and HCP.

As illustrated in Fig. 3(a), the other decreases rapidly at
T.1, and the FCC increases immediately at the cooling rate of
1x 10! K/s. The FCC accounts for 96.71% at T = 300 K, in-
dicating that a near-perfect FCC crystal structure is formed. It
is noteworthy that the amount of HCP also starts to increase at
11, reaching 3.57% at T = 1488 K, and then decreases rapidly
t0 0.1% at T = 1485 K. This is because HCP is sub-stable and
it is easy to transform into FCC under thermal stress. Eventu-
ally HCP reaches 0.8% and forms a stacking fault (SF). At the
cooling rate of 5x 10'! K/s, the other starts to decrease at T,
while FCC and HCP also begin to increase. When the tem-
perature decreases to 1413 K, HCP increases to 8.02%, and at
this moment multiple HCP twin boundaries (TBs) are formed,
which is demonstrated in Fig. 3(b). HCP decreases to 1.59% at
T = 1250 K, and FCC increases to 78.3% and then it keeps in-
creasing at a flat rate. Eventually, FCC reaches 93.01%, while
the HCP number decreases to 0.7%, and the TBs disappear,
forming a relatively perfect FCC crystal.

At the cooling rate of 1x 10'2 K/s, the other decreases
sharply at 7¢.3, while FCC increases to 65.8% and HCP reaches
9.19% when the temperature drops to 1225 K. Unlike the pre-
vious cooling rates, HCP does not increase and then decrease,
but slowly increases to a certain value and then stays stable.
Finally, HCP reaches 10.5% at T = 300 K, which exists in
FCC crystal in the form of TBs as shown in Fig. 3(c). For
the cooling rate of 5x 10'? K/s, FCC and HCP slowly increase
at T = 1140 K as shown in Fig. 3(d), and they eventually in-
crease to 26.68% and 7.36%, respectively. As the critical cool-
ing rate, it is in a state where the crystalline and amorphous
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coexist. As is well known, amorphous structures, also known
as metallic glasses (MGs), are frozen liquids with amorphous
atoms by bypassing crystallization during solidification.[*!]
Only when the cooling rate is fast enough to avoid crystalliz-
ing, that is, the cooling rate is faster than the CCR, can MGs
be formed. As shown in Fig. 3(e), MGs are formed because
the cooling rate is higher than the CCR and the atoms cannot
rearrange in time to form a crystal structure.

Figure 3(f) shows the curve of degree of crystallinity
versus cooling rate at five cooling rates, where the crystallinity
is defined as the sum of crystallinities of FCC, HCP, and BCC.

Although the crystallinity gradually decreases as the cooling

rate increases in general, the crystallinity at the cooling rate
of 1 x 102 K/s is slightly higher than that at the cooling rate
of 5x 10" K/s. This is because two systems are not fully
crystallized, the other accounts for 6.2% at the cooling rate of
5x10'"' s and 5.5% at the cooling rate of 1x10'? K/s. These
regions where the other atoms aggregates are unstable and
have higher energy, resulting in a lower crystallinity at the
cooling rate of 5x10'! K/s. In short, the systems of lower
cooling rates are more likely to form perfect crystalline struc-
tures, and the systems of higher cooling rates prefer to form

amorphous structures.

= 100—(8') 1x101! K/S — ~ 100 (b) 5x1011 K/S — 100 (C) 1x1012 K/S r
X = —ree | & :
g 80 gl 5 80+ ~hor = 80F | —FCC
= -FcC | -2 | —BCC 2 i ¢+ —HCP
5 60 -ncp | § 60 “orherl £ 60 » —BCC
= -BCC = © | — OTHER
T 40 s -OTHER| © 40f & 40t -
o 14 :.) 1?88 Kl.i()alK | b3) s - I 053
] E s Y 11440 K 11300 K
Z, O =2 Z ok o Z ot 1225 Kb,
| PR I I | - | IR (T I 1 1 1 1 ) 1 1 1 PR U I | PR IR | | - |
200 600 1000 1400 1800 200 600 1000 1400 1800 200 600 1000 1400 1800
T (K) T (K) T (K)
—100F (©) 1x108 K S — ,,
- 100f () 5x10'2 K/s < 100 () IX10°K/s Sio0f w0938 915 (f)
< 8or : g 80f B % 801
' . 1 —
2 0 ~rcc i £ ol | TEC 5
iRl —HCP g \‘ ¥  —BCC s oor
—BCC he . S — 2
= 40¢ 26,68 9 — OTHER! 5 40 : OTHER | 2 49|
g .26.68 7% : 2 300 K s
< 20r : - L
g 0__7436% 1140 K g g 20
Z of 140 Zz  of 5 of
N L A - . . . . .
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Fig. 3. Variations of clusters in the systems for five cooling rates: (a) 1x10'! K/s, (b) 5x10'! K/s, (c) 1x10'2 K/s, (d) 5x10'? K/s, (e) 1x10'3 K/s; (f)
crystallinity for five cooling rates, with colors in the visualization diagram representing FCC (green), HCP (red), BCC (blue), and the other (gray).

3.4. Dislocation analysis

During crystallization, the crystals are subjected to im-
purities, temperature changes or vibration stress, or mechan-
ical stress such as hitting, cutting, grinding, which deforms
the internal arrangement and causes the atomic rows to slip
away from each other. It no longer conforms with the orderly
arrangement for ideal crystal, resulting in a one-dimensional
defect called dislocation.!*?! According to classical nucleation
theory (CNT),[*3*1 a crystalline cluster of any size is con-
sidered as a macroscopic object, and once the nuclei reaches a
critical size, it continues to grow until all the liquid solidifies or
it encounters another growing crystal. Rapid solidification is a
homogeneous nucleation process, in which there will be differ-
ent sizes of nuclei, but only one of which is stable, the others
are metastable. Dislocations can be located in grain bound-
aries and steadily growing into nuclei. The generation of dislo-
cations is closely related to the rapid solidification process. ]
On the one hand, the fast quenching of the melts increases

the significant concentration of vacancies, and a large number
of vacancies become the origin of dislocations. On the other
hand, the thermal stress and phase transition stress inside the
alloy not only induce the dislocations to form, but also cause
the dislocations to move and proliferate, which results in the
gather and collapse of vacancies.

3.4.1. Dislocation length

The total length of dislocation lines at five cooling rates
are calculated by the dislocation extraction algorithm (DXA),
and the results are shown in Fig. 4. It is evident that the tem-
perature at which dislocations appear first decrease as the cool-
ing rate increases, and finally the total lengths of the disloca-
tion lines fluctuate around a certain value. At the cooling rate
of 1x10'" K/s, dislocations appear at 1503 K, indicating that
the system starts to crystallize. In the crystallization process,
the total dislocation length fluctuates greatly and finally stays
at about 100 A. The two systems show dislocations first at
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1430 K and 1290 K at the cooling rates of 5x10'! K/s and
1x10'2 K/s, respectively. The fluctuations of the two disloca-
tion curves are extremely strong in the crystallization interval,
which means that the microstructure evolution is very intense
at this time. In addition, the fluctuation range at 5x 10'! K/s is
wider than that at 1x10'2 K/s, which means that the variation
at 5x 10" K/s is more complex and lasts longer. Interestingly,
the two dislocation curves are stable at around 325 A finally.
For the cooling rates of 5x 10'> K/s and 1x10'® K/s, they first
to show dislocations at 1135 K and 990 K, respectively. At the
cooling rate of 5x10'> K/s, the dislocation length fluctuates
around 50 A. Dislocation length is a minimum value and al-
most close to 0 at the cooling rate of 1x10'3 K/s. The reason
for this is that the MGs have few crystals and their dislocation
lines are short.

From the above, it is clear that the cooling rate has an
important influence on the dislocation arrangement.**! Both
high cooling system and low cooling system have few dislo-
cations, and the intermediate cooling system has the most dis-
locations. This is due to the fact that the more perfect crystal
structures are formed at the lower cooling rate, and the amor-
phous structures are formed at the higher cooling rate, both
of which are hard to generate dislocations. However, the im-
perfect crystalline structure and polycrystalline structure are
formed at the intermediate cooling rate, which have more dis-
locations.

Figure 5 shows the dislocation distributions for the five

systems at 7 = 300 K. The dislocations are fewer and mainly
concentrated in two sites containing 1/6(112) (Shockley),
1/6(110) (stair-rod), and 1/3(111) (Frank) at the cooling rate
of 1x10'! K/s. The dislocations are intertwined and spiral
at the cooling rate of 5x10'! K/s, and the dislocation types
are mainly 1/6(112) (Shockley) and 1/2(110) (perfect), and
there are a large number of dislocation loops (DLs).[*”] At
the cooling rate of 1 x 102 K/s, the dislocations are mainly
distributed around the TBs, which show long stripes, with
1/6(112) (Shockley) dominating. At the cooling rates of
5% 10'2 K/s and 1x10!3 K/s, the dislocation lines are short

and small, scattered and limited.

800 20f] T —1Xx101! K/s
700l "k | —5X10'! K/s
of —1X1012 K /s
§D 600'_10§rx i SO —5X1012 K /s
=] = ] 5 E E
2 5001 C - I
g
.2 400}t
-
@
8 300t
g
A 200
100}
0.
200 400 600 800 1000 1200 1400 1600 1800

T (K)

Fig. 4. Variations of total length of dislocation with temperature at five
cooling rates.

Fig. 5. Dislocation distributions at 300 K for five cooling rates: (a) 1x 10" K/s, (b) 5x10'! K/s, (c) 1x10'% K/s, (d) 5x10'2 K/s, (e) 1x10'3 K/s,
with cluster colors representing FCC (green), HCP (red), other (grey), and with dislocation colors denoting 1/6(112) (Shockley, green), 1/2(110)
(perfect blue), 1/3(111) (Frank cyan), fuchsia 1/6(110) (Stair-rod, fuchsia), (1/3(001) (Hirth, yellow), other (red).

In summary, the dislocation lengths at the cooling rates
of 5 x 10" K/s and 1x10'? K/s are almost the same. The sys-
tem at the cooling rate of 5x 10'! K/s has a lower crystallinity,
resulting in more unstable high-energy regions, where a num-
ber of dislocations are formed. And the system at the cooling
rate of 1 x 10'? K/s has also a high dislocation density due to
polycrystal containing dislocation for itself. To further inves-
tigate the dislocation changes within these two systems, their
dislocation evolution and interaction are discussed below.

3.4.2. Dislocation evolution

Figures 6(a) and 6(b) demonstrate the evolution of the
dislocations at some specific temperatures during rapid solid-
ification at the cooling rates of 5x10'! K/s and 1x10'> K/s,
respectively. It is observed that six different types of disloca-

tions exist in the two systems during solidification, where the
1/6(112) (Shockley) partial dislocation occupies a significant
proportion. As Shockley dislocations are slip dislocations, the
slip surface in FCC is the {111} close-packed plane, where the
slip of a perfect dislocation requires higher energy and leads
to greater lattice distortion than the combined slip of two par-
tial dislocations. Therefore, partial dislocations are prone to
arise in FCC.1#8] At the early stage of crystallization, the dis-
locations are small and fragmented due to the low crystal con-
tent, and 1/6(112) (Shockley) is the main dislocation. As the
solidification process proceeds, the degree of crystallization
deepens, and the newly generated dislocations become entan-
gled with the original dislocations increasing. The dislocation

lines start to become more and longer and intertwine to form
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many dislocation junctions and DLs. A variety of dislocations
such as 1/2(110) (perfect), 1/6(110) (stair-rod) and the other
appears. Dislocations are basically stable and will no longer
have any dramatic changes finally.

The lengths of all types of dislocations within the two sys-
tems are counted by DXA. As shown in Fig. 7, the most of dis-
locations are 1/6(112) (Shockley) partial dislocation in both
systems. The dislocation variation is more drastic at the cool-
ing rate of 5x 10! K/s, and the floating is more obvious, con-

taining a certain amount of 1/2(110) (perfect) (about 40 A)
and 1/6(110) (stair-rod) (about 25 A). And the floating is rel-
atively steady at the cooling rate of 1x10'> K/s, while there
are some other dislocations in the system, such as 1/18(114),
1/18(127) , and 1/9(122). They are TBs generated by stack-
ing fault or the products of the reaction between ordinary dis-
locations and TBs. In addition to structural changes, the inter-
actions among different types of dislocations are also respon-
sible for the fluctuation.

K,

1250 K

Fig. 6. Evolutions of dislocations during solidification at cooling rate (a) 5x10'" K/s and (b) 1x10'2 K/s, with dislocation colors representing
1/6(112) (Shockley, green), 1/2(110) (perfect, blue), 1/3(111) (Frank, cyan), 1/6(110) (Stair-rod, fuchsia), 1/3(001) (Hirth, yellow), other (red).
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Fig. 7. Plots of dislocation length versus temperature of different types of dislocations in systems.

3.4.3. Dislocation interactions

To understand more clearly the interaction between dis-
locations during rapid solidification, the dislocation distribu-
tions at the cooling rates of 5x 10!" K/s and 1x 10! K/s within
914 K-910 K are intercepted as shown in Figs. 8 and 9, re-
spectively. The DXA is used to analyze the combination and
dissociation between dislocations. It should be noted that in
addition to the Bergers vector conservation condition,**! all
dislocation reactions must satisfy the energy condition®?! as

shown below:

ZEbefore > ZEafter (2)

In other words, the energy before the reaction will not be less
than the energy after the reaction. As can be seen from Fig. 1,
the energy of the system continuously decreases, which satis-
fies the energy condition in the reaction.

In Fig. 8, four different types of dislocations appear in
total, and interactions can occur among these dislocations.
Two 1/6(112) (Shockley) dislocations can react to form a
1/2(110) (perfect), and the interaction is reversible. For ex-
ample, a+ b = f follows the equation

1 1. 1

—[121]+ = [112] = =[011 3
f =k +1 follows the equation

Yoy = Lo+ Ly @

2 6 6
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d+ e =i follows the equation

1 1. 1
—[112]+ —[121] = = [011
¢ = g+ h follows the equation
oo 1--- 1 -
—[011) = —[112] 4+ —[121 6

j=m+n and o = v+ w also follow Eq. (6).

The 1/6(112) (Shockley) can react with 1/6(110) (stair-
rod) to form 1/3(111) (Frank). For example,
t =s+4rand u = p+ q follow the equation

Apart from the reaction marked in the figure, there are other
dislocation reactions. Two 1/6(112) (Shockley) meet and re-
act with each other, a 1/6(110) (stair-rod) can be formed, for

example,

[110]. ©)

The 1/2(110) (perfect) can be dissociated into a fixed
1/3(111) (Frank) and a 1/6(112) (Shockley) partial disloca-

1. 1. 1 .-
5[111] = 6[121] + 6[101]' (7 tion, for example,
Equation (7) is also reversible, for example,
1. | 1. 1 1. - | R
—[112)+ = [110] = = [111]. —[110] = = [111]4+ =[112 1
£[112]+ £[T10) = S[T11] ®) J1T0] = S [1T1)+ <[1T] (10)
a
f
> g
914 K 913
B 1/2(110) (Perfect)
[ 1/2(112) (Shockley)
r s’ S B 1/6(110) (Stair-rod)
s \ . W1/3(111) (Frank)
L,

911 910

Fig. 8. Dislocation evolutions in a temperature range of 914 K-910 K for the system at cooling rate 5x 10! K/s .

In Fig. 9, five different types of dislocations appear, where
the other dislocations are a class of dislocations that do not
belong to 1/2(110) (perfect), nor 1/6(112) (Shockley), nor
1/6(110) (stair-rod), nor 1/3(100) (Hirth), and nor 1/3(111)
(Frank). The parts of the dislocation lines (1) and (2) in the
same slip plane react with each other, following

1 1

8[121] + 8[121} =0. (11

The dislocations vanish because the sum of the Berger
vectors is 0. This behavior is called annihilation of
dislocations.>!! The unreacted part is the dislocation line ().
The dislocation line () is dissociated into dislocation lines (5)
and (6), conforming to the following equation:

1 1 1

[112] = Z[121]+ - 211].

Dislocation lines (7) and () are annihilated after reacting with
each other, and satisfy the following equation:

- 1~
—[211]4+ =[211] = 0.
F2T1)+ [211] =0

12)

(13)

The dislocation line (9) is dissociated into dislocation lines

and (1)), and obeys the following equation:

1.
51110]=

—_

[121]+é[211]. (14)
In addition to the interactions between the dislocations, the
DLs are also twisted and distorted. As marked by the red
dashed circle in Fig. 9, the DLs intertwine with each other
to form two DLs.

Dislocation reactions occur repeatedly during solidifica-
tion, which leads the dislocation lines to fluctuate as shown in
Fig. 7. Dislocation reactions are dominated by Eqgs. (3)—(6), at
the cooling rate of 5x 10! K/s, so that 1/6(112) (Shockley)
and 1/2(110) (perfect) dislocations are most abundant in the
system. The dislocation reactions are relatively weak, which
mainly change by climbing and distortion of their dislocation
lines at the cooling rate of 1x10'? K/s.
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M Other

B 1/2(110) (Perfect)

[ 1/2(112) (Shockley)

B 1/6(110) (Stair-rod)
(111)

1/3(111) (Frank)

z
<)

Fig. 9. Dislocation evolutions with temperature in a temperature range of 914 K-910 K at cooling rate 1x10'? K/s.

3.4.4. Dislocation-twin interactions

The stacking fault energy (SFE) of metal and alloy can
control the deformation mechanism,®? such as dislocation
slip, deformation twinning, and phase transformation, while

Ni—Co alloy has lower SFE,>3! and they are more prone to dis-
location motion and phase transformation. Figures 10 and 11
show the formation of twins at the cooling rates of 5x 10'! K/s

and 1x10'% K/s, respectively.

Fig. 10. Schematic diagrams of twin nucleation and detwinning slices at the cooling rate of 5x 10'! K/s and temperatures: (a) 1420 K, (b)
1394 K, (c) 1367 K, (d) 1312 K, (e) 1296 K, (f) 1175 K, (g) 809 K, and (h) 300 K, with atomic colors representing FCC (green), HCP (red), and
other (gray), with dislocation colors denoting 1/6(112) (Shockley, green), 1/2(110) (perfect, blue), 1/3(111) (Frank, cyan), 1/3(001) (Hirth,

yellow), and other (red).

As shown in Figs. 10(a) and 10(b), for the cooling rate
of 5x10'! K/s, substantial amorphous atoms gradually trans-
form into FCC atoms during solidification, and meanwhile,
many HCP TBs are formed. As shown in Figs. 10(c)-10(g),
the 1/6(112) (Shockley) partial dislocations generated in the
front of TBs slip in the opposite direction of TBs growth, re-
sulting in the shortening and eventual disappearance of TBs.
As shown in the dashed box in Figs. 10(c) and 10(d), there is a
reversible phase transition of HCP/FCC caused mainly by the
slip of 1/6(112) (Shockley). The partial dislocations affect
the FCC/HCP phase boundary, causing the original HCP layer

to transform into FCC and to convert the original FCC layer
into HCP, which makes the thickness of TBs change from the
original four atomic layers to three atomic layers. As shown
in Figs. 10(e) and 10(f), partial dislocations continue to slip
to make TBs shorter, and finally TBs disappear at 7 = 809 K,
which is consistent with the experimental result observed by
Li et al. by using EBSD and TEM.3*! The instability caused
by thermal fluctuations at the solid-liquid interface leads the
TBs to form, and the thinning and shortening of TBs is called
detwinning.[> As shown in the dashed circles in Figs. 10(g)
and 10(h), after the disappearance of TBs, the region of the
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other aggregation has higher energy and becomes a source of
dislocations, which stimulates 1,/2(110) (perfect) dislocations
and fixed 1/3(100) (Hirth) dislocations. There are no TBs in
the system eventually, and dislocations are concentrated in the
high-energy amorphous regions.

At the early stage of crystallization at the cooling rate
of 1x10'? K/s, massive amorphous structures gradually trans-
form into FCC crystal atoms and a few HCP structure atoms
form TBs as shown in Figs. 11(a)-11(c), TBs start to become
longer and even penetrate the whole grain as the degree of
crystallization deepens. The gray atoms in the front of TBs

gradually transform into FCC, and that in the same layer with
the TBs transforms into HCP, finally forming two perfect TBs
at T = 300 K. These two TBs form the coherent twin bound-
ary (CTB).15 Tt is remarkable that the slip of the 1/6(112)
(Shockley) partial dislocation at the TB terminal leads the FCC
and HCP to stay in the same atomic layer, forming a “bro-
ken” TB, as illustrated by the dashed circles in Figs. 11(c) and
11(d). The dislocation exists at the FCC/HCP phase boundary
due to the hindering effect of TB on the slip of the dislocation
in Fig. 11(e), which is the main distribution pattern of disloca-

tions at the cooling rate of 1x 102 K/s.

Fig. 11. Schematic diagrams of twin nucleations at cooling rate of 1x 10'2 K/s and temperatures: (a) 1260 K, (b) 1230 K, (c) 1140 K, (d) 300 K,
and (e) dislocation distribution at the FCC/HCP phase boundary, with atomic colors representing FCC (green), HCP (red), and other (gray).

The abundant TBs in the alloy act as an effective barrier
to the slip of dislocations, which improves their strength and
electrical conductivity. When dislocations encounter TBs dur-
ing slip, dislocations accumulate and rearrange. As a result, a
large number of dislocations accumulate at TBs, which con-
tributes to the pegging of dislocations. This microstructure
evolution enhances the dislocation strengthening mechanism,
which can greatly promote the hardness and strength of the

alloy.7!

4. Conlusions

Molecular dynamics simulations of Nig7Cos3 alloy are
performed by EAM potential function during rapid solidifi-
cation, and the microstructure evolution mechanism and dis-
location mechanism are investigated at five cooling rates of
110" K/s, 5x10'" K/s, 1x10'? K/s, 5x10'? K/s, and
1x10"3 Krs.
lutions and reactions at cooling rates of 5x10'' K/s and

The analysis focused on the dislocation evo-

1x10'2 K/s, and some conclusions are drawn from this work
as follows.

(i) FCC single crystals are formed at cooling rates of
1x10'" K/s and 5x10'" K/s, and polycrystalline with HCP
TBs is formed at the cooling rate of 1x10'? K/s, and the crys-
talline and amorphous coexistance is realized at the cooling
rate of 5x10!2 K/s, and MGs are formed at the fastest cool-
ing rate of 1x10'3 K/s. The higher cooling rate exhibits lower
crystallization temperature, as well as the smaller proportion
of FCC, resulting in lower crystallinity.

(i1) The dislocations are relatively rare and formed only
in the region with high energy at a cooling rate of 1x10'! K/s.
The dislocations are scattered and the total dislocation length

is also short at 5x10'2 K/s. At 1x10™ K/s, the dislocation
length is close to 0. The basically identical dislocation length
is available for 5x 10! K/s and 1x10'% K/s, and the disloca-
tions of the former are distributed in the region where the other
atoms are aggregated, while those of the latter are distributed
near the twin boundaries.

(iii) The 1/6(112) (Shockley) dominates at both cooling
rates of 5x10'! K/s and 1x10'% K/s. The 1/2(110) (perfect)
(about 40 A) and 1/6(110) (stair-rod) (about 25 A) are formed
at 5x 101 K/s, and the dislocation fluctuations are more se-
vere. Some other dislocations are formed at 1x10!2 K/s, and
the dislocation fluctuations are more stable. A multitude of
dislocation reactions exist in both systems during rapid so-
lidification, in which the interconversion between 1/6(112)
(Shockley) and 1/2(110) (perfect) is dominant, and this re-
action occurs repeatedly, while the reactions are more intense
at 5x 10 K/s.

(iv) At 5x 10! K/s, the slip of partial dislocations leads to
the disappearance of TBs, and stimulates the perfect and fixed
dislocations, and there is no TBs in the system. The TBs are
formed in the system at 1x 10'2 K/s, which creates FCC and
HCP in the same atomic layer, and dislocations are formed at
the junction. The interactions between dislocations and TBs
affect the crystal structure. On the one hand, dislocations pro-
mote the formation and disappearance of TBs. On the other
hand, TBs hinder the dislocations from moving.
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