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a b s t r a c t 

Rapid solidification of the intermetallic Ni 3 Sn compound from an undercooled liquid was investigated 

using time-resolved synchrotron X-ray diffraction. Primary growth of an ordered and a disordered cu- 

bic solid was observed in situ at a low and a high undercooling, respectively. The disordered cubic solid 

was reordered after rapid solidification and experienced a solid-state transformation in cooling. A HRTEM 

study revealed high density of crystal defects and nanodomains in the transformed matrix. A HAADF- 

STEM study determined that the nanodomains are antiphase domains with chemical disorder. These ob- 

servations indicated a possibility of online control of mechanical properties in additively manufactured 

intermetallics. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Refractory intermetallics such as NiAl and TiAl have found ap- 

lications in aerospace and automotive industries [ 1 , 2 ]. Earlier 

tudies showed that their ductility can be improved by introduc- 

ion of antiphase domains through rapid solidification processing 

 3 , 4 ]. Boettinger [5] attributed formation of antiphase domains to 

eordering of a disordered solid in cooling. Thus, effort s have been 

ade towards an in-depth understanding of disordering in rapidly 

olidification of intermetallics. A model proposed by Boettinger and 

ziz [6] predicted that a long range chemical order in ordered in- 

ermetallics vanishes at a critical interface velocity equal to dif- 

usion speed of atoms. Such a kinetic transition is known as dis- 

rder trapping and has been verified by means of in situ diag- 

osis of dendrite growth velocities in rapid solidification of var- 

ous intermetallics at high undercoolings [7–12] . Analytical mod- 

ling [13] predicted a depression of the critical interface velocity 

or disorder trapping in the presence of solute partitioning in good 

greement with experimental observations. In situ observations by 

ang et al. [11] showed that the critical interface velocity for disor- 

er trapping is independent of fluid flows in the liquid. While such 

tudies improved an understanding of undercooling-dependent in- 

erface kinetics, in situ observations of disorder trapping in solidi- 

ying intermetallics were achieved using high-energy X-ray diffrac- 

ion (HEXRD) at a synchrotron beamline. Hartmann et al. [14] have 

bserved primary growth and a reordering of a disordered solid 
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n undercooled solidification of NiAl for the first time. Zhao et al. 

15] observed similar phenomena in undercooled solidification of 

i 3 Sn. A quiescent condition of the undercooled liquid allowed 

hem to in situ observe fragmentation of a dendrite of the disor- 

ered primary solid of Ni 3 Sn after rapid solidification. The den- 

rite fragmentation accounted for grain-refined microstructure in a 

ighly undercooled sample and is in agreement with a model pro- 

osed Schwarz et al [16] . Zhao et al. [15] also observed a massive-

ype transformation in the reordered Ni 3 Sn, which accounted for 

igh density of subgrains in equiaxed grains. However, atomic- 

cale microstructure formed at high undercoolings is not investi- 

ated yet. In this letter, we report an in situ revisit to disorder 

rapping and reordering in undercooled solidification of Ni 3 Sn us- 

ng time-resolved HEXRD and high resolution characterization of 

icrostructure of a reordered sample after rapid solidification with 

isorder trapping. 

A sample of Ni 3 Sn was prepared by arc-melting of Ni (99.99% 

urity) and Sn (99.999% purity) in a Ti-gettered argon atmosphere. 

he sample was sealed in a quartz tube for in situ observations 

f undercooled solidification using HEXRD. The sample was induc- 

ively melted and overheated for tens of seconds. The molten sam- 

le was fluxed by a fused layer of the quartz tube. The heating 

ower was switched off to let the sample undercool by thermal ra- 

iation. Solidification of the undercooled sample was initiated by 

eterogeneous nucleation on the sample surface. In melting and 

olidification, surface temperature of the sample was measured us- 

ng an infrared pyrometer. Meanwhile, high energy X-rays with 

avelength of 0.1173 Å were incident to an area of 1 × 1 mm 

2 
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f the sample surface and diffracted X-rays were registered using a 

ilatus 2M detector at an exposure time of 0.1 s [ 17 , 18 ]. The sam-

le was melted and solidified several times to access different un- 

ercoolings. After the HEXRD experiments, microstructure of the 

olidified sample was examined using an electron back-scattering 

iffraction (EBSD) detector attached to a scanning electron micro- 

cope. A thin foil was cut from the solidified sample, mechani- 

ally thinned and ion milled. Atomic-scale microstructure of the 

oil sample was examined using high resolution transmission elec- 

ron microscopy (HRTEM) and high-angle annular dark field scan- 

ing transmission electron microscopy (HAADF-STEM). 

As shown in Fig. 1 , an undercooled liquid sample of Ni 3 Sn expe-

ienced a recalescence event followed by a thermal plateau during 

olidification. The recalescnece event was due to rapid growth of a 
ig. 1. (a) Temperature-time profiles during solidification and time-resolved HEXRD 

atterns at (b) �T = 46 K and (c) �T = 165 K. A circle in (b) shows the (200) 

uperlattice reflection from an ordered cubic solid of Ni 3 Sn. 
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56 
rimary solid and the thermal plateau was due to isothermal freez- 

ng of liquid in the mushy zone. While these events were common 

uring solidification at two representative undercoolings, a small 

ise of sample temperature is seen in the thermal plateau of a so- 

idification process with a higher undercooling of �T = 165 K. This 

dditional event can be related to a disorder-order transition in the 

rimary solid in terms of in situ observations using time-resolved 

EXRD. As shown in Fig. 1 b and c, primary growth of an ordered 

nd a disordered solid of Ni 3 Sn was observed at �T = 46 K and

65 K, respectively. Both solids had face centered cubic structure 

ut the ordered solid showed two superlattice reflections, (111) 

nd (200). This difference in chemical order of the primary solid 

uggested that disorder trapping was triggered at �T = 165 K. The 

uperlattice reflections was recovered in isothermal solidification 

f liquid in the mushy zone, indicating a disorder-order transition 

n the primary solid. An incubation time of 3.8 s suggested that 

he disorder-order transition is of first order. A solid-state trans- 

ormation from high-temperature ordered cubic structure to low- 

emperature hexagonal structure was observed during cooling of 

he solidified sample independent of the type of pirmary solid. 

hese in situ observations of undercooled solidification and the 

olid-state transformation agree well with a recent study [15] . Ow- 

ng to concomittant pyrometric measurements, the present exper- 

ments determined unambiguously primary growth and a reorder- 

ng of the disordered solid of Ni 3 Sn with cubic structure at a criti- 

al undercooling of 165 K. This critical undercooling showed a rea- 

onable agreement with a value of 167 K deduced from analytical 

odeling of interface velocities in rapid solidification of Ni 3 Sn [19] . 

EBSD characterization revealed grain-refined microstructure in 

he sample solidified at �T = 165 K. As shown in Fig. 2 a, equiaxed

rains had a size between 500 and 1000 μm. These equiaxed 

rains were due to spontaneous fragmentation of a primary den- 

rite of the disordered Ni 3 Sn upon recalescence as explained else- 

here [15] . EBSD characterization also revealed that each grain 

as comprised of many fine subgrains with low angle grain 

oundaries (LAGB). As shown in Fig. 2 b, the LAGB account for a 

raction of 79% out of total grain boundaries over a selected area. 

nlike equiaxed grains, the subgrains were attributed to copious 

ucleation of invariants of the low-temperature hexagonal struc- 

ure through the solid-state transformation. Such grain-refined mi- 

rostructure with densely populated subgrains is similar to that re- 

orted in a recent study [15] and it can be attributed to a high

ndercooling unambiguously. 

As shown in Fig. 3 a, subgrains were resolved in a bright field 

EM image as well. Selected area electron diffraction suggested 

hat those subgrains had hexagonal structure which is in agree- 

ent with the solid-state transformation of the ordered cubic 

tructure. However, forbidden (0 1 10) diffraction is seen in a SAED 

attern (see the inset of Fig.3 a). The occurrence of this forbidden 

iffraction indicated the presence of short-range chemical disorder 

n the subgrain. In other words, the high-temperature cubic struc- 

ure was not fully ordered. As illustrated in Fig. 3 b, a HRTEM study 

evealed dispersion of equiaxed nanodomains in the matrix of sub- 

rains. A Fourier transformation analysis of HRTEM images sug- 

ested high density of crystal defects such as edge disclocations, 

tacking faults and local lattice distortions in the matrix of sub- 

rains. Edge dislocations and lattice distortions are densely popu- 

ated compared to stacking faults. Their formation should have a 

elation to disorder trapping in rapid solidification. 

A HAADF-STEM study confirmed the high density of nan- 

domains in the matrix of subgrains. As illustrated in Fig. 4 a, fine 

anodomains of 2 nm in diameter are uniformly dispersed in the 

atrix of a subgrain. At higher magnification, the nanodomains 

xhibited distinct Z contrast relative to the surrounding matrix 

see Fig. 4 b). The Z contrast pointed out a disordered arrangement 

f Ni and Sn atoms in local lattices. As schematically shown in 
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Fig. 2. (a) EBSD micrograph showing equiaxed microstructure of a sample under- 

cooled by �T = 165 K and (b) relative frequency of low angle grain boundaries 

(LAGB) out of total grain boundaries. 
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Fig. 3. (a) TEM bright field image (b) HRTEM image (c) and a one-dimensional 

Fourier transformed image showing dislocations and stacking faults (SF) in an or- 

dered matrix of Ni 3 Sn with hexagonal structure. Insets of (a) and (b) show a real 

and a simulated electron diffraction pattern, respectively. The circle in the inset of 

(a) shows a forbidden reflection. 

i

d

H

t

ig. 4 c, a lattice of ordered hexagonal struture of Ni 3 Sn projected 

n the [10 1 1 ] direction shows a separation of Sn columns from Ni 

olumns. In contrast, a lattice of disordered hexagonal structure of 

i 3 Sn shows a mixing of Sn columns with Ni columns. This mix- 

ng accounts for the blurred contrast between columns of Ni and 

n atoms in the nanodomains and indicates nanoscale chemical 

isorder. Thus, the nanodomains were specified as antiphase nan- 

domains. Together with the occurrence of the forbidden (0 1 10) 

iffraction, the formation of dense antiphase nanodomains pro- 

ided clear evidence of an incomplete reordering transition in the 

isordered primary solid with cubic structure. 

Apart from a short time available for the diffusion-controlled 

eordering process, an additional difficulty may arise from a lack of 

acancies in the lattice of disordered cubic structure. The present 

AADF-STEM study actually did not provide any evidence of vacan- 

ies in the lattices of the antiphase nanodomains or in the lattice 

f the ordered matrix. The lack of vacancies can be attributed to a 

igher energy barrier for vacancy formation than for antisite defect 

ormation. This hypothesis awaits verification by means of theo- 

etical calculations of the electronic structure of high-temperature 

ubic structure. Because of the dispersion of the antiphase nan- 

domains, long-range chemical order of the subgrains is inter- 

upted by local disorder thus accounting for the formation of dis- 

ocations and local lattice distortions. The formation of the stack- 
57 
ng faults should be ascribed to a low nucleation rate in the 

isorder-order transition. This correlation was supported by in situ 

EXRD observations of a small increase of new diffraction spots 

hrough the reordering process (not shown here). Technically, the 
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Fig. 4. (a) and (b) HAADF-STEM micrographs showing nanodomains in an ordered 

matrix of Ni 3 Sn with hexagonal structure. (c) Illustration of columns of Ni and Sn 

atoms projected in the [10 1 1 ] direction of a hexagonal lattice. 
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bservations of high density of antiphase nanodomains in Ni 3 Sn 

ndicates a possibility of online improvement of mechanical prop- 

rties of additively manufactured intermetallics. Provided a beam 

canning speed reaches an order of magnitude of 1 m/s [ 20 , 21 ],

isorder trapping is very likely to be triggered in rapid solidifi- 

ation during additive manufacturing [22] . Then, the formation of 

igh density of dislocations and antiphase nanodomains via a re- 

rdering transition in a reheated layer may improve the ductility 

f built material at room temperature while increasing mechani- 

al strength as has been observed since many years ago [ 3 , 4 ]. This
58 
ossibility need to be checked in real additive manufacturing ex- 

eriments. 

In summary, the present study has observed in situ disorder 

rapping during rapid solidification of Ni 3 Sn at a critical undercool- 

ng of 165 K. However, a reordering transition of the disordered 

rimary solid following rapid solidification has proven to be in- 

omplete due to a short time for diffusion of atoms and a low con- 

entration of vacancies in disordered cubic lattices. While this in- 

omplete reordering accounts for the formation of high density of 

rystal defects and antiphase nanodomains in an ordered matrix 

f Ni 3 Sn, it provides a possibility of online control of mechanical 

roperties of additively manufactured intermetallics. 
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