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a b s t r a c t 

Large columnar grains with epitaxial growth are commonly obtained in the additive manufacturing of 

alloys, resulting in anisotropic mechanical properties and even hot-tearing cracks. Here, we demonstrate 

a new approach via remelting-introduced columnar-to-equiaxed transformation to promote the forma- 

tion of fully-equiaxed microstructures in the additive manufacturing of Ni 32 Co 30 Cr 10 Fe 10 Al 18 eutectic high- 

entropy alloy. Our present work displays promising isotropic mechanical properties with a superior com- 

bination of strength and ductility, compared to conventional as-cast and other as-printed eutectic high- 

entropy alloys. This novel finding could be applicable to the additive manufacturing of other eutectic 

systems for equiaxed microstructure control and performance optimization. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Additive manufacturing (AM), possessing high-level control and 

apid solidification rates during the manufacturing process, is 

 promising technology for the production of complex, three- 

imension parts with optimized performance [1–8] . Due to its 

ntrinsic high cooling rate and high thermal gradient and layer- 

y-layer deposition process, large columnar grains with epitaxial 

rowth are commonly obtained in the additive manufacturing of 

lloys [9] . However, the columnar growth of dendrites in AM is 

ndesirable for the majority of alloys, which may result not only 

n anisotropic mechanical properties but also in hot-tearing cracks 

ue to the volumetric solidification shrinkage and thermal contrac- 

ion [10] . Columnar-to-equiaxed transition (CET) in AM of alloys 

as been paid constant attention to for achieving equiaxed fine- 

rained microstructures without cracking and optimized mechan- 

cal properties [10–13] . Attempts to achieve CET under rapid so- 

idification of AM process can be mainly divided into three strate- 

ies: (i) adjusting the intrinsic and extrinsic processing parameters, 

uch as controlling processing parameters like laser power, scan- 

ing speed, etc. for the low temperature gradient and high solid- 

fication velocity or applying high-intensity ultrasound to further 

btain fully equiaxed microstructures [ 12 , 13 ]; (ii) introducing suit- 

ble nucleation particles directly to facilitate heterogeneous nucle- 

tion and equiaxed grain growth [10] ; (iii) adding solute elements 
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ith high growth restriction factor for extending the constitutional 

upercooling zone and promoting more nucleation [11] . 

However, it is still an open question whether there is another 

ethod to achieve CET in AM. Intriguingly, the rapid solidification 

f eutectic alloys involving remelting process provides a promising 

ay for CET. Lin et al. [14] reported the formation of an uncoupled 

nomalous eutectics layer at the bottom of the molten pool, re- 

ulted from partially remelting and broken of α-Ni primary phase 

n laser remelting of the near-eutectic Ni-Sn alloy. Recently, G. Re- 

uena et al. [15] combined phase-field modeling and experimen- 

al observations to investigate the Fe-Fe 2 Ti eutectic microstruc- 

ures obtained by direct laser deposition (DLD), revealing that 

nomalous eutectics formed at the interlayer boundaries resulted 

rom nucleation on partially remelted and spherodized lamellae as 

eed particles. However, there is only a narrow layer formed with 

hese unique structures. Inspired by this partially remelting phe- 

omenon, it is quite interesting whether the remelted microstruc- 

ures from the previously deposited layer can be controlled as the 

n-situ nucleation sites to achieve fully-equiaxed microstructures in 

M-fabricated eutectic alloys. 

To this end, we here investigated a eutectic high-entropy alloy 

EHEA) fabricated via DLD, by focusing on the remelting behav- 

or and its evolution. A new mechanism to induce equiaxed mi- 

rostructures in AM was found. Experimental findings character- 

zed by electron backscatter diffraction (EBSD) provided detailed 

nsights into the microstructure evolution of the as-deposited 

HEA and the underlying mechanism. It is worth mentioning that 
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Fig. 1. Microstructural analyses of the as-deposited Ni 32 Co 30 Cr 10 Fe 10 Al 18 EHEA via optical microscopy: (a, a 1 , b, b 1 ) anomalous eutectics at the top; (c, c 1 , d, d 1 ) anomalous 

eutectics in the middle; (e, e 1 , f, f 1 ) eutectic structures and the banded structures with anomalous eutectics at the bottom. 
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HEA is chosen based on its excellent mechanical properties with 

he compatibility of strength and ductility as well as its good casta- 

ility, which has emerged as a leading edge of metallic materials 

esearches [16–20] . 

The Ni 32 Co 30 Cr 10 Fe 10 Al 18 (at. %) EHEA [ 21 , 22 ] was chosen in

ur present work. The cube-shape samples with dimensions of 

2 × 12 × 12 mm 

3 were manufactured from the ball-milling 

ixed EHEA powders using a DLD system equipped with a 4 kW 

ontinuous-wave CO 2 laser. The processing parameters including a 

aser power of 1500 W, a laser spot diameter of 1.5 mm, three 

canning velocities of 1.8, 2.7, and 3.6 mm/s, two powder feed 

ates of 1.908 kg/h and 1.507 kg/h, a lifting distance of 0.15 mm, 

he overlap rate of 50 %, and the bi-directional deposition pattern 

ere applied. It should be noted that low scanning speeds were 

hosen based on the consideration of that propitious to remelt- 

ng. The specimens with different processing parameters are num- 

ered and listed in Table S1 and the detailed microstructure anal- 

ses were mainly carried out on the sample P2. The as-deposited 

pecimens were cut and then polished along the building direc- 

ion and vertical to the building direction for observation, respec- 

ively. Microstructure characterizations were observed via optical 

icroscopy (OM, Olympus P40 0 0). Backscattered electron (BSE) 

maging, energy dispersive spectrometry (EDS) mapping analysis, 

nd EBSD were carried out on a TESCAN MIRA3 at 20 kV volt- 

ge. XRD analyses were performed using an X-ray diffractometer 

Shimadzu, MAXima XRD-70 0 0) with Cu K α radiation at a scan- 

ing rate of 5 ° min 

−1 , and a 2 θ angle ranging from 20 ° to 100 °.
n-situ observation of the remelting process was conducted via 

 high-temperature laser scanning confocal microscope (HTLSCM, 

L20 0 0DX-SVF18SP) under the protection of a high-purity Ar at- 

osphere. The as-cast counterpart prepared by arc melting and 

opper mold casting was cut for the HTLSCM experiment. Com- 
2 
ression testing was carried out on ∅ 3 × 5 mm samples at room 

emperature using a materials testing machine (INSTRON 3382) 

ith a strain rate of 1 × 10 −3 s −1 . Longitudinal and horizontal 

amples were cut by an electrical discharge wire-cutting machine, 

espectively. The long axis of longitudinal samples is parallel to the 

uilding direction, while that of horizontal samples is vertical to 

he building direction. 

Fig. 1 presented the representative optical micrographs of the 

s-deposited Ni 32 Co 30 Cr 10 Fe 10 Al 18 EHEA at different positions from 

he longitudinal and cross-sectional views, as indicated by the 

nset of Figs. 1a-1f (referring to the corresponding position and 

urface). At the bottom, typical melting pool morphologies with 

anded structures were observed, as shown in Figs. 1 e and 1 f. 

he amplified microstructures in Figs. 1 e 1 and 1 f 1 showed the 

rosslinked skeleton-like structure and granulated structure in the 

anded zones (highlighted in yellow circles). These structures are 

imilar to the anomalous eutectic structures (AES) reported in 

he previous eutectic alloys fabricated by laser remelting or AM 

 14 , 15 , 23 , 24 ]. The microstructures between the banded zones ex-

ibited regular lamellae eutectic structures (ES). The banded struc- 

ures are only exhibited in the bottom region. With the increasing 

eposition height, there are no hemispherical melt-pool features, 

s shown in Figs. 1a-1d . Instead, microstructures at high magni- 

cation, as shown in Figs. 1 a 1 - 1 d 1 , exhibited the fully anomalous

utectic structures. Compared with the microstructures at the top 

egion, the coarse anomalous eutectics were obtained and there 

ere micron-grade particles distributed in the dendritic-like B2 

atrix in the middle zone. The overall longitudinal sectional mi- 

rostructures are shown in Fig. S1 in Supplementary Informa- 

ion, indicating the evident microstructure evolution from bot- 

om to top. Additionally, the optical micrographs of the other 

s-deposited EHEAs (P1, P3, and P4) along the building direc- 

Administrator
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Fig. 2. Phase constitutions for the as-deposited Ni 32 Co 30 Cr 10 Fe 10 Al 18 EHEA at different zones: (a) eutectic structure zone and (b) anomalous eutectic zone. 
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ion are shown in Fig. S2, in which the fully AES formed as 

ell. 

The phase constitution in the as-deposited Ni 32 Co 30 Cr 10 Fe 10 Al 18 

HEA was further clarified by XRD, as shown in Fig. 2 . An FCC-

2 dual-phase constitution both in the eutectic and anomalous eu- 

ectic zones was confirmed, which is consistent with the as-cast 

ounterpart [21] . The overall composition of representative eutectic 

nd anomalous eutectic zones of the as-deposited EHEA was mea- 

ured respectively by EDS mapping, as listed in Table S2, indicat- 

ng the compositional consistency after the deposition. The corre- 

ponding elemental distribution maps were shown in Fig. S3. These 

esults demonstrated the similar phase constitution and chemical 

omposition in regions of eutectics and anomalous eutectics, and 

he microstructure evolution from eutectic structures to anomalous 

utectics should be highly dependent on the solidification process. 

EBSD results of different positions in the as-deposited EHEA 

ere shown in Fig. 3 . As seen in the corresponding inverse pole 

gures (IPFs) of Figs. 3 a-d, the orientation of grains in different po- 

itions showed a significant difference. There is a transition from 

ligned dendritic eutectic structures with the banded structures to 

nomalous eutectics with random orientations. At the bottom, it 

an be seen that the regular eutectic structures exhibited consis- 

ent orientations with the interlayer anomalous eutectics. As the 

ncrease of deposition height, at the transformation zone of den- 

ritic eutectics to fully anomalous eutectics, the orientations of the 

keleton-like FCC phases in anomalous eutectics were consistent 

ith FCC phases in the lamellae, while the dendritic B2 phase in 

nomalous eutectics exhibited random orientations. As the further 

ncrease of deposition height, both FCC and B2 phases in anoma- 

ous eutectics exhibited random crystallographic orientations, pre- 

enting fully-equiaxed microstructures. 

As seen in the phase map of Fig. 3 a and b, there is a

urdjumov-Sach (K-S) orientation relationship (highlighted in blue) 

etween the FCC and B2 phases in the bottom as-deposited mi- 

rostructures, not only in the regular eutectics but also in the 

nterlayer anomalous eutectics, indicating the coupled growth of 

hese two eutectic phases. However, with the increase of deposi- 

ion height, there is no longer maintaining the K-S orientation re- 

ationship in the fully anomalous eutectics, indicating the decou- 

led growth of the eutectic phase during the laser deposition. In- 

erestingly, small particles distributed in the dendritic-like B2 ma- 

rix maintain the K-S orientation relationship (highlighted in blue) 

ith the matrix phase, indicating these particles precipitated due 
3 
o the later cyclic heat treatment during deposition. In addition, 

t seems that the volume fraction of the B2 phase increases in the 

ully anomalous eutectic region. Previous research [ 20 , 25 ] had con- 

rmed that the microstructure morphology (involving phase com- 

osition and phase volume fraction) of eutectic alloys is sensi- 

ively affected by solidification conditions, especially under non- 

quilibrium solidification. 

The formation mechanism of the banded anomalous FCC + B2 

utectics at the bottom region is similar to the previous re- 

ated researches [ 14 , 15 ], resulting from the nucleation on the par-

ially remelted primary structures. The regular dendritic eutectics 

ormed at the beginning of the DLD since the introduced heat fast 

issipated through the substrate. During the subsequent laser scan- 

ing process, the FCC lamellae with a low melting point tended 

o melt into the liquid while the NiAl-riched B2 lamellae par- 

ially melted and tended to transform into granules. This partially 

emelting phenomenon of primary lamellae eutectics was com- 

only observed and reported in eutectic alloys with phase com- 

osition consisting of solid-solution phase [26–28] . In the follow- 

ng rapid solidification, the liquid phase solidified between regions 

f the granulated B2 phase, resulting in the anomalous banded 

tructure formation. The consistent K-S relationship and orienta- 

ions between the banded anomalous eutectics and regular eutec- 

ics indicated the epitaxial growth of lamellae eutectics originating 

rom the anomalous eutectics ahead. 

However, with the increase of deposition height, the growth of 

he FCC + B2 eutectic changed to anomalous eutectics with random 

rientations. One of the possible reasons is the varied heat dissipa- 

ion. As the deposition goes on, the thermal accumulation would 

esult in a reduced temperature gradient and increased molten 

ool size. As the depth of the molten pool increased, the remelt- 

ng zone increased, where the more FCC and B2 phases in pri- 

ary lamellae eutectics dissolved. The B2 phase with a higher 

elting point will dissolve slower than the FCC phase, and the B2 

keleton will be fragmented due to the flow in the molten pool. 

he delayed melting of the B2 phase was further confirmed in 

he in-situ remelting observation of the regular lamellae eutectic 

i 32 Co 30 Cr 10 Fe 10 Al 18 EHEA, as shown in Fig. S4 and Video S1. It can

e seen that as the temperature approaches the melting point, the 

hite FCC lamellae phase remelts and rapidly propagates, while 

he dark B2 phase remains solid and flow in the FCC melt. Then, 

uring the deposition of the next layer, the B2 fragmentations 

ill grow individually in the molten pool, suppressing the epitax- 
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Fig. 3. EBSD analyses of representative microstructures in the as-deposited Ni 32 Co 30 Cr 10 Fe 10 Al 18 EHEA: (a) the anomalous eutectic zone at the top; (b) the anomalous eutectic 

zone in the middle; (c) the transformation zone from dendritic eutectic structures to fully anomalous eutectic structures; and (d) the regular eutectic zone at the bottom. 

(IQ: image quality; Ph: phase; OR: orientation relationship; IPF: inverse pole figure; PB: phase boundary) 
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al lamellae growth. The FCC phase will nucleate upon the rem- 

ants B2 or epitaxially growth from the previous layer. As shown 

n Fig. 3 , the transition layer indicated that the FCC phase exhibited 

onsistent orientations with the frontier lamellae FCC phase while 

he B2 phase showed the new random orientations. 

Notably, columnar grains with epitaxial growth in additively 

anufactured alloys result in anisotropic mechanical properties. 

he obtaining of fully-equiaxed microstructures in our work, as 

hown in Fig. 4 a, would significantly affect and improve this un- 

esirable asymmetric mechanical performance. Compressive tests 

ere performed on the as-deposited EHEA specimens fabricated 

ia different parameters as shown in Fig. 4 b, where the inset plots 

resent the way compressed samples were cut. The corresponding 

esults of compressive performance are summarized in Table S3. 

omparing the compressive performance of the same as-deposited 

pecimen under different loading directions, the isotropic mechan- 

cal properties were achieved owing to the obtaining of fully- 

quiaxed anomalous eutectic structures. Meanwhile, comparing the 

s-deposited specimens with different processing parameters, sim- 

lar ductilities were obtained, while higher strength was attained 

ith lower scanning speed. The optimum performance in our 

resent work exhibited a high compression strength of ~3.2 GPa 
4 
nd a fracture strain of ~ 45%. As shown in Fig. 4 c, the as-deposited

HEAs with fully-equiaxed anomalous eutectics display a superior 

ombination of strength and ductility, compared with the previ- 

usly reported as-cast EHEAs [29–41] and the AM-fabricated EHEA 

42] (listed in Table S4). This may result from the excellent syn- 

rgistic deformation between ductile FCC and hard B2 phase as 

ell as BCC-FCC interfacial effects [ 43 , 44 ]. Furthermore, the prop- 

rties of as-deposited Ni 32 Co 30 Cr 10 Fe 10 Al 18 EHEAs are also supe- 

ior to that of AM-fabricated Al-Co-Cr-Fe-Ni HEAs [ 45 , 46 ] because 

f the excellent microstructures as well as good printability. 

In conclusion, the present work has demonstrated a new ap- 

roach to promote the formation of fully-equiaxed microstruc- 

ures in AM via remelting-introduced CET during the deposition. 

he EBSD results indicated that in the AM of Ni 32 Co 30 Cr 10 Fe 10 Al 18 

HEA, the high-melting-point B2 phase partially remelted and re- 

ained as in-situ nucleation sites facilitate equiaxed grain growth, 

hile the FCC phase remelted into the liquid during the next 

ayer deposition. Excellent isotropic mechanical properties were 

chieved with equiaxed grains. This work demonstrates the poten- 

ial of manipulating the laser remelting process of AM of eutectic 

lloys to adjust the as-deposited microstructures achieving CET and 

ptimizing mechanical properties. 
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Fig. 4. (a) EBSD maps in views from different directions of the as-deposited Ni 32 Co 30 Cr 10 Fe 10 Al 18 EHEA, demonstrating the obtained fully-equiaxed structure. (b) Represen- 

tative compressive engineering strain-stress curves of the as-deposited EHEAs fabricated via different processing parameters in this work; solid lines indicate longitudinal 

samples, while dotted lines indicate horizontal samples. (c) The comparison of the compressive performance of the previously reported EHEAs [29-42] and our work. 
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