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a b s t r a c t 

Microlattices with orthogonal 0-90 ° architecture are 3D-extrusion printed from inks containing a blend of 

oxide powders (Co 3 O 4 , CuO, Fe 2 O 3 , and NiO) and metal powder (Cr). Equiatomic CoCrCuFeNi microlattices 

with ∼170 μm diameter struts are then synthesized by H 2 -reduction of the oxides followed by sintering 

and interdiffusion of the resulting metals. These process steps are studied by in-situ synchrotron X-ray 

diffraction on single extruded microfilaments (lattice struts) with ∼250 μm diameter. After reduction and 

partial interdiffusion at 600 ˚C for 1 h under H 2 , filaments consist of lightly-sintered metallic particles 

with some unreduced Cr 2 O 3 . A reduced, nearly fully densified (porosity: 1.6 ± 0.7%) alloy is obtained 

after solid-state homogenization at 1050 ˚C for 4 h under H 2 , with a microstructure consisting of two 

face-centered-cubic phases, one Cu-poor and the other Cu-rich. When a 10 min excursion to 1150 ˚C is 
added to the 1050 ̊ C homogenization, a Cu-rich melt forms which enhances densification (porosity: 0.3 ±
0.2%) and smooths both strut surfaces and sharp cusps at nodes in the microlattices. The liquid-sintered 

microlattices show higher compressive strength and ductility than the solid-sintered microlattices. These 

improvements are consistent with finite-element modeling results which show that smoothening of the 

sharp cusps at nodes by the solidified melt reduces stress concentrations. These CoCrCuFeNi microlattices 

can be integrated in more complex load-bearing applications, e.g., as cores of sandwich structures with 

an unusual combination of high specific stiffness, strength, and toughness. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

High-entropy alloys (HEAs) are a group of alloys that mix five 

r more principal elements, with each element having a concentra- 

ion between 5 and 35 at.% [ 1 , 2 ]. The ductile, equiatomic CoCrFeNi

Co 25 Cr 25 Fe 25 Ni 25 ) alloy can be further alloyed with Al, Mn, Ti, or

u to obtain various HEA variants with a range of properties such 

s strength, fracture toughness, and corrosion resistance. [3–5] . 

mong CoCrFeNi-based quinary HEAs, equiatomic CoCrCuFeNi 

Co 20 Cr 20 Cu 20 Fe 20 Ni 20 ) has been widely studied in recent years 

6–9] . Copper in this HEA provides antibacterial ability superior to 

hose of traditional Cu-bearing stainless steel, making CoCrCuFeNi 

seful for applications such as biomedical instruments, food indus- 

ry, and marine equipment, preventing microbiologically influenced 

orrosion [10–12] . Also, high-temperature wear resistance is better 

or CoCrCuFeNi than for CoCrFeNi due to the self-lubricating prop- 

rties of Cu at 600 ̊ C [13] . Finally, CoCrCuFeNi is suitable for semi-

olid processing, as it shows thixotropic behavior in its solidus- 

iquidus temperature range [14] . 
∗ Corresponding author. 

E-mail address: dunand@northwestern.edu (D.C. Dunand) . 
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Additive manufacturing (AM) of HEAs can efficiently produce 

omplex shapes at lower feedstock consumption [15] . Most stud- 

es use Direct Laser Deposition (DLD), Laser Powder Bed Fusion (L- 

BF), or Electron Beam Melting (EBM) to fabricate high-entropy al- 

oy specimens, where a laser or electron beam is used to melt a 

owder stream or a powder bed, layer by layer [16] . Two com- 

on features of these processes are: (i) the very high cooling 

ates during the solidification of the melt pool and (ii) the cyclic 

hermal input when new layers are melted on top of already so- 

idified ones. These processes refine grain size and suppress ele- 

ental segregation, which improves strength and helps to form a 

ingle solid solution [ 11 , 17 , 18 ]. For example, Fe 40 Mn 20 Co 20 Cr 15 Si 5 
abricated by L-PBF has higher strength and ductility than cast 

amples because of its finer grains, higher dislocation density, 

nd improved twinning capability from more metastable phases 

19] . However, textured microstructures, columnar grains, and large 

esidual stresses are usually formed during AM of HEAs, poten- 

ially resulting in anisotropic mechanical behavior, distortion or 

racking of printed parts, and lower fatigue life [20–22] . For exam- 

le, AlCoCrFeNi 2.1 (Al 16.4 Co 16.4 Cr 16.4 Fe 16.4 Ni 34.5 ) fabricated by DLD 

hows higher strength in deposition direction than in scanning di- 

ection due to different fractions of dendritic and eutectic phases 

n these two directions [21] . 

https://doi.org/10.1016/j.actamat.2022.118187
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.118187&domain=pdf
mailto:dunand@northwestern.edu
https://doi.org/10.1016/j.actamat.2022.118187
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3D ink-extrusion printing is an alternative AM method where 

 powder-loaded ink is extruded layer by layer, in air, and at 

mbient temperature; the printed green part is then debinded 

nd sintered to achieve full densification [23] . CoCrFeNi micro- 

attices fabricated by this method show a uniform single-phase mi- 

rostructure without warpage or cracking due to minimal thermal 

tresses during isothermal sintering [24] . 3D ink-extrusion print- 

ng uses elemental or pre-alloyed metal powder to form alloys 

ia interdiffusion and sintering. Alternatively, metal compounds 

such as metal oxide, hydrides, or salts) can be used, which, af- 

er reduction (using H 2 or CO) or vacuum decomposition (for 

ydrides), form in situ metal powders [23–29] . These precursor 

owders can have a sub-micron to nanometer size with irregu- 

ar morphology [30–33] , unlike powder-bed-based AM methods 

hich require powders with large sizes and spherical shapes to 

nsure good flowability [ 34 , 35 ]. Recently, we fabricated quaternary 

quiatomic CoCrFeNi microlattices by ink-printing powder blend of 

o 3 O 4 + Cr 2 O 3 + Fe 2 O 3 + NiO; after reduction, interdiffusion, and

intering under hydrogen, the microlattices were nearly pore-free, 

hemically homogenous and mechanically strong and ductile [24] . 

eng et al. also recently produced CoCrFeNiMn HEA microlattices 

y ink-printing of pre-alloyed powder, followed by sintering. The 

esulting HEA microlattices demonstrated a high strain hardening 

nd energy absorption [36] . We are not aware of any other HEAs 

n the literature which were 3D ink-extrusion printed. 

Here, we study quinary, equiatomic CoCrCuFeNi HEA lattices 

abricated by 3D ink-extrusion printing of inks containing a blend 

f Co 3 O 4 , CuO, Fe 2 O 3 , NiO, and Cr 2 O 3 (or Cr) powders. Comparing

icron-size oxide and metallic powders, the former exhibit much 

ower cost without pyrophoric risks. Once reduced, the micron size 

f the metal powders enables rapid sintering and homogenization, 

ue to high surface area and short diffusion distances, respectively. 

n situ synchrotron X-ray diffraction is used to follow the sequen- 

ial reduction and metallic phase evolution of an all-oxide blend 

eated under pure hydrogen. Microstructural evolution is studied 

or blends containing pure Cr based on the in situ XRD study show- 

ng sluggish reduction of Cr 2 O 3 . A dual-phase face-centered cubic 

fcc) CoCrCuFeNi HEA is obtained with two distinctly different mi- 

rostructures after solid-phase and liquid-phase sintering, respec- 

ively. The mechanical properties of these CoCrCuFeNi lattices with 

hese two micro- and macro-structures are measured in compres- 

ion and compared to finite element modeling predictions. 

. Experimental Procedures 

.1. Alloy synthesis and extrusion printing 

Inks for 3D printing are prepared by mixing Fe 2 O 3 (total weight 

n mixture: 2.04 g, purity: ≥99%, powder size: < 5 μm, supplier: 

igma Aldrich), NiO (1.91 g, 99%, < 44 μm, Sigma Aldrich), Co 3 O 4 

2.06 g, < 10 μm, Sigma Aldrich), Cr (1.33 g, 99.5%, 3 μm, US Re-

earch Nanomaterials), CuO (2.04 g, 99.5%, 0.5 μm, US Research 

anomaterials) powders, poly-lactic-co-glycolic-acid (0.87g, PLGA, 

vonik Industries) as binder, dibutyl phthalate (1.58g, DBP, Sigma- 

ldrich) as plasticizer, ethylene glycol butyl ether (0.79g, EGBE, 

igma-Aldrich) as surfactant into dichloromethane (20 ml, DCM, 

igma-Aldrich) as solvent. For the in-situ X-ray diffraction exper- 

ments, Cr 2 O 3 (3.89 g, 99.7%, < 44 μm, Alfa Aesar) rather than Cr

owders were used in the extruded specimens. The micrometric 

ize of the powders is essential for their printability and their 

apid densification and homogenization during sintering. Fine ox- 

de powders can be obtained at a lower cost than pure metal pow- 

ers of the same size due to their lack of reactivity with air. Wet 

illing is firstly carried out in a steel milling vial for 30 min to 

ix powders with 8 ml DCM and EGBE. Then, the milling pro- 

ess is performed for another 5 min after adding 12 ml DCM, PLGA 
2 
dissolved), and DBP. The viscosity of the inks is adjusted by DCM 

vaporation at 50 °C to get a printable ink (the rheological proper- 
ies of the PLGA-DBP-DCM ink system have been studied in detail 

n Ref. [23] ). Extrusion printing is performed with a 3D-Bioplotter 

EnvisionTEC, Germany) with conical 250 μm plastic nozzles (Nord- 

on EFD). The 5 × 5 × 10 mm 
3 lattices are printed with a layer 

eight of 200 μm, a horizontal spacing of 0.5 mm, and a layer rota- 

ion angle of 90 °. Printing parameters for lattices are chosen based 

n previous studies on CoCrFeNi microlattices [24] . 

The printed filaments and microlattices are sintered under flow- 

ng hydrogen (99.999% pure) in a half-covered alumina boat in 

hich a pure copper piece was also placed to prevent Cu losses 

y creating a Cu partial pressure. Three steps are included in the 

e-binding and sintering process: (i) evaporation of residual DCM 

olvent and EGBE at 150 °C for 30 min; (ii) decomposition of PLGA 

inder polymer at 300 °C for 30 min, and (iii) sintering at the final 

emperature. The heating and cooling rates are 10 °C/ min. One of 

hree final temperatures is used: (i) 1050 °C for 4 h, (ii) 1100 °C 
or 4 h, or (iii) 1050-1150 °C for 4 h, consisting of two plateaus at

050 ˚C, each lasting for 105 min interspersed by a 30 min excur- 

ion to 1150 °C (10 min ramping up from 1050 °C, 10 min hold at

150 °C and 10 min ramping down to 1050 ˚C). 

.2. In situ X-ray diffraction 

In situ X-ray diffraction is performed using a setup deployed 

t the Material Science powder diffraction beamline X04SA of 

he Swiss Light Source (Paul Scherrer Institut, Switzerland) as 

escribed in detail in Ref. [24] . In brief, the measurement is 

erformed with a monochromatic beam (19.9 keV, 0.7 × 1.4 

m) on a single, ink-printed Co 3 O 4 -Cr 2 O 3 -Fe 2 O 3 -NiO-CuO mi- 

rofilament (target composition: equiatomic CoCrCuFeNi; size: 

2 × 0.25 × 0.25 mm 
3 ) lodged in an externally-heated quartz cap- 

llary (0.5 mm OD) flushed with a continuous flow (1.3 ml/min) of 

9.9999% pure H 2 . Diffraction spectra are detected on a Mythen 

I array with 120 ° 2 θ coverage, 24 s exposure, and 3 ° specimen 

ocking angle. For calibration, LaB 6 (NIST 660c) and Si (NIST 640c) 

owders are used. Data post-processing and plotting are performed 

sing Python (Anaconda, Continuum Analytics). Perceptually- 

niform color maps are retrieved from the cmocean package 

37] . All diffractograms are background-corrected using asymmet- 

ic least-squares smoothing [38] . Integrated peak areas are calcu- 

ated by direct numerical integration of the measured data. 

.3. Characterization 

Metallographic characterizations are done on polished cross- 

ections of filaments and lattices. Samples are cold mounted in 

poxy resin, ground with SiC grinding papers, polished with dia- 

ond suspensions (3 and 1 μm) and colloidal silica (0.02 μm), and 

oated with 8 nm Os. Scanning electron microscopy (SEM) is per- 

ormed on a JEOL JSM-7900FLV instrument equipped with an Ox- 

ord Ultimax EDS detector. EBSD is performed on a Quanta 650 

nstrument with an Oxford Symmetry 2 detector. Surface rough- 

ess measurements were carried out on an Olympus 3D Laser Con- 

ocal Microscope with MPLAPON50xLEXT objective. The threshold 

etween roughness and waviness components is set at 100 μm. 

Thermogravimetric analysis (TGA) is carried out on Mettler 

oledo TGA/DSC 3 + . The filaments containing blended Co 3 O 4 -Cr- 

e 2 O 3 -NiO-CuO particles are first reduced at 10 0 0 ˚C for 1 h under
ure H 2 . Then, TGA is performed under Ar/4% H 2 cover gas, with 

he filaments in an alumina crucible being heated and cooled three 

imes between 900 and 1200 ˚C, with a heating/cooling rate of 

0 ˚C/ min. 

Vickers microhardness is measured on a Wilson VH3100 Auto- 

ated Micro-hardness Tester by applying 1.96 N for 10 s for at 
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Fig. 1. (a) Stacked X-ray spectra acquired during in-situ diffraction of a microfilament extruded from a blended Co 3 O 4 -Cr 2 O 3 -Fe 2 O 3 -NiO-CuO ink, upon heating in H 2 from 

110 to 943 ̊ C. (b) XRD diffractogram before and after reduction in H 2 showing the formation of a dual-phase fcc HEA with residual Cr 2 O 3 . (c) Normalized diffraction peak 

intensity for CuO, Co 3 O 4 , NiO, Fe 2 O 3 , and Cr 2 O 3 oxides as a function of temperature upon H 2 reduction, showing temperatures for onset and end of reduction. 

Fig. 2. (a) Schematic of 3D ink extrusion, reduction, and sintering process; (b) photographs of CoCrCuFeNi microlattices printed from Co 3 O 4 -Cr-Fe 2 O 3 -NiO-CuO inks, (left) 

after solid sintering (1050 ̊ C / 4 h) and (right) after liquid sintering (1050-1150 ̊ C / 4 h). 
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east ten points. Compression tests are carried out at room temper- 

ture with an initial strain rate of 5 × 10 –4 s −1 on a Sintech 20 G

MTS, USA) with a 100 kN load cell, using oil-lubricated platens. To 

nsure uniaxial compression, the top and bottom surfaces of sin- 

ered lattices are ground parallel before the compression test. 

. Results and Discussion 

.1. In situ X-Ray Diffraction 

The reduction in H 2 and phase evolution are shown as a func- 

ion of temperature in Fig. 1 , for a microfilament 3D-extruded from 

nks containing blended Co O , Cr O , CuO, Fe O , and NiO oxides
3 4 2 3 2 3 

3 
target: equiatomic CoCrCuFeNi) studied by in-situ X-ray diffrac- 

ion. The start and end temperatures of reduction for CuO, Co 3 O 4 , 

iO, and Fe 2 O 3 are labeled in Fig. 1 (c). Three oxides start reduc- 

ng in a narrow range of temperature: at 285 ˚C for Co 3 O 4 and

iO, and at 300 ˚C for CuO. At a somewhat higher temperature 

f 319 ˚C, Fe 2 O 3 then starts reduction. Reduction is completed at 

15 ˚C for Co 3 O 4 and CuO, at 353 ˚C for NiO and at 377 ˚C for
e 2 O 3 . The temperature ranges between start and end of reduc- 

ion increase from CuO (15 ˚C), to Co 3 O 4 (30 ˚C) to Fe 2 O 3 (58

C) and finally to NiO (68 ˚C). Above 377 ˚C, metallic Co, Ni, Fe, 

nd Cu coexist with Cr 2 O 3 which starts to significantly reduce at a 

uch higher temperature ( ∼824 ̊C). Cr 2 O 3 particle reduction is fa- 

ilitated by a surrounding metallic matrix with high Cr solubility, 
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Fig. 3. SEM-BSE micrographs of strut cross-sections in 3D ink-extrusion printed and co-reduced lattices. The struts were extruded from Co 3 O 4 -Cr-Fe 2 O 3 -NiO-CuO inks and 

were heated in H 2 at (a) 600 ˚C for 1 h, (b) 1050 ˚C for 4 h, (c) 1100 ˚C for 4 h (solid-state sintering) and (d) 1050 + 1150 ˚C for 4 h (liquid-phase sintering). A/P: 
acicular/plate-like Cu-rich phase, probably the same phase oriented at different angles with respect to the cross-section. 
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hich removes reduced Cr from the reduction site by diffusion, 

rotecting it from re-oxidation and reducing the energy barrier to 

orm metallic Cr nuclei [ 39 , 40 ]. After reduction, metallic Co, Ni, Fe,

nd Cu interdiffuse. At first, solid-solution bcc (Fe, Co) and fcc (Fe, 

i) are formed by interdiffusion of nascent Co, Fe, and Ni. Subse- 

uently, Co, Fe, Ni, (Fe,Ni), (Fe,Co) and locally reduced Cr all inter- 

iffuse to form a high-entropy fcc phase, which is Cu-poor, sim- 

lar to the one observed in a previous study on a CoCrFeNi al- 

oy [24] . Also, a Cu-rich phase appears upon onset of CuO reduc- 

ion ( ∼300 ˚C) and remains until the end of the experiment. Only 

n the last stages of the heating ramp, between 900 and 943 ˚C, 
o the diffraction peak positions start to deviate from pure ther- 

al expansion and shift slightly towards larger Q, or smaller lat- 

ice parameters, indicating minor alloying of the Cu-rich phase. 

fter cooling, the dual-phase fcc structure is confirmed, compris- 

ng a Cu-rich phase with a larger lattice parameter (3.6124 Å), 

nd a Cu-poor phase with a smaller one (3.5798 Å), as shown in 
4 
upplementary Figure 1. These values are close the reported lat- 

ice parameters in a CoCrCuFeNi alloy thixo-formed at 1150 ̊C [14] : 

.609 Å for the Cu-rich phase (with 83.2 at.% Cu, as measured via 

nergy-dispersive X-ray spectroscopy in electron-transparent foils) 

nd 3.584 Å for the Cu-poor phase (with 9.5 at.% Cu). XRD of our 

pecimen also reveals that residual Cr 2 O 3 remains in the structure 

 Fig. 1 b and c), likely caused by sintering of the metallic phases, 

acilitated by rapidly diffusing Cu at its high homologous temper- 

ture. This sintering traps Cr 2 O 3 in the matrix with no access to 

educing H 2 nor the ability to remove the formed H 2 O. 

.2. 3D-printing and sintering 

.2.1. 3D ink-extrusion printed lattices 

First, experiments are conducted on microfilaments extruded 

rom Co 3 O 4 -Cr 2 O 3 -Fe 2 O 3 -NiO-CuO inks which were reduced and 

intered at four temperatures (10 0 0, 110 0, 120 0, or 130 0 °C) under
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Fig. 4. Micrographs of 3D ink-extrusion printed, co-reduced, and sintered lattices for (a) top view from SEM-BSE, (b) roughness profile after subtracting waviness component 

on filaments from laser confocal microscope, (c) side view and cross-sections from SEM-BSE and (d) inverse pole figure (IPF) map from EBSD. The lattices printed from 

blended Co 3 O 4 -Cr-Fe 2 O 3 -NiO-CuO powders are sintered in H 2 : (top row) at 1050 ̊ C for 4 h under solid sintering and (bottom row) at 1050 + 1150 ̊ C for 4 h under liquid 

sintering. The chemical compositions from EDS are shown in (c). 
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ure H 2 (Supplementary Figure 2). They showed that Cr 2 O 3 is fully 

educed only at the highest temperature of 1300 ˚C. However, in- 

reasing the temperature to 1300 °C to fully reduce the Cr 2 O 3 leads 

o excessive Cu evaporation from the liquid Cu-rich phase, given 

he high vapor pressure of Cu at that temperature (Supplemen- 

ary Figure 2). Based on the above in situ XRD and sintering ex- 

eriments, pure elemental Cr powder rather than Cr 2 O 3 is used 

n powder blends for the 3D printing study, to exclude effects 

rom unreduced, encapsulated Cr 2 O 3 . Compared with single-phase 

oCrFeNi, our dual-phase CoCrCuFeNi alloy forms a Cu-rich liq- 

id phase during sintering, with a large difference between solidus 

nd liquidus in this alloy. The low solidus temperature is critical 

or the sintering process, as the excessive formation of the liquid 

hase can induce slumping under gravity, which can destroy the 

D printed structure. However, it also allows liquid phase sintering 
5 
r thixo-casting [14] . Based on the thermogravimetric analysis 

shown in Supplementary Figure 3), the solidus temperature of the 

o-reduced CoCrCuFeNi HEA is 1112 ˚C, which is 29 °C higher than 
he melting point of pure Cu (1083 °C). As shown in Supplemen- 

ary Figure 4, the Cu-rich phase has a composition Cu-3Co-1Cr- 

Fe-7Ni and Cu-3Co-2Cr-2Fe-7Ni (at.%), as measured by EDS on 

wo samples. The presence of Co, Fe and Ni are expected to in- 

rease the solidus temperature of the Cu-rich phase, given that the 

u-X (X = Co,Fe,Cr) binary alloy systems have peritectic or eutec- 

ic temperatures of 1113 ˚C (Cu-Co) [41] , 1088 ˚C (Cu-Fe) [42] and 
077 ˚C (Cu-Cr) [43] , and that the Cu-Ni alloy system shows a 

ear-linear increase of solidus temperature from 1083 (for pure 

u) to 1455 °C (for pure Ni) [44] . Based on the measured 1112 ˚C
olidus temperature of our CoCrCuFeNi HEA, two sintering treat- 

ents were chosen: (i) fully below the solidus temperature (4 h 
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Fig. 5. Compressive stress-strain curves for HEA lattices made from CoCrFeNiCu 

(present study) and CoCrFeNi (from Ref. [24] , up to 50% strain). The insets show 

side views of CoCrFeNiCu lattices with relative density ρ/ ρs = 60% (solid-sintered) 

and ρ/ ρs = 65% (liquid-sintered) before and after 20, 40 and 47/48% deformation. 
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t 1050 ˚C) and (ii) partially above the solidus temperature (4 h at 

050 / 1150 ˚C). 
Microlattices were 3D-printed from Co 3 O 4 -Cr-Fe 2 O 3 -NiO-CuO 

nks, reduced, and sintered into dense, equiatomic CoCrFeNiCu 

EA, as schematically shown in Fig. 2 (a). Photographs of green 

nd sintered lattices are shown in Fig. 2 (b). The green oxide lat- 

ices show significant shrinkage after sintering due to the removal 

f binder, oxygen from oxides, and pores. Shrinkage is somewhat 

igher in the vertical direction (39-43%) than in the horizontal di- 

ection (37-38%), possibly because of the effect of gravity. Never- 

heless, warpage is not observed. The liquid-state sintered lattices 

how higher shrinkage, consistent with more complete elimination 

f residual pores as compared to solid-state sintering. 

.2.2. Microstructural evolution after reduction and sintering 

Fig. 3 shows the microstructural evolution after reduction and 

intering of single cylindrical struts cut from lattices. In the as- 

rinted struts, the loosely packed oxide particles are held together 

y the PLGA binder polymer. After debinding at 300 ˚C and re- 
uction at 600 ˚C, an arrangement of loosely packed metal par- 

icles is observed ( Fig. 3 (a)). Co 3 O 4 , CuO, and NiO powders are re-

uced to Co, Cu, and Ni particles, respectively, as determined via 

EM-EDS. Fe 2 O 3 powders are reduced to Fe particles, which al- 

eady contain a substantial amount of Ni and Co in solid solu- 

ion, due to inter-diffusion during heating. This agrees with the 

n situ XRD study showing the early formation of (Fe,Ni) and 

Fe,Co) solid solutions ( Fig. 1 ). The Cr powders remain predomi- 

antly metallic except for rare micron-size Cr 2 O 3 particles formed 

long cracks, possibly because of H 2 O vapor released during re- 

uction of the surrounding oxides ( Fig. 3 (a)). Similar to adding 

r 2 O 3 in the powder blend, these Cr 2 O 3 particles can then be 

ncapsulated within the metallic matrix, losing access to hydro- 

en during sintering. After sintering at 1050 and 1100 ˚C for 4 
 ( Fig.s 3 (b) and (c)), the struts are near-fully densified (poros- 

ty for (b): 1.7 ± 0.7%), with rare residual Cr 2 O 3 particles and 

ores. The bright-gray phase is the Cu-rich, lower-melting phase, 

nd the granular dark-gray is the Cu-poor, higher-melting phase, 

ith Co 3 Cr 2 Cu 86 Fe 2 Ni 7 and Co 23 Cr 20 Cu 10 Fe 24 Ni 22 compositions for

d), respectively (Supplementary Figure 4). Similar phases were re- 

orted in Ref. [14] , where thixo-formed CoCrCuFeNi HEA consists 

f Co 3 Cr 2 Cu 83 Fe 4 Ni 8 (Cu-rich) and Co 23 Cr 24 Cu 10 Fe 22 Ni 21 (Cu-poor)

hases. A metastable single fcc phase was found in equiatomic 

oCrCuFeNi HEA fabricated by SLM [11] and mechanical alloying 

 8 , 45 ], which forms due to the very high cooling rates during these

rocesses. The mechanically-alloyed single fcc phase separated into 

wo fcc phases when it was heated above 800 ˚C [45] . 
6 
Within the Cu-poor phase, some bright-gray, acicular Cu-rich 

recipitates can be found ( Fig. 3 (c)), expected to have formed from 

u precipitating during cooling after sintering, and consistent with 

he positive mixing enthalpy of Cu with Co, Cr, Fe, and Ni which 

eads to phase separation and precipitation during cooling [46] . 

heng et al. proposed that the high diffusion coefficient of Cu 

lso facilitates the segregation of a Cu-rich phase [47] . Coarsen- 

ng of Cu-rich precipitates is observed for microstructure sintered 

t 1100 ˚C for 4 h ( Fig. 3 (d)). After liquid sintering (10 min above

he 1112 ˚C solidus temperature, where the Cu-rich phase melts), 

he previously angular Cu-poor phase becomes smoother, and the 

u-rich phase, which appears to have wetted the Cu-poor phase 

hen it was liquid, forms a continuous matrix after solidifica- 

ion. Liquid formation enables rapid dissolution and reprecipita- 

ion, and it thus accelerates compositional homogenization, facil- 

tates removal of pores, and alters size and shape of Cu-poor solid 

hase, which shows a more rounded shape and a coarser size than 

n the solid-sintered samples. A similar microstructure was found 

n CoCrCuFeNi HEA thixo-cast at 1150 ˚C, where globular Cu-poor 

rains were surrounded by a continuous, lower-melting, Cu-rich 

hase [14] . 

Many alloys processed via additive manufacturing suffer from 

oor surface quality (arithmetic mean deviation Ra = 17.9 ± 2 μm 

or L-PBF Ti-6Al-4V [48] ), which often needs to be improved by 

ost-treatments [49] . The surfaces of the struts of our micro-lattice 

re shown in Fig. 4 . Low-magnification micrographs for these lat- 

ices are shown in Supplementary Figure 5. The solid- and liquid- 

intered struts have a diameter of 176 ± 5 μm and 166 ± 4 μm, 

espectively. The porosity of solid sintered and liquid samples is 

.6 ± 0.7 and 0.3 ± 0.2%, respectively. It is apparent that the for- 

ation of the wetting liquid phase smoothens the strut surface by 

emoving most surface pores. The surface roughness of the solid 

intered filament and the liquid sintered filament has a Ra (arith- 

etic mean deviation) of 0.91 μm and 0.55 μm, respectively. Prop- 

rties such as toughness [50] , fatigue life [51] , and corrosion resis- 

ance [52] are expected to benefit from the smoothened surface. 

rom side-views of micro-lattices shown in Fig. 4 (c), it is appar- 

nt that the Cu-rich phase is enriched at the joints connecting 

rthogonal filaments, forming nodes. The smoothing of the origi- 

ally sharp cusps at the joints alleviates stress concentration dur- 

ng deformation and thus may lead to a higher ductility. The chem- 

cal compositions from EDS are Co 20.9 Cr 17.7 Cu 18.7 Fe 22.1 Ni 20.6 and 

o 20.4 Cr 18.1 Cu 20.0 Fe 21.4 Ni 20.1 for solid sintered and liquid sintered 

amples, respectively, which are shown in the insert in Fig. 4 (c). 

he compositions of Cu were tested by ICP, and no losses were 

ound. 

Annealing twins in Cu-poor grains are observed from the sur- 

ace and inverse pole figures, which are probably formed to accom- 

odate thermal expansion mismatch between phases and grains 

pon cooling. Similar annealing twins were reported in the CoCr- 

eNi alloy [24] . Inverse pole figures of solid-sintered and liquid- 

intered samples are shown in Fig. 4 (d). The Cu-rich and Cu-poor 

hases are not resolved by EBSD due to their similar lattice param- 

ter and identical fcc crystal structure. There is no obvious texture 

or these sintered samples, as shown in Supplementary Figure 6. 

he grain sizes in solid-state and liquid-phase sintered specimens 

re 3 ± 1 and 11 ± 4 μm, respectively. The 10 min excursion to 

150 ˚C thus increases the grain size, as expected from the accel- 

rated diffusion in the liquid Cu-rich phase. Rogal reported that 

rain growth caused by liquid phase in CoCrFeNiCu is limited be- 

ause diffusion of Fe, Co, Ni ,and Cr in the Cu-rich liquid phase is 

lowed by the low solubility of these elements within liquid Cu 

14] . It has been found that the addition of Cu in cast CoCrFeNi 

lloys reduces the grain size after comparing the microstructure 

f CoCrFeNiCu x (x = 0, 0.2, 0.4, 0.6, 0.8, 1.0) alloys [13] . Previous

esearch on a 3D ink-extrusion printed CoCrFeNi alloy showed a 
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Fig. 6. FEM for two representative volume elements with different fillet radius (labeled Sharp Notch and Smoothed Notch) showing (a) meshing, boundary conditions, and 

dimensions, (b) von Mises stress distribution for uniaxial compressive strains ε = 1, 5, 10, and 25% 
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rain size of 35–80 μm within a filament, after sintering at 1300 ̊ C 

or 1 h [24] . The addition of Cu in combination with liquid phase

intering at a much lower temperature of 1150 ˚C thus enables 
ormation of near-fully dense material with a reduced grain size 

y a factor of 3-8, expected to increase strength. The hardness of 

olid-sintered and liquid-sintered CuCoCrFeNi are 1687 ± 69 MPa, 

nd 1706 ± 78 MPa, respectively. The close hardness of these two 

amples indicates that the additional grain-boundary strengthening 

ffect of the finer-grained solid-sintered sample may be masked 

y its residual porosity (1.6 ± 0.7%). In addition, Lin et al. [ 53 , 54 ]

howed that Cu-rich precipitates within CoCrFeNiCu 0.5 do not con- 

ribute to a higher hardness after aging at 350-1350 ˚C for 24 h, 
ikely due to the low strength of the Cu-rich phase. 
7 
.3. Compressive Mechanical Properties 

As shown in the compressive stress-strain curves of Fig. 5 , 

iquid-sintered microlattices deform uniformly up to 47% compres- 

ive strain with a near-constant strain-hardening rate. The solid- 

intered lattices, at comparable relative density ρ , show simi- 

ar behavior, except with lower strain hardening at large strains, 

hich is directly shown in Supplementary Figure 7 (b). As shown 

n Supplementary Figure 8, two solid-sintered lattices ( ρ/ ρs = 60 

nd 68%) formed column-like or shear-like cracks on their sur- 

ace which explain the stress drop observed at larger strains in 

ig. 5 . In contrast, no large-scale cracks are observed for liquid- 

intered lattices, with a single, small crack observed on the sur- 
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Fig. 7. Compressive stress-strain curves from FEM calculations (dotted lines) and 

experimental tests (solid lines) for microlattices for two different fillets (shown in 

Fig. 6 ) corresponding to solid and liquid-phase sintering. The FEM calculations for 

the solid-sintered lattice (with relative density ρ/ ρs = 61%) are not carried out be- 

yond 10% due to convergence difficulties stemming from self-contact. 
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ace of a lattice with ρ/ ρs = 76% (Supplementary Figure 8). The su- 

erior compressive properties of liquid-sintered lattices, both in 

erms of ductility and load-bearing capability, are consistent with 

heir smoother surfaces and joints, as well as their lower pore frac- 

ion within the struts, as compared to solid-sintered lattices. The 

eformed lattices with ρ/ ρs = 61% (liquid-sintered) and ρ/ ρs = 53% 

solid-sintered) buckled, which explains their decreased hardening 

ehavior after ∼40% strain. The possible reason that can cause the 

uckling behavior of these lattices is that the lattices do not have 

erfect homogeneous lattice structures. For example, the cross- 

ection of liquid sintered lattice shown in Supplementary Figure 

 (b) has denser regions on the right side because the printing 

ead will deposit more materials at the turning position to print 

he next layer. The less-dense region will be deformed more easily 

nd gradually leads to buckling of the lattice. 

The compressive stress-strain curves of previously-studied Cu- 

ree solid-sintered equiatomic CoCrFeNi lattices are also shown in 

ig. 5 . Our liquid-sintered CoCrFeNiCu lattices show a higher yield 

trength can be attributed to (i) the finer grains of CoCrFeNiCu, and 

ii) the smoothened joints that alleviate stress concentration and 

elay yield. The reduced hardening behavior of our CoCrFeNiCu 

especially at high strain) is possibly caused by the soft Cu-rich 

hase accommodating strain from the harder, Cu-poor phase. Also, 

ur dual-phase CuCoCrFeNi alloy is expected to have higher tough- 

ess and damage-tolerance for the same reasons. For our liquid- 

intered CoCuCrFeNi with higher stress sustained at a similar strain 

ompared to CoCrFeNi, a higher energy absorption (i.e., the area 

nder the stress-strain curve) is achieved. 

.4. Finite element modeling 

To study the effect of smoothed notches on the mechanical be- 

avior of 3D printed lattices, Abaqus CAD (2017) is used to perform 

nite-element modelling (FEM) of two 0/90 ̊ cross-ply lattices with 

 and 25 μm fillets at their nodes ( Fig. 6 a), representing lattices

intered in the solid and liquid states, respectively ( Fig. 4 (b)). Based 

n measurements of sintered lattices, a strut horizontal spacing of 

84 μm, vertical spacing of 244 μm, and diameter of 166 μm are 

sed in both representative volume elements (RVE). The relative 

ensities of these models (the volume fraction occupied by solid 

truts) are 61 and 63% for solid- and liquid-sintered lattices, re- 

pectively. The RVE top surface is subjected to a uniform displace- 

ent in its normal direction. Two orthogonal side surfaces and 

he bottom surface of each RVE are subjected to symmetry condi- 

ions forbidding displacements in their normal direction. The other 

wo adjacent side surfaces for each RVE have planar constraints, 
8

chieved using the “plane keeps plane” plugin in Abaqus to main- 

ain these planes flat and perpendicular to the top and bottom 

urfaces after deformation. The boundary conditions and geome- 

ry parameters are shown in Fig. 6 (a). These boundary conditions 

llow the lattice to develop Poisson’s expansion during deforma- 

ion while the four side faces are kept planar and perpendicular 

o top and bottom surfaces. Therefore, these representative volume 

lements (RVE) are directly representative of a very large lattice, 

y using translation symmetry before and after deformation. 

The input properties for the CoCrCuFeNi HEA include solid den- 

ity ρs = 8.33 g/cm 
3 calculated from elemental densities, Poisson’s 

atio ν = 0.28 [55] from CoCrFeNi, and Young’s modulus E = 155.1 

Pa (calculated as E = 3K(1-2 ν), where the bulk modulus K is 117.5

Pa [56] ). As shown in Supplementary Figure 9, the input for plas- 

ic deformation (a compressive stress-strain curve) is taken from 

ef. [14] for a thixo-formed (1150 ˚C) CoCrCuFeNi HEA with a sim- 

lar microstructure to our liquid-sintered lattice. 

Fig. 6 (b) shows the distribution of von Mises stress within the 

VE after 1, 5, 10, and 25% uniaxial compressive strain. As shown 

n the cross-section labeled “1-2-3”, the smoothened notch reduces 

he level of stress concentration. The stress-strain curves calcu- 

ated from FEM are shown in Fig. 7 , which confirms that the sam- 

le with the smoothened notch exhibits a higher yield strength. A 

ood match is found with the experimental measurements of the 

attices. As the uniaxial strain increases from 1 to 5 and to 10%, 

he stress distributions within the two RVEs converge ( Fig. 6 (b)), 

hich explains the similar hardening behavior in the stress-strain 

urves ( Fig. 7 ). As shown in Supplementary Figure 10, tensile prin- 

ipal stresses ( σ xx ) from the Poisson’s effect are found in horizon- 

al struts, more so for lattices with sharp than smoothed notches. 

ecause of their tensile nature, these can lead to crack initiation 

nd growth, consistent with the observation that solid-sintered lat- 

ices are less ductile than liquid-sintered lattices. 

Several factors that may potentially contribute to deviations be- 

ween FEM predictions and experimental results should be noted. 

ur FEM model does not capture the barreling effect caused by 

riction between the sample and contacting plates that can con- 

ribute to a higher strength. The input for compression property in 

EM (Supplementary Figure 9) comes from semi-solid cast CoCr- 

uFeNi, which has neither exactly the same composition nor ex- 

ctly the same microstructure as our samples. In addition, a perfect 

attice macro-structure consisting of many representative volume 

lements (RVE) shown in Fig. 6 is used to simplify the actual lat- 

ice macro-structure (Supplementary Figure 5). However, our FEM 

nalysis clearly shows that smoothed notches achieved by liquid 

intering can effectively alleviate the stress concentration and de- 

ay the onset of yield and that the formation of a wetting liquid 

uring post-heat treatment is desirable. 

. Conclusions 

In this study, in-situ diffraction is used to study the co- 

eduction of a blend of Co 3 O 4 , CuO, Fe 2 O 3 , NiO, and Cr 2 O 3 ox-

de powders and the following interdiffusion of the five reduced 

etallic elements, Co, Cr, Cu, Fe, and Ni. An ink containing a pow- 

er blend of oxides (Co 3 O 4 , CuO, Fe 2 O 3 , NiO) and metallic Cr is

sed to fabricate lattices by 3D-ink extrusion printing which are 

ubsequently reduced with H 2 to the equiatomic HEA CoCrCuFeNi 

omposition. The phase and microstructural evolution during re- 

uction and sintering, and the mechanical properties of lattices are 

nvestigated. The main conclusions are: 

(1) A blend of binary oxide powders - Co 3 O 4 , CuO, Fe 2 O 3 , NiO,

and Cr 2 O 3 - was reduced under hydrogen by heating from 

20 to 943 ̊C. The first four oxides start reduction in a nar- 

row temperature range of 285-319 ˚C, which is completed 
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at 315-377 ˚C, forming metallic Co, Cu, Fe, and Ni. Cr 2 O 3 is 

gradually reduced to Cr between 824 and 943 ˚C, and re- 
mains partially unreduced at 943 ̊ C, due to its high stability. 

Upon interdiffusion of the nascent metals, a Cu-poor and a 

Cu-rich phase are formed. 

(2) Using metallic Cr rather than Cr 2 O 3 in the above blend, a 

nearly fully reduced, dense, and homogenous two-phase al- 

loy is achieved when solid-state sintered at 1050 or 1100 ˚C 
for 4 h, below the solidus temperature of 1112 ˚C. Liquid- 
phase sintering - achieved via a 10 min excursion at 1150 

˚C - produces a Cu-rich melt which wets the solid Cu-poor 

phase and removes residual pores effectively. 

(3) The liquid-sintered microlattices, because of the formation 

of the Cu-rich melt, exhibit smoothed cusps between struts, 

unlike the sharp cusps in the solid-sintered microlattices. 

This reduction of stress concentration is predicted, via finite- 

element modeling, to lead to higher strength and ductility, 

in agreement with experimental compressive tests. 
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