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This report presents an additive manufacturing approach, for the first time, to producing high-entropy oxides
(HEOs) using a 3D extrusion-based technique with oxide precursors. The precursors were prepared by a wet
chemical method from sulfates. Additives were utilized to optimize the rheological properties of the printing inks
with these precursors, and the properties of the printed HEOs were improved by increasing the solid content of
the inks. When ink with a solid content of 78 wt% was used for printing, the resulting HEO exhibited a relative
density of 92% and a high dielectric constant after undergoing pressureless sintering at 800 °C. Compared to
traditional methods of manufacturing HEOs, the 3D extrusion technique is a very promising method for pro-

ducing HEOs with complex geometries.

Li doped (MgCoNiCuZn)O is a high-entropy oxide (HEO) that pos-
sesses significant properties, making it suitable for various applications
in the energy production and storage fields [1]. A few techniques for
manufacturing HEOs, such as dealloying method [2], spark plasma
sintering [3], molten salt method [4], wet chemical method [5], and
water oxidation [6], have been developed to date. Nonetheless, these
methods encounter challenges in producing specific required geome-
tries, restricting the applications of HEOs. In contrast, additive
manufacturing techniques are attractive for applications demanding
complex geometries. Recently, the use of additive manufacturing in
producing ceramic materials like metal oxides and carbides has gained
popularity [7]. The 3D extrusion-based additive manufacturing tech-
nique is a relatively straightforward approach that enables to design and
produce parts with complex structures rapidly by depositing layers of
extruded ink [8]. With inks of excellent rheology, alumina ceramic parts
have been produced using the 3D extrusion process. Additionally, by
optimizing the rheological behavior of inks, SiC ceramic parts with
complex geometries were produced with high accuracy via the 3D
extrusion process [9]. However, no studies exist on the manufacturing of
HEOs via 3D extrusion-based methods. Moreover, it has been a chal-
lenge to achieve satisfactory structural strength and high density of the
printed HEOs.
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To address the knowledge gaps identified above, this work utilized
oxide precursors prepared through a modified chemical method to
develop printing ink. (MgCoNiCuZn), 7Lio.30 HEO specimens were then
manufactured using a 3D extrusion-based approach coupled with pres-
sureless sintering. The rheological behavior of inks affected the print-
ability of inks and the accuracy of the final product’s structure.
Therefore, our study evaluated and optimized the rheology of inks.
Oxide precursors were prepared through a wet chemical method using
sulfates (NiSO4-5H20, CoSO4-6H20, MgS04-7H20, ZnSO4-7H20, and
CuS04-5H20) and sodium hydroxide. The sulfates with a calculated
equimolar ratio of metal elements were mixed in distilled water. Then
NaOH solution (10 wt%) was added into mixtures solution to introduce
the formation of coprecipitates. The co-precipitates were then repeat-
edly centrifuged and washed to remove SO3™ ions from the precipitate.
Then co-precipitated were dried at 100 °C for 24h, then follow treated at
450 °C for 1h to form oxide precursors. These precursors and Li;CO3
were then used to prepare inks, along with a dispersant (FS20) and a
binder (sodium alginate). The inks, with a solid content between 77 and
79 wt%, were planetary ball milled for 1 h. The printed green bodies
were heated at 3 'C/min to 800 °C for 3 h using a conventional pres-
sureless sintering in a box furnace and then cooled naturally to room
temperature.
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Fig. 1. The phase compositions and morphology of oxide precursors treated at 450 °C (a) thermal analysis (TGA-DTA); (b) XRD patterns; (c) SEM image; (d)

EDS mapping.

Thermal analysis of the oxide precursor was performed using com-
bined thermogravimetric differential thermal analysis (TG/DTA). A
rheometer (Anton Paar MCR 102) was used to characterize the viscosity
and viscoelastic properties of the inks. Thixotropic index is a ratio of an
ink’s viscosity at two different shear rates, generally different by a factor
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Fig. 2. Rheological behavior of the printing inks: (a) viscosity of inks with different dispersant contents; (b) viscoelasticity of inks with different binder contents; (c)
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of ten. This value is indicative of an ink’s ability to rebuild its structure.
In this work, the thixotropy of inks was evaluated by using the thixo-

tropic index y (Equation (1)) [9]:
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thixotropic index of inks with different binder contents; (d) viscosity of inks with different solid contents.
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Fig. 3. (a—c) Photos showing effect of solid content on the flow behavior of ink; (d—f) COMSOL model of ink flow rate with different solid contents; (g) green body
printed with a solid content ~78 wt%. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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where 7 is viscosity at a low shear rate; in this work 5.012 s} was used.
1, represents an increased shear rate, with 50.12 s~! being used for this
work. The Archimedes method was employed to determine the density
and porosity of the HEO samples, and an agilent impedance analyzer
(HP4294A) was used to measure their dielectric properties at room
temperature. X-ray diffraction (XRD, Philips X’Pert MRD) was utilized to
determine the phase composition of the precursors and HEO samples.
Finally, the microstructures of the oxide precursors and HEO were
analyzed using scanning electron microscopy (JSM-6490LV) and (NANO
SEM430), respectively.

During the temperature ramping stage in the thermal analysis of the
oxide precursor mixture prepared from the wet chemical method,
endothermic peaks were observed in the differential thermal analysis
(DTA) curve (Fig. 1a), while the mass gradually decreased [see the
thermogravimetric analysis curve (TGA) in Fig. 1a)] due to the decom-
position of Cu(OH);, Ni(OH),, Mg(OH),, Co(OH),, and Zn(OH),. How-
ever, when the temperature exceeded 450 °C, the mass loss rate
significantly decreased. Compared to the XRD pattern of the unheated
oxide precursor mixture, peaks corresponding to crystalline oxide pha-
ses are evident in the XRD pattern of the mixture heated at 450 °C in
addition to signs of amorphous phases (Fig. 1b). It was determined that
most of the metal hydroxides had been decomposed. Meanwhile, the
metallic elements were distributed evenly in the oxide precursor mixture
powder, as shown by the SEM-energy dispersive X-ray spectroscopy
(EDS) results in Fig. 1c and d. The powder particle sizes in the oxide
precursor mixture treated at 450 °C were distributed narrowly, with
most particles measuring less than 1 pm. This could be attributed to the
wet chemical process utilized, which allowed for molecular-level mixing
of the raw materials, resulting in smaller particles. Therefore, it was
inferred that using oxide precursor mixture treated at 450 °C to prepare
printing inks would improve the rheological behavior of the inks (due to
small particle sizes) and reduce the shrinkage of 3D bodies during sin-
tering processes (owing to the completion of the decomposition of the
metal hydroxides).

The rheological behavior of inks was optimized through the addition
of additives and adjustment of solid content. All inks exhibited shear
thinning behavior and could be considered non-Newtonian fluids, as
shown in Fig. 2a. By increasing dispersant content, the viscosity initially
increased but then decreased. At 0.4 wt%, ink flowability was excellent
due to the steric hindrance and electrostatic stabilization effects of the

dispersant [10]. However, excessive dispersant caused flocculation,
leading to increased viscosity [10]. The optimal dispersant content was
determined to be 0.4 wt% based on experimental results.

The effect of binder content on the thixotropic behavior and visco-
elasticity of inks was also studied (Fig. 2b and c). Viscosity increased
with binder content due to increased interaction between sodium algi-
nate molecules. Interestingly, increasing binder content also enhanced
the shear thinning behavior of the inks, enabling smooth extrusion and
rapid thickening [11,12]. At low shear stress, the ink’s storage modulus
was greater than the loss modulus, indicating dominance of the viscous
properties. The flow point of the ink was where the two modulus curves
crossed over, with viscous behavior dominating below the flow point
and plastic behavior overwhelming above it. The ink with the highest
flow point contained 2.2 wt% binder due to increased network stability
[13]. Thixotropic behavior was critical for 3D printing, with rebuilding
speed determining the ability of the ink to retain its shape after extru-
sion. The thixotropic index increased with binder content, reaching its
maximum at 2.0 wt% binder content, suggesting outstanding rebuilding
ability of ink structure. A binder content of 2.0 wt% was selected for ink
preparation due to the higher rate of disentanglement of sodium alginate
macromolecules by shearing. With an increase in solid content from 77
wt% to 79 wt%, ink viscosity gradually increased due to a reduction in
distance between the ceramic powder particles (Fig. 2d). Van der Waals
forces also significantly increased.

The inks were printed using a commercial 3D printer (EAZAO). The
nozzle size, nozzle speed and extrusion pressure were 1 mm, 10 mm/s
and 45 psi, respectively. Fig. 3 displays photos of the printed green
bodies with dimensions of 50 x 50 x 10 mm, which indicate the pres-
ence of gap flaws in green bodies with a solid content of 79 wt%.
Additionally, dimensional accuracy was considerably reduced in these
samples. The shear rate distribution model of inks suggests that
employing high solid content during printing slows down the inks’
passage through the nozzle. Therefore, the viscosity of the inks increased
and their extrusion speed was slower than nozzle moving speed, leading
to the formation of gaps between the filaments. As the solid content
decreases, the extrusion speed of the inks increases, eventually syn-
chronizing with the nozzle speed and enhancing the green body’s
structure (Fig. 3d-f). Nevertheless, decreasing the solid content further
to 77 wt% causes the inks to pile up on either side of the nozzle because
of their low viscosity, which leads to an extended rebuilding time after
leaving the nozzle. Thus, the optimal solid content was determined to be
78 wt%.
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Fig. 4. Phase compositions and morphology of the manufactured (MgCoNiCuZn), 7Lio 30 HEO treated at 800 °C: (a) XRD patterns; (b) SEM image and EDS mapping.
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Fig. 5. Properties of manufactured MgCoNiCuZn)y ;7Lip 30 HEO: (a) relative density; (b) dielectric constant/e; (c) loss tangent.

After printed specimens were heated at 800 °C, all diffraction peaks
corresponded to the face-centered cubic (FCC) rock-salt crystal system,
space group of Fm3m (Fig. 4a). Ellipsoidal-shaped grains were obtained
(Fig. 4b) with a grain size of approximately 4 pm for the HEO. The el-
ements of Mg, Co, Ni, Cu, Zn and O were homogeneously distributed in
the specimens. The high chemical reactivity of the oxide precursors
facilitated the solid solution reaction and led to the production of pure
MgCoNiCuZn)g 7Lip.30 HEO with a rock salt structure. Some micron-
pores were observed in the matrix, due to ink evaporation and decom-
position of binder and dispersant. Properties of the HEO specimens are
presented and compared to existing data in Fig. 5. Compared to the
previously reported results on (MgCoNiCuZn)O HEO fabricated using
traditional techniques [14-16], the relative density of the bulk HEO
specimens manufactured in this work remained consistently high. This
improvement was attributed to the high solid content of printing inks
and the high chemical reactivity of oxide precursors prepared by the wet
chemical method. Furthermore, due to the low melting temperature of
Li»COg, which is around 714 °C, the heating process would result in the
formation of a melting liquid phase. This promoted the formation and
growth of the solid solution phase and led to an acceleration of the
matrix sintering. However, the specimens exhibited large shrinkage
during sintering. The oxide precursors with a high chemical reactivity
improved the sintering process, which reduced the porosity and pro-
moted the growth of grains. Equation (2) was used to evaluate the effect
of porosity on the dielectric constant (g) of the specimens.

3P(g, — 1)}

2
2e, + 1 @

8:8,,,[17

Where ¢, represents the theoretical dielectric constant, and P is the
porosity. It was found that as the porosity increased, the dielectric
constant decreased sharply, indicating that the porosity had a great in-
fluence on dielectric properties. Owing to the low porosity of the sam-
ples and doped Li, manufactured HEO exhibited a high dielectric
constant. Furthermore, within the test frequency range of 4.0 x 10° to
1.0 x 107, the loss dielectric of the HEO remained at a low level.

In summary, this study developed and utilized a combination of 3D
extrusion-based technique and pressureless sintering to manufacture a
high-entropy oxide MgCoNiCuZn)g 7Lip.30. The oxide precursors were
obtained through a wet chemical method using metal sulfates. The
rheological behavior of the oxide precursor inks was optimized by
adjusting the amount of dispersant and binder addition. Finite element
simulation was used to establish the relationship between solid content
and the ink’s printability. The ideal solid composition for printing was
determined to be 78 wt% oxide precursors, 0.4 wt% dispersant, and 2.0
wt% binder. Bulk parts were successfully manufactured with high pre-
cision at a nozzle size of 1.0 mm, extrusion pressure of 45 psi, and nozzle
speed of 10 mm/s. After sintering at 800 °C, the bulk HEO samples
exhibited high density and excellent dielectric properties. This 3D
extrusion-based technique has a low cost, strong designability, and
produces HEOs with high density when compared to traditional
manufacturing techniques for HEOs.
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