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Abstract 

3D ink-extrusion of powders followed by sintering is an emerging alternative to beam-based 
additive manufacturing, capable of creating 3D metallic objects from 1D-extruded 
microfilaments. Here, in situ synchrotron X-ray diffraction and tomography are combined to 
study the phase evolution, alloy formation and sinter-densification of Fe-20Ni-5Mo (at.%) 
microfilaments. The filaments are <200 µm in diameter and are extruded from inks containing a 
blend of Fe2O3+NiO+MoO3 micron-sized oxide particles. Blended oxide inks show rapid 
reduction and homogenization during heating to 1373 K in H2 accompanied by fast densification 
and interdiffusion. The resulting homogenous Fe-20Ni and Fe-20Ni-5Mo alloys reach near-full 
density within minutes at 1373 K. When using Ar-5%H2, co-reduction and interdiffusion are 
slower and the sequence of reduction is changed. During H2 co-reduction, Fe2O3 and NiO show 
synergistic effects. The onset temperature of reduction is mutually reduced and the conversion 
rates to Fe3O4 and Ni are increased. Fe-20Ni-5Mo microfilaments printed with coarser, 
elemental powder (~3 µm) show slower sintering and compositional homogenization as 
compared to inks of blended oxide, as the coarser metal particles provide lower surface/volume 
ratio and higher diffusion distances. Using micron-size oxide powders (rather than coarser 
metallic particles) accelerates kinetics of reduction, sintering and interdiffusion which reduces 
costs and energy in 3D ink-printing, improves filament surface quality, but doubles the extent of 
shrinkage. 
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1 Introduction 

Many approaches exist for material deposition during additive manufacturing [1–3]. For metals 

and alloys, 3D-extrusion ink-printing has recently been developed as an alternative to classical 

beam-based AM approaches (e.g., selective laser melting or sintering, and e-beam direct metal 

deposition) [4–12]. It combines the formulation and 3D deposition of an extrudable ink 

containing metal powders with an isothermal sintering step; this eliminates some of the 

disadvantages of beam-based AM approaches linked with the very rapid heating and cooling, 

such as compositional gradients, local changes in microstructures, entrapped gas, cracking and 

distortions due to residual stresses [13]. Additionally, inks may contain compound and 

precursor powders (such as oxides and hydrides) which can be reduced or decomposed to the 

metals during sintering in H2 or vacuum [10,14–17]. Combining different oxides allows to create 

alloys directly from blended feedstock, further reducing the costs and risks related to fine metal 

powders typically used in beam-based AM [5]. The alloys created from blended oxides can be 

complex, as has been recently demonstrated by 3D ink-extrusion, reduction and sintering of 

CoO+Cr2O3+Fe2O3+NiO particles blend to synthesize 125-µm-diameter microfilaments (and 

scaffolds built from these filaments) of equiatomic CoCrFeNi high-entropy alloy with excellent 

ambient and cryogenic mechanical performance [18]. Taylor et al. studied Fe and Ni 

microscaffolds 3D-extruded from metallic or oxide-loaded inks and reported increased porosity 

in the metal-derived parts [16]. However, a direct comparison of oxide- and metal-based inks 

for more complex alloys, their phase evolution, alloy formation and sintering kinetics is missing 

so far. 
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The reduction of metal oxides by pure hydrogen has been studied in detail over the last 

century. The full reduction of Fe2O3 to metallic iron in H2 can be achieved at temperatures as 

low as 653 K [19]. Below 843 K, the reduction sequence proceeds as Fe2O3→Fe3O4→Fe, while at 

higher temperature FeO is stable as an intermediate phase prior to Fe formation [20]. 

Reduction of NiO can be achieved at temperatures as low as 448 K [21]. Formation of Ni nuclei 

on the surface of NiO particles has been observed as first stage of reduction [22]. In H2, MoO3 

reduces to MoO2 above 723 K and to metallic Mo above 873 K [23]. Reduction of MoO3 in Ar-

5%H2 was found to preferably occur in larger crystallites due to internal stresses leading to 

cracking, as well as forming a Mo4O11 intermediate phase [24]. Detailed studies of MoO2 

reduction in H2 show an onset of reduction at 850 K, with heating rate dependent conversion 

rates [25]. The morphology of the formed Mo powder depends on reduction temperature and 

changes from highly cracked and porous to spheroidal at 1173 K [26].  

Co-reduction of complex oxides or oxide blends allows to directly form alloys as demonstrated 

in Fe-Cr from FeCr2O4 [27–30] or from mixed Fe2O3+Cr2O3 [31–34], Co-Cr from CoCr2O4 [35], Fe-

Ni from Fe2O3+NiO [36] and Fe-Ni-Cr from Fe2O3+NiO+Cr2O3 [37]. The former study on co-

reduction of Fe2O3+NiO, Fe2O3+Ni and NiFe2O4 found that the first blend has lower reduction 

start temperature and higher conversion rates. Additionally, the activation energy of this 

reaction is lower than for Fe2O3 and NiO individually, indicating a synergistic effect between 

Fe2O3 and NiO. Co-reduction of blended oxides to form alloys has been exploited in (additive) 

manufacturing to create Fe-Cr extruded honeycombs from Fe2O3+Cr2O3 [38], Fe-Ni-Co-Mo 

maraging steel from binder-jetted blended oxides [39,40], martensitic steel and other alloys 



   
 

  5 
 

[41,42] and most recently CoCrFeNi high entropy alloy scaffolds and microfilaments from 3D-

ink-extruded blended oxide [18]. 

Alloys based on the Fe-Ni-Mo system, often with additional alloying elements, find widespread 

applications as maraging steels and magnetically-soft materials [43–46]. While the Fe-Ni system 

provides the basic set of sought-after properties, Mo is typically added to increase mechanical 

performance. Additionally, Fe-Ni-Mo alloys also tend to have high ductility [47]. Here, Fe-20Ni-

5Mo (at.%) is used as a model alloy system with i) a majority Fe content similar to alloyed 

steels, ii) a high Ni content as found in maraging or martensitic steels, iii) Mo as alloy addition 

with comparably small X-ray absorption to enable in situ X-ray diffraction and imaging 

experiments and iv) a composition at the boundary between single phase fcc-matrix and 

intermetallic µ-phase allowing to observe homogenization and dissolution of Mo in the (Fe,Ni) 

matrix. 

In this work, we study phase and shape evolution - upon debinding, co-reduction and sintering 

in H2 - of single microfilaments extruded from inks containing blends of Fe2O3+NiO+MoO3 oxide 

powders or Fe+Ni+Mo metallic powders. In situ X-ray diffraction and X-ray tomography 

measurements are combined to study the alloy formation and densification kinetics and 

compare blended oxide with mixed metal inks. Experiments are performed on single 

microfilaments, the building blocks of larger 3D printed parts, and the obtained results transfer 

directly to manufacturing of complex objects, such as scaffolds [18]. 
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2 Experimental Procedures 

2.1 Ink preparation and microfilament extrusion 

The printing inks are prepared from Fe2O3 (<1 µm, ≥99%, Sigma-Aldrich), NiO (<3 µm, 99%, 

Sigma-Aldrich), MoO3 (6 µm, 99.9%, US Research Nanomaterials), Fe (6-10 µm, 99.8%, Alfa 

Aesar), Ni (3-7 µm, 99.9%, Alfa Aesar) and Mo (3-7 µm, 99.95%, Alfa Aesar) powders, poly-

lactic-co-glycolic-acid (PLGA, 82:18, Evonik Industries), dibutyl phthalate (DBP, Sigma-Aldrich), 

ethylene glycol butyl ether (EGBE, Sigma-Aldrich) and methylene chloride (DCM, Sigma-Aldrich). 

Batches of mixed oxide powders (target compositions after reduction: Fe-20Ni, Fe-20Ni-5Mo, 

at.%) are dry mill-mixed for 90 min (Al2O3 media, 15 g powders, ball-to-powder ratio: 0.28, SPEX 

8000M). Pure Fe2O3 and NiO are milled and printed as control. Inks were also prepared from 

elemental metallic powders without powder milling, with the same Fe-20Ni-5Mo (at.%) target 

composition. All inks are prepared by combining PLGA (dissolved in DCM) and DBP with a 

suspension of blended oxide or metal powder in DCM with the EGBE surfactant. The low 

viscosity ink is then thickened in a heated sonicated bath at 45 °C by solvent evaporation to a 

printable, shear-thinning state with a viscosity of about 40 Pa∙s. Extrusion is performed on an 

Envisiontec 3D Bio-plotter using tapered plastic nozzles (250 and 330 µm opening diameter, 

Nordson EFD, USA), at a vertical offset of 20 cm to produce single extruded microfilaments that 

are captured on aluminium foil.  

2.2 In situ X-ray diffraction 

In situ X-ray diffraction is performed in flowing (1.3 ml/min) 99.9999% H2 or Ar-5%H2 at 

elevated temperatures with a monochromatic beam (19.9 keV, 0.7x1.4 mm, Mythen II array 
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with 120° 2θ coverage, 24 s exposure, 3° rocking angle) at the Material Science powder 

diffraction beamline X04SA of the Swiss Light Source (Paul Scherrer Institut, Switzerland). LaB6 

(NIST 660c) and Si (NIST 640c) powders are used as calibration standards. Details of the 

diffraction setup are published elsewhere [18]. In brief, the printed microfilament (2x0.25x0.25 

mm) is placed within a 0.5 mm quartz capillary and heated by a hot blower (capable of reaching 

~1000 °C with air as carrier gas) during continuous data acquisition and temperature ramping. 

Data post-processing and plotting is performed using Python (Anaconda, Continuum Analytics). 

Perceptually uniform colormaps are retrieved from the cmocean package [48]. All 

diffractograms are background-corrected using asymmetric least-squares smoothing [49]. 

Integrated peak areas are calculated by direct numerical integration of the measured data. Peak 

centers are obtained by fitting Pseudo-Voigt profiles to the data using the lmfit package [50].  

2.3 Interrupted X-ray tomography 

Interrupted tomography during sintering experiments is performed with monochromatic X-rays 

(36 keV, cryo-cooled CCD camera, 1500 rotations from 0° to 180°, 21 s exposure, 2.4 µm3 voxel 

size) at the DND-CAT 5-BMC beamline at the Advanced Photon Source (Argonne National Lab, 

USA). Tomographic imaging was performed sequentially on a single extruded microfilament 

(printed with a 330 µm nozzle diameter) in six sequential states: (i) as-printed from oxide 

blends, (ii) after reduction at 650°C for 1h in H2, (iii) after heating (10 K/min) to the sintering 

temperature, and (iv-vi) after 400, 1200 and 3600 s isothermal sintering. Another test with the 

same steps was performed on a microfilament printed from metallic powder inks. Specimens 

are contained in 0.5 mm quartz capillaries and sealed under vacuum after reduction (99.999% 

H2, GSL-1500X-50HG, MTI, USA). Interrupted heat treatments of specimens in sealed quartz 
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capsules are performed in muffle furnaces (FB1400, Thermolyne) in between tomography 

scans. Data post-processing and reconstruction using filtered-backprojection is performed on a 

6-node cluster at the beam line using custom code. Visualizations and measurements on 

interrupted tomography data sets are performed in Amira (Thermo Fisher). 

2.4 Characterization 

Temperature-programmed reduction (TPR) was examined using a thermogravimetric analyzer 

(100 mg sample, 10 K/min, 99.999% H2, Al2O3 crucible, Netzsch STA 449F5) measuring the mass-

loss characteristics of (i) milled pure Fe2O3 ,(ii) blended Fe2O3+NiO and Fe2O3+NiO+MoO3 

feedstock powders and (iii) extruded Fe2O3 ink. Specimens for microscopic cross-section 

analysis are embedded, ground and polished (Epothin2, Buehler, SiC P600 – P2500, diamond 3-

1 µm, lapping with SiO2). Scanning electron microscopy is performed for microstructural 

analysis (C coated specimens, Hitachi SU8030, FEI Quanta 650, Oxford EDX detectors). Porosity 

is measured using ImageJ and thresholding. Surface roughness is measured on the 

microfilaments after interrupted X-ray tomography (Olympus LEXT OLS5000, 0.12 µm height 

step size). Surface arithmetical mean height (Sa), the most commonly used roughness metric 

and the 2D equivalent of the one-dimensional arithmetic mean profile height Ra, is obtained 

from the scanned surfaces. 

3 Results 

3.1 Kinetics of co-reduction of blended oxide inks  

As shown in Figure 1a, TPR of the three pure or blended oxides reveals sequential reduction 

steps. First, milled pure Fe2O3 is reduced in a two-step reaction: (i) to Fe3O4 starting at 573 K 
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and (ii) directly to Fe starting at 663 K, below the temperature of 873 K where FeO becomes 

stable [20]. Second, the addition of NiO to the blend (Fe-20Ni after reduction) adds, starting at 

540 K, a characteristic NiO→Ni mass drop and peak. Third, upon addition of MoO3 to the blend, 

all previous peaks are present, but the Fe2O3→Fe3O4 peak becomes broader, indicating that 

MoO3→MoO2 reduction occurs in the same temperature range, as indicated in literature. A 

broad peak above 873 K is consistent with MoO2→Mo reduction.  

 

 

Figure 1 - Kinetics of binder removal and oxide co-reduction of blended oxides. Plots of mass loss (and mass loss rate) vs. 
temperature during heating at 10 K/min under flowing H2. (a) Reduction of binder-less, dry-mill-mixed oxide powders: (i) Fe2O3, 
(ii) blended Fe2O3+NiO and (iii) blended Fe2O3+NiO+MoO3. NiO is least stable and reduces first to Ni at ~540 K (marked in 
graph), followed by the Fe2O3→ Fe3O4→Fe reduction sequence and finally the MoO2→Mo reduction. The MoO3→MoO2 
reduction does not appear with its own peak and may be occurring at the same temperature as Fe2O3→ Fe3O4 or Fe3O4→Fe. 
The total mass loss is 28-29%. Curves are shifted for better visibility. (b) Binder removal and oxide reduction of milled, extruded 
and dried Fe2O3:PLGA:DBP ink. After initial removal of residual EGBE and DCM below 380 K, DBP is removed at 380-490 K, 
followed by PLGA decomposition at 493-573 K. The reduction of Fe2O3 is unaffected by the previous presence of binder and 
proceeds as in the milled (binder-free) feedstock powder shown in (a). Binder removal accounts for a 17% mass loss, with 
another 25% mass loss attributed to oxygen removal, for a total of 42% after full reduction to metal. Comparing co-reduction 
and binder removal graphs (a and b) shows that NiO reduction initiates at 540 K, prior to full removal of PLGA at 573 K. As DBP 
is removed at temperatures below 493 K, the resulting porosity is sufficient for gas flow into (H2) and out of (H2O) the powder 
aggregates 

Figure 1b shows that the extruded Fe2O3:PLGA:DBP ink undergoes sequential removal of the 

binder constituents during TPR. At first, residual DCM and EGBE, which is instable in air and 

continuously decomposes in the green body state, are removed. Between 380 and 493 K, DBP is 
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removed, directly followed by PLGA which decomposes until 573 K. Upon further heating, the 

remaining Fe2O3 follows the same reduction mass loss as dry, binder-less Fe2O3 powder (shown 

in Figure 1a), indicating that the binder has no influence on the oxide reduction pathway or 

kinetics. Binder loss accounts for a 17% mass loss, somewhat less than the 25% mass loss due to 

reduction of Fe2O3. The former value depends on the amount of residual DCM and EGBE in the 

printed structure, which in turn are a function of drying or storage time after printing. Based on 

TGA measurements on milled feedstock powder (Figure 1a), NiO reduction starts prior to full 

removal of all PLGA. However, due to a graded volatility and sequential decomposition of the 

binder, the removal of DCM, EGBE and DBP prior to removal of PLGA is sufficient to maintain 

gas access to all powders within the microfilament, based on successful Ni microlattice 

fabrication using the same ink system [16]. Residual binder may also be consumed by 

carbothermal reduction of the oxides (liberating CO/CO2), occurring alongside hydrogen 

reduction (liberating H2O). However, with PLGA, this effect appears to be limited: in pure Fe2O3 

reduced to Fe, it was found that the PLGA:DBP binder system leads to significant carbon uptake 

into reduced Fe instead of being consumed, effectively alloying the Fe to form high-carbon steel 

[51].  
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3.2 Interdiffusion and homogenization to Fe-20Ni-5Mo after reduction of mixed oxide 

powders 

 

Figure 2 - Influence of H2 concentration on phase evolution during co-reduction and interdiffusion for Fe-20Ni-5Mo 
microfilaments printed from Fe2O3+NiO+MoO3 inks (250 µm nozzle). Stacked XRD diffractograms as a function of temperature 
(10 K/min heating rate) for co-reduction in flowing pure H2 (a) and Ar-5% H2 (b). Intensity is scaled logarithmically to reveal 
small peaks, e.g. from the µ-phase. (a) In pure H2, NiO is reduced first forming fcc-Ni, followed by the Fe2O3 → Fe3O4 → bcc-Fe 
reduction sequence. Both metallic phases then interdiffuse forming a fcc-(Fe,Ni) structure. The bcc-Fe phase is completely 
consumed by 973 K. Above 673 K, MoO3 is reduced to MoO2 with bcc-Mo appearing above 773 K. Starting at 1023 K Mo then 
diffuses into the fcc-(Fe,Ni) changing its lattice parameter. (b) In Ar-5% H2, the reduction temperatures for all oxides are 
increased significantly and their complete reduction is sluggish. Fe2O3 is reduced at ~923 K forming Fe3O4 and FeO. NiO is 
partially reduced to Ni at 723 K but persists until 1073 K. The formation of bcc-Fe is delayed, leading to a late formation of the 
fcc-(Fe,Ni) alloy and limited interdiffusion with Mo. Due to the presence of FeO and potential restricted gas access, newly 
formed bcc-Fe appears until the very end of the reduction experiment.  

The phase evolution and reduction temperatures of ink-extruded Fe2O3+NiO+MoO3 is strongly 

dependent on the hydrogen content of the atmosphere (Figure 2). In flowing H2 (Figure 2a), NiO 

reduces first to Ni above 573 K, followed by the Fe2O3→Fe3O4→Fe sequence starting at 610 K 

and the MoO3→MoO2→Mo sequence starting at 673 K. Initially, all metals are formed in their 
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pure form as fcc-Ni above 573 K, bcc-Fe above 600 K and bcc-Mo above 773 K. All metals show 

wide peaks indicative of small grain sizes (and possibly also microstrain). Above 673 K, bcc-Fe 

and fcc-Ni interdiffuse forming a fcc-(Fe,Ni) phase, visible as a wide tail from the fcc-Ni peaks to 

the fcc-(Fe,Ni) peaks. Within this tail, all local compositions with continuously changing lattice 

parameters are contained. Initially, this phase prevails and thermally expands while MoO2 starts 

reducing to Mo. Above 1023 K, Mo diffuses into the (Fe,Ni) matrix, visible as a shift of the fcc-

peaks to lower Q values indicating lattice expansion, until after saturation a small amount of 

intermetallic µ-phase ((Fe,Ni)7Mo6) is formed. At the end of the in-situ co-reduction the alloy 

consists of a fcc-(Fe,Ni,Mo) matrix with small µ-phase inclusions.  

In Ar-5%H2 (Figure 2b), the reduction of all oxides is delayed, and the reduction kinetics are 

sluggish. NiO starts to reduce to Ni at 723 K (+150 K as compared to H2) and NiO remains 

measurable until ~1073 K. Similarly, Fe2O3 starts to reduce only at 900 K (+290 K) and is present 

until ~1123 K. FeO is detected above 923 K upon reduction of Fe3O4, adding an additional phase 

to the reaction sequence. MoO3 is less affected than the other oxides and starts reducing at 

~773 K (+100 K). This changes the initial reduction order in the material from NiO>Fe2O3>MoO3 

in pure H2 to NiO>MoO3>Fe2O3 in Ar-5%H2. Ar-5%H2 reduction also allows NiO and Fe2O3 to 

coexist with MoO2 above 973 K. With only fcc-Ni present as metal below 923 K, interdiffusion is 

significantly delayed until bcc-Fe is formed. Simultaneous to Fe formation, fcc-(Fe,Ni) is 

observed with the characteristic tail due to a wide distribution of compositions enabled by the 

full solubility between Fe and Ni. Metallic bcc-Mo is observed above 1123 K and forms a small 

amount of µ-phase. Due to the upward shift of reduction temperatures and the coexistence of 

oxides and metallic matrix over a large temperature range, some oxides are being encapsulated 
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by metal. This greatly reduces gas access required for reduction. FeO is observed intermittently 

between 1073 K and 1173 K leading to late formation of fresh bcc-Fe once reduced. The final 

stage after co-reduction is also predominantly fcc-(Fe,Ni,Mo)+µ like for reduction under pure 

H2. However, the prolonged co-existence of metal and oxide create a potential source of 

porosity (by preventing sintering), as well as residual oxide inclusions (via encapsulation) in a 

sintered part.  

Figure 3 illustrates synergistic effects and interactions between the mixed Fe2O3+NiO+MoO3 

oxides which affect their reduction kinetics and the final phase evolution. Figure 3a shows that 

H2 concentration (5 vs. 100%) in the gas phase strongly influences the oxide reduction 

chronology and their reduction kinetics upon co-reduction. In pure H2, when a threshold 

temperature is reached, reduction initiates and proceeds rapidly in all oxides. By contrast, in Ar-

5%H2, the initiation temperature is shifted to higher temperatures and conversion is slower, 

once initiated. Additionally, NiO and Fe2O3 show a multi-step reduction behavior as opposed to 

the single stage observed in pure H2. NiO starts reducing at 723 K, but the conversion rate 

remains low until temperature exceeds 900 K. At that temperature Fe2O3 reduction is initiated 

and MoO3 has been entirely reduced to MoO2. The presence of MoO3 has a retarding effect on 

Fe2O3 and NiO reduction in the Fe2O3+NiO+MoO3 blends.  
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Figure 3 - Co-reduction kinetics and lattice expansion during co-reduction and interdiffusion in microfilaments printed from 
Fe2O3+NiO+MoO3 inks (250 µm nozzle). (a) Plots of normalized peak intensity as function of temperature for Fe2O3, NiO and 
MoO3 upon co-reduction of Fe-20Ni-5Mo in H2 and Ar-5%H2. Delayed onset of reduction and sluggish reduction kinetics are 
observed in Ar-5% H2. (b) Normalized peak intensity as function of temperature for NiO and Fe2O3 forming pure Fe or Ni, and 
Fe-20Ni and Fe-20Ni-5Mo after homogenization. Fe2O3 and NiO show synergistic effects mutually reducing the onset of 
reduction and increasing the conversion rate. MoO3 reduces conversion rates and at 5% H2 increases the onset of Fe2O3 
reduction by 190 K. (c) Lattice parameters of NiO and the fcc-(Fe,Ni,Mo) phase as function of temperature and hydrogen 
content during reduction. NiO shows a thermal expansion of 13 ppm/K up to its reduction, which is shifted from 673 K in pure 
H2 to ~1073 K in Ar-5%H2. In Ar-5%H2, as compared to pure H2, fcc-(Fe,Ni,Mo) forms later, shows later homogenization of Fe 
and Ni and allows limited Mo diffusion. (d) Lattice parameters of fcc-Ni (from pure NiO), fcc-(Fe,Ni) (from Fe2O3+NiO) and fcc-
(Fe,Ni,Mo) (from Fe2O3+NiO+MoO3) as function of temperature in H2. Target compositions are indicated. Pure Ni shows only 
thermal expansion. Interdiffusion of Fe and Ni rapidly expands the lattice parameter in Fe-Ni and Fe-Ni-Mo solid solutions, 
followed by thermal expansion of the fcc-(Fe,Ni) phase. Above 1023 K, Mo diffuses into fcc-(Fe,Ni) to form fcc-(Fe,Ni,Mo), thus 
further expanding the lattice. 

This effect of the presence of the other oxides on the reduction kinetics of Fe2O3 in H2 and Ar-

5%H2, and of NiO in H2 are shown in Figure 3b. Three milled powders – pure Fe2O3, pure NiO 

and mixed Fe2O3+NiO (forming Fe-20Ni) respectively - are subjected to the same in situ XRD co-
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reduction experiment to deconvolute the synergistic effects between the oxides. First, the 

curves for NiO with and without Fe2O3 show that the initiation temperature for reduction is 

lowered by 70 K when Fe2O3 is present. The additional presence of MoO3 prolongs the time for 

full conversion to Ni but does not affect the onset temperature. Second, Fe2O3 reduced in H2 

shows a slight reduction of the onset temperature (by 13 K) in the presence of NiO, but no 

measurable effect if MoO3 is additionally present in the blend. Third, for Fe2O3 reduced in Ar-

5%H2, both NiO and MoO3 have more pronounced effects. The presence of NiO slightly reduces 

the onset temperature and increases the conversion rate, similarly as in H2. However, MoO3 

increases strongly the onset temperature, by 290 K. These results suggest that even small 

additions of MoO3 have a direct influence on the conversion rates and reduction temperatures 

of the majority Fe2O3 and NiO-based blend. Especially in Ar-5%H2, with a limited amount of H2 

available, MoO3 appears to reduce preferentially and thus delays the reduction of Fe2O3 and 

NiO until it is fully consumed. The synergistic effects of the presence of the three oxides (NiO, 

Fe2O3, and MoO3) upon NiO and Fe2O3 conversion kinetics are summarized in Table 1. The 

values shown are maximum conversion rates determined from normalized XRD peak intensity 

changes (Supplementary Figure 1). NiO and Fe2O3 mutually double their conversion rates, while 

MoO3 halves the original NiO conversion rate.  

The evolutions of the NiO and fcc-(Fe,Ni,Mo) lattice parameters as a function temperature 

during reduction in H2 and Ar-5%H2 are shown in Figure 3c. The NiO lattice parameter shows 

the reproducibly of the experiment based on the similar thermal expansion until reduction in 

both atmospheres. Based on shifted reduction temperatures, delayed fcc-phase formation, 

homogenization of Fe and Ni, and limited Mo interdiffusion are observed in Ar-5%H2. 
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Additionally, the metallic fcc-(Fe,Ni,Mo) phase and NiO coexist in Ar-5%H2 but are temporally 

separated in H2. Minimized coexistence of oxides and metal avoids encapsulation and loss of 

gas access and is considered beneficial to achieve near full density after sintering. The formed 

fcc-phase has complex evolution of its lattice parameter (Figure 3d). In order to deconvolute 

the effects of the various elements, the fcc-phases formed from pure NiO and from Fe2O3+NiO 

are shown for comparison. Pure fcc-Ni shows only thermal expansion as expected. In the 

presence of Fe, the fcc-(Fe,Ni) shows a rapid increase of its lattice parameter, indicating Fe and 

Ni interdiffusion. Homogenization is achieved at 823 K above which only thermal expansion of 

the fcc-(Fe,Ni) lattice is observed. In co-reduced Fe2O3+NiO+MoO3, the first formed fcc-phase 

initially only consist of Fe and Ni, as Mo has not been reduced yet (Figure 2). This fcc-(Fe,Ni) 

phase expands thermally in a similar manner as the fcc-(Fe,Ni) phase formed in Fe2O3+NiO. 

Above 1023 K, the fcc-lattice further expands until the end of the experiment, indicating 

continuous influx of Mo atoms into the fcc-structure until its saturation and formation of µ-

phase. In both Fe-20Ni and Fe-20Ni-5Mo, a detailed inspection of the fcc-peak suggests the 

presence of small amounts of Ni-rich or Mo-rich fcc-phases within the matrix (Supplementary 

Figure 2). While the majority of the matrix appears to be homogenized, a few remaining areas 

are slightly enriched in Ni or Mo, most likely associated with the largest powder particles within 

the size range, that take the longest time to homogenize with the surrounding matrix. The 

presence of larger Mo agglomerates is confirmed by microstructural analysis of co-reduced 

specimens (Supplementary Figure 3).  After reduction of MoO3 to MoO2 and finally to Mo, the 

resulting reduced Mo particles appear significantly smaller than their parent MoO3 particles. 

The shrinkage upon oxygen removal is accommodated by depositing the freshly formed Mo on 
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the outside of the original MoO3 and in contact with the surrounding Fe-Ni matrix, creating a 

void at the prior MoO3 particle. The freshly formed Mo has a small particle size below 500 nm. 

This small grain size accelerates Mo dissolution in the surrounding Fe-Ni matrix and, after 

exceeding maximum solubility, formation of µ-phase. 
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Table 1 - Synergistic effect of NiO and Fe2O3 on conversion kinetics Maximum conversion rates in H2 

based on XRD data (Figure 3a,b) for NiO → Ni and Fe2O3 → Fe3O4 ultimately forming pure Ni or Fe, Fe-

20Ni and Fe-20Ni-5Mo after co-reduction and homogenization. 

Alloy 
 

Maximum conversion rate (% / K) 

NiO → Ni Fe2O3 → Fe3O4 

Fe - 1.7 

Ni 3.3 - 

Fe-20Ni (at.%) 7.1 3.3 

Fe-20Ni-5Mo (at.%) 1.8 2.9 

 

3.3 Interdiffusion and homogenization to Fe-20Ni-5Mo for mixed metal powders  

 

Figure 4 – Interdiffusion, homogenization and phase evolution in microfilaments printed from blends of elemental Fe+Ni+Mo 
powders ink (250 µm nozzle size). Stacked XRD diffractograms as a function of temperature (from 875 to 1373 K, at 10 K/min 
heating rate, followed by holding for 1 h) for co-reduction in flowing pure H2 of Fe+Ni+Mo powder inks (with average Fe-20Ni-
5Mo composition). Prior to XRD, the printed Fe+Ni+Mo microfilament was debinded in H2 at 923 K for 1h, vacuum-
encapsulated in a quartz capillary and rapidly heated to 875 K. During debinding, limited interdiffusion of Fe and Ni forms fcc-
(Fe,Ni) with bcc-Fe, bcc-Mo and fcc-Ni still being present. Upon heating to 1373 K, all remaining Ni and Fe is consumed forming 
fcc-(Fe,Ni). Local differences in composition lead to a wide range of lattice parameters, visible as broad distribution of Q (tails). 
Mo starts to react with Fe and Ni, forming µ-phase, in the last stage of the heating ramp. Isothermal holding leads to full 
reaction of Mo to µ-phase and interdiffusion to form a fcc-(Fe,Ni,Mo) solid solution. Homogenization progresses slowly and is 
still incomplete after 1 h at 1373 K, as indicated by gradually reduced spread in Q for fcc-(Fe,Ni,Mo). 

Using oxide precursors in ink extrusion printing necessitates a co-reduction step before the 

nascent metal can interdiffuse creating an alloy. The alternative is to use inks with blends of 

metallic powders. Figure 4 shows the phase evolution and homogenization of Fe-20Ni-5Mo 

from metallic Fe+Ni+Mo powder inks, allowing a comparison with the co-reduced milled 
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Fe2O3+NiO+MoO3 blends with the same final composition (Figure 2b). The experiment was 

performed in evacuated and sealed quartz capsules after debinding and slight pre-sintering of 

the microfilament in H2. After rapid heating to 875 K, the specimen is ramped with 10 K/min 

and isothermally sintered at 1373 K for 1 h. Beside bcc-Fe, fcc-Ni and bcc-Mo, which were 

added as fine powders to the ink, fcc-(Fe,Ni) is already present. It is formed during the 

debinding and pre-sintering step but has a broad range of compositions and lattice parameters, 

as indicated by the wide tail above Q=30 nm-1 spanning from fcc-(Fe,Ni) to fcc-Ni. Upon heating, 

all Ni and Fe is consumed by fcc-(Fe,Ni), while pure Mo remains distributed in the 

microfilament. Just prior to reaching the isothermal stage at 1373 K, formation of µ-phase is 

observed. With metallic Mo present, the µ-phase is expected to form at the interface between 

the fcc-(Fe,Ni) matrix and the Mo particles. During the isothermal stage, Mo is fully consumed 

by dissolving into the fcc-(Fe,Ni,Mo) solution and by formation of µ-phase (see Supplementary 

Figure 3). Complete homogenization of the fcc-(Fe,Ni,Mo) is not achieved between Fe and Ni, as 

evidenced by the wide tail in the fcc-peaks. With grain coarsening, rotation and shifting, the 

grain statistics of the measurement deteriorate, creating temporal fluctuations, visible as 

horizontal streaks, depending on which grains fulfill the diffraction condition and contribute to 

the measurement. During the measurement, the specimen is being rocked by ±3° to increase 

the number of grains contributing to the obtained diffracted intensity. Many different 

compositions coexist, due to local interdiffusion at contact points between Fe, Ni and Mo 

particles. When a specific region is rotated into diffraction conditions upon rocking the 

complete flow cell assembly, increased diffraction intensity is recorded. Thus, the streaks on 

independent hkl peaks do not align, as they do not fulfill the diffraction condition 
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simultaneously. This also excludes large variations in incident beam intensity as main source. 

Combined with a continuous homogenization, the horizontal width of the streaks is reduced 

during the experiment. An additional factor appears to be that locally, upon diffusion, the 

original crystal orientation is maintained. Thus, if rotated into and through the diffraction 

condition, a line segment becomes visible as the crystal has one orientation, but a range of 

lattice parameters depending on its local composition. 

Despite using comparably fine metal powders, 6-10 µm for Fe and 3-7 µm for both Ni and Mo, 

homogenization cannot be achieved within similar times and temperatures compared to co-

reduced Fe2O3+NiO+MoO3 blended from finer oxides (<1 µm for Fe2O3, <3 µm for NiO and 6 µm 

for MoO3). Such small metal powders tend to be expensive, sensitive to oxidation (possibly 

necessitating again the presence of H2) and pyrophoric, while the oxide powders are fully stable 

and low cost, and can be used at nanometric dimension, thus accelerating interdiffusion.  

3.4 Densification in co-reduced oxide blends and mixed metal blends  

Figures 5(a,b) show the densification kinetics in Fe-20Ni-5Mo microfilaments consisting of co-

reduced oxide blend and from a metallic powder blend, respectively, as studied using 

interrupted X-ray tomography and metallography. Reconstructions of the same microfilament 

evolving from as-printed green body to fully sintered alloy are used to visualize and measure 

shrinkage and shape preservation. The co-reduced and sintered Fe2O3+NiO+MoO3 

microfilament, shown in Figure 5a, undergoes most of its shrinkage in the debinding and 

reduction steps. Despite the large shrinkage and chemistry changes, surface features are fully 

preserved throughout the process, albeit they shrink with the rest of the microfilament, which 
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achieves a diameter of ~190 µm after sintering. These features can be subsequently tracked 

and used to obtain linear shrinkage. In comparison, as shown in Figure 5b, the microfilament 

extruded from metallic Fe+Ni+Mo powders only shrinks by binder removal (and possibly also by 

particle re-arrangement) prior to sintering, achieving a diameter of 250 µm. Both approaches 

produce microfilaments (and thus 3D-ink printed structures) with smooth surfaces with a 2-D 

roughness Sa <2 µm, which is much smoother than typical selective laser melting (e.g., 

arithmetic mean roughness Ra ~14 µm in 316L stainless steel [52]) (Supplementary Table 1). 

Surface roughness degrades fatigue resistance of a scaffold (as stress concentrations help 

nucleate cracks) and it reduces its static strength, at a given relative density (as some of the 

surface material is less, or even not, load-bearing) [53]. While 3D ink printing and sintering 

leads to high shrinkage, it provides smooth surfaces, which is particularly important for 

microlattices given their high surface to volume ratio; by contrast, selective laser melting 

creates microlattices with no macroscopic shrinkage, but with struts showing high surface 

roughness [54].  
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Figure 5 - Densification and microstructural evolution of co-reduced oxide and mixed metal Fe-20Ni-5Mo microfilaments. 
Reconstructions from interrupted synchrotron tomography of the same microfilament for (a) co-reduced oxide and (b) mixed 
metal Fe-20Ni-5Mo printed with a 330 µm nozzle sintered to a final diameter of ~190 and ~250 µm, respectively. Images show 
six successive states: as-extruded; debinded+pre-sintered in H2 at 923 K; dynamically heated to 1373 K (1 s); and isothermally 
sintered for 400, 1200 and 3600 s. Binder removal, and shrinkage for the oxide, accounts for the majority of dimensional 
change. Surface features (circled on the microfilaments) are fully preserved through all states and are used to track shrinkage. 
(c) Plot of linear shrinkage (from tomography) and porosity evolution (from cross-sections and SEM) of the microfilaments, 
from the as-extruded, green stage to sintered stage. Binder loss and dynamic sintering during heating to 1373 K (10 K/min) 
account for the majority of porosity reduction and a significant part of linear shrinkage on both microfilaments. (d) 
Metallographic cross-sections showing microstructural evolution of mixed metal (top) and co-reduced oxide (bottom). Mixed 
metal powders show limited homogenization and slow sintering. The microfilament created from co-reduced oxides rapidly 
homogenizes, sinters and forms small (<2 µm) µ-phase particles. 

As illustrated in Figure 5c, after sintering at 1373 K for 1 h, oxide-based Fe-20Ni-5Mo 

microfilaments have a linear shrinkage of 40%, almost twice that of the metal-based 

microfilament. The evolution of porosity of a metal-based microfilament, which is ~60% after 

pre-sintering, consistent with a loosely-packed powder assembly after removal of the binder 
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(Figure 5d). Upon heating to 1373 K, dynamic sintering reduces porosity to ~24%. Interdiffusion 

creates a fcc-(Fe,Ni) matrix and µ-phase around the Mo particles. During isothermal sintering, 

porosity is further reduced to ~17%. Simultaneously, the microfilament continues to 

homogenize, as indicated by XRD and microscopy (Figure 4 and 5c). Both processes, 

densification and homogenization, are not complete after 1 h at 1373 K and would need longer 

time and/or higher temperature to finish. Oxide-derived Fe-20Ni-5Mo has <30% porosity after 

co-reduction and pre-sintering at 923 K, half the value of the metal-based microfilament, 

indicating extensive sintering due to the fine metal particle size after reduction. Dynamic 

sintering upon heating to 1373 K reduces porosity to <5% and isothermal sintering achieves 

near-full density within 1 h. Micrometer-sized µ-phase and sub-micrometer pores remain 

distributed in the fcc-(Fe,Ni,Mo) matrix. In comparison, metal-derived Fe-20Ni-5Mo retains a 

network of pores ~5 µm wide. At 17% porosity, just below the percolation threshold for 

spherical pores, a significant part of the pores remains interconnected and form an 

interpenetrating network with the metallic matrix.  

The dynamic sintering kinetics of the alloys studied - Fe, Fe-20Ni and Fe-20Ni-5Mo - are 

composition-dependent (Supplementary Figure 4). Pure Fe, with its bcc-structure below 1183 K, 

sinters the fastest, consistent with its high self-diffusion coefficient in the non-close-packed 

structure [55]. Fe-20Ni, with its close-packed fcc-structure at elevated temperature, has lower 

diffusivity and thus sinters less rapidly at 1173 K. At 1373 K, the diffusion coefficients of fcc-(Fe-

Ni) and fcc-Fe are similar [55], and thus densification is similar. Fe-20Ni-5Mo shows the same 

trend, but starts at lower pre-sintered density, due to the low diffusivity of Mo. The Fe-20Ni-



   
 

  24 
 

5Mo microfilament extruded from mixed metal ink densifies much slower, as expected from its 

larger powder sizes. 

4 Discussion 

Here, we studied phase and shape evolution - upon debinding, co-reduction and sintering in H2 

- of single microfilaments extruded from inks containing blends of Fe2O3+NiO+MoO3 oxide 

powders or Fe+Ni+Mo metallic powders. The main contributions of this work are: (i) the 

comparison of pure H2 and Ar-5%H2 to study the effects of much lower H2 contents that are 

non-explosive with air, (ii) the inclusion of Mo, an element with limited solubility in Fe and a 

tendency to form intermetallics upon homogenization, (iii) the study of co-reduction kinetics 

between three oxides and the associated synergistic effects, and (iv) a focus on an industrially-

relevant alloy system in the Fe-rich corner, for which small additions of alloying elements (i.e., 

5% Mo) require homogenization over larger distances, if elemental powders are used. Earlier 

work focused on creation of equiatomic CoCrFeNi alloy microlattices with excellent cryogenic 

mechanical properties as a proof of concept. The Fe-20Ni(-5Mo) alloys studied here contain 75-

80% Fe and are dominated by its reduction, sintering and interdiffusion behavior.  

4.1 Scalability from filaments to full parts 

The experiments and observations on single microfilaments directly translate into full-scale, 

extrusion-based 3D printing of objects with complex geometries. The smallest building block of 

such structures is a single microfilament, extruded and fused to the underlying layer. If 

microfilament fusion is continuous within the layer, a dense structure is formed. If the 

microfilaments are deposited with some spacing among them, a scaffold is formed, as recently 
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demonstrated for CoCrFeNi high entropy alloy microlattices [18]. A single filament and a 

structure consisting of multiple layers of filaments, such as a cross-ply lattice, is expected to 

show the same phase and structural evolution during synthesis. Upon printing, deposition of a 

wet filament onto a dried layer leads to local re-wetting by solvent and dissolution of the binder 

polymer, thud providing excellent layer-to-layer bonding. 

4.2 Influence of H2 content 

The in situ XRD results clearly show accelerated reduction kinetics as well as the suppression of 

oxide/metal coexistence in pure H2. Sintering in that atmosphere is thus clearly preferable from 

a process time and product quality standpoint. However, sintering in pure H2 requires 

specifically equipped furnaces, extensive safety measures, storage of large quantities of H2 and 

flaring of the gas after passing through the furnace. An Ar-5%H2 gas mixture is non-explosive 

when mixed with air and thus inherently safe to use (including in standard furnaces), does not 

require any additional safety measures and does not need to be flared. The intent of the 

experiments performed here is to demonstrate that such non-explosive gas mixtures can be 

used, and if done so, at what penalty to the process and the resulting product. From a research 

standpoint, the use of Ar-5%H2 might become necessary for future studies simply because 

experiments with H2 struggle to get safety approval at large-scale facilities (e.g., the Advanced 

Photon Source) due to safety concerns but also material compatibility. 

4.3 Synergistic co-reduction effects 

The synergistic effects between Fe2O3 and NiO upon co-reduction, reducing the onset 

temperatures and increasing conversion rates, enables creation of a Fe-Ni alloy at temperatures 
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lower than expected from the pure oxides. Ni is known to dissociate H2 on its surface [56] and is 

used extensively as a catalyst in H2 production, e.g., in Nickel-Hydrogen batteries [57], and in 

water splitting devices [58]. Reduction of Fe2O3 in the vicinity of Ni is thus accelerated, as 

observed here upon co-reduction of Fe2O3+NiO(+MoO3). Interestingly, the presence of Fe2O3 

also has a strong effect on the reduction of NiO itself, significantly lowering the onset 

temperature. Fe2O3 has a very small energy barrier for water dissociation into OH and H on its 

0001 surface [59]. Catalysts combining NiO and Fe2O3 are found to have increased performance 

based on synergistic effects [60]. With Fe2O3 and NiO being known as catalytically-active 

materials in combination with H2 and H2O, it is hypothesized that the synergistic effects 

observed here are caused by similar mechanisms. Future studies involving detailed surface 

chemistry and phase evolutions are required to elucidate the active mechanisms but are 

beyond the scope of this work. However, the use of catalytically-active precursors might be 

exploitable to further reduce the energy consumption and processing times to create complex 

alloys via interdiffusion and sintering. 

4.4 Accelerated sintering and homogenization in co-reduced oxides 

Due to the nature of ink solidification and powder arrangement, the green body density is only 

~60%, as compared to ~90% for conventional powder metallurgy and sintering. Additionally, 

only a fraction of this 60% solid is metal, the rest being oxygen whose loss during reduction 

leads to additional shrinkage. To obtain a high-density specimen in acceptable time frames, 

rapid densification upon sintering is required. This can be achieved effectively by a reduction of 

particle size, as achieved here by co-reducing oxides and harnessing their tendency to form sub-

micron metal particles. 
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The accelerated sintering observed in co-reduced oxides, as compared to mixed metal, can be 

explained by Herring’s scaling law relating powder size and sintering time [61]. This scaling law 

states that the required sintering times    and    to achieve similar densification for two 

powders with diameter    and    are related by an exponent  : 

  

  
 (

  

  
)
 

     (1) 

The exponent   is dependent on the active mechanism: viscous flow ( =1), evaporation and 

condensation ( =2), volume diffusion ( =3), or surface or grain boundary diffusion ( =4). In 

metals,   is expected to be between 3 and 4, depending on the homologous temperature. In 

the current case, it is assumed that densification is dominated by the Fe powder particles, 

which account for 75 at.% of the alloy, while Ni and Mo are dispersed and separated from each 

other. Using a diameter ratio   /  ≈10 for the metallic Fe powder versus the co-reduced Fe2O3, 

the finer co-reduced oxide blend is expected to densify 103 - 104 times faster than the coarser 

mixed metal powder. Comparing the porosity evolution in Figure 5c and estimating the 

required sintering time on a log scale, the acceleration factor appears to be in this range. 

Using mixed elemental powders as an alternative to pre-alloyed metallic powders requires 

interdiffusion to form the compositionally homogenous final alloy. Reduced particle size 

decreases the required diffusion distance    √    , where    is the interdiffusion coefficient 

and   is time. The dimension-less homogenization factor   then scales with the powder size   

as     
   

  
 , when approximating the diffusion distance   with the particle size   [62]. Hence, 

the smaller particle size in co-reduced oxide blends also accelerates homogenization towards 

the desired alloy. While micron-size metallic powders, if available, could be used to achieve the 



   
 

  28 
 

same fast kinetics, use of oxide powders with in-situ co-reduction eliminates issues with 

processing, storage, contamination and handling of ultrafine metal powders. 

4.5 Sustainability of direct oxide reduction with hydrogen 

The use of oxide powders, rather than metal powders, in inks provides several advantages: 

lower process time/energy, no pyrophoric behavior, lack of contamination (e.g. with C, O, H) 

and availability in micron and submicron particle sizes. Additionally, direct co-reduction of oxide 

powders bypasses the long and energy-intensive processing chain needed to achieve fine metal 

powders: from ore reduction, to melting, alloying and casting of ingots, to remelting and 

atomization. In the metal production stage, the use of H2 - if created from electrolysis of water 

via renewable electricity – as reduction agent further reduces CO2 emissions: iron is typically 

produced in blast furnaces by carbothermal reduction of Fe2O3 with coke, with ¾ CO2 molecule 

per atom Fe produced.   

Molybdenum is commercially produced from MoO3 by hydrogen reduction, similar to the 

process used here [63]. However, MoO3 is not mined directly, but created from MoS2 

concentrates. Similarly, nickel sulfide is produced as an intermediate in production of NiO and 

metallic Ni, for example by the Mond process [64]. Thus, using oxides of Mo and Ni for 3D 

printing does not affect emissions and energy consumption from the mined ore to the oxide. 

However, it removes the need to produce, store and handle these elements as metallic 

powders. Alternatively, sulfide ores (e.g. FeS2, NiS and MoS2) could be printed and co-reduced 

with H2 to avoid the conversion step to oxides. Other major alloying elements in steel - e.g., Cr 
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and Mn - are reduced from oxides with iron ore and carbon, and therefore can show lower CO2 

footprint if reduced with H2 created by water electrolysis using renewable electricity. 

5 Conclusions 

In-situ X-ray diffraction and tomography are combined to study the phase evolution, alloy 

formation and densification of ink-extruded, co-reduced Fe2O3+NiO+MoO3, comparing H2 and 

Ar-5%H2 atmospheres. A mixed elemental Fe+Ni+Mo ink is studied for comparison. It is 

concluded that: 

 The blended Fe2O3+NiO+MoO3 ink shows rapid reduction and homogenization upon 

heating in H2 with 10 K/min. This is accompanied by fast densification reaching near-full 

density within minutes at 1373 K.  

 The blended Fe+Ni+Mo ink shows a comparably slower homogenization and only limited 

densification after 1 h at 1373 K. 

 The hydrogen content of the atmosphere strongly influences the reduction start 

temperature of all oxides. In Ar-5%H2, oxides coexist with a partially reduced metal 

matrix for extended periods of time and can be encapsulated by it. Additionally, MoO3 

interferes with Fe2O3 and NiO reduction. 

 Fe2O3 and NiO show strong synergistic effects, mutually reducing the onset temperature 

of reduction and increasing their conversion rates to Fe3O4 (and eventually Fe) and Ni. 

 Comparing oxide- and metal-based inks, sintering and homogenization are greatly 

accelerated for the reduced oxide particles, given their much finer sizes which increase 

the sintering driving force (thermodynamics) and reduce diffusion distances (kinetics). 
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Also, surface quality of the microfilaments is improved but shrinkage is more 

pronounced. This makes additive manufacturing via printing of oxide-based inks 

particularly energy-efficient, beside its applicability to a wide variety of alloys, relying on 

oxides that can be reduced by hydrogen. 

The presented approach of 3D ink extrusion of oxide blends followed by co-reduction and rapid 

sintering is a viable approach for a wide range of technical alloys including Cr, Mn, Fe, Co, Ni, 

Cu, Mo, Ag, and W. In a similar fashion, Ti, Zr, Nb, Hf, and Ta can be used as hydrides followed 

by decomposition and sintering in vacuum. Naturally, all these alloys can also be formulated 

from elemental metallic powders. The compositional flexibility of ink blending, the large 

number of alloys already developed for sintering processes, the minimal residual stresses and 

the inherent microstructural and compositional homogenization upon sintering all make 3D ink 

extrusion (and other deposition + sintering techniques, such as binder jetting or fused 

deposition modeling), viable alternatives to beam-based additive manufacturing. The 

advantage of using oxides is the ability to obtain sub-micron metal powders in the reduction 

process that subsequently accelerate sintering and homogenization (by about a factor 103 in 

this work) and produce a fine surface finish (Sa ~1.3 µm in this work). 

Data availability 

The data that support the findings of this study are available from the corresponding author 

upon reasonable request. 
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