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Abstract
Additive manufacturing (AM) of metals can enable rapid development of advanced parts with complex
geometries, opening potential applications in the aerospace, automotive, and biomedical fields. Most
existing metal AM techniques rely on costly thermally initiated melting or sintering processes, limiting the
fabrication of materials with high thermal conductivity. Alternative vat photopolymerization methods
require incorporating target materials or precursors into the photoresin, leading to increased viscosity,
light scattering, and the need for a different resin composition for each material fabricated. To circumvent
these problems with traditional metal AM techniques, we report an AM process where we infuse aqueous
metal precursors into gels formed via vat photopolymerization and subsequently calcine and reduce the
gels to form metal structures. Our streamlined technique enables the use of a single photoresin
composition and varied post-processing conditions to fabricate a wide variety of metals and alloys with
microscale resolution and highly twinned microstructures. We demonstrate fabrication of microlattices
with <50 µm beam diameters formed from copper, nickel, silver, and alloys thereof, as well as high
entropy and refractory alloys. We found that during the calcination process, the rate of mass loss
associated with the exothermic combustion of the gel scaffold must be controlled to form dense parts.
Microcrystalline microstructures with crystallographic annealing twin densities on the order of 106 m-1

were achieved. Our simple and compositionally flexible hydrogel-based approach to metal AM provides a
pathway to fabricate new classes of metals with non-equilibrium microstructures and enhanced
properties. Furthermore, our method is compatible with commercially successful vat photopolymerization
techniques, showing a clear path to widespread adoption of this technique.

Summary Paragraph
Metal additive manufacturing (AM) enables the production of high value and high performance
components1,2 for aerospace3,4, automotive5,6, and biomedical applications7,8. Layer-by-layer fabrication
circumvents the geometric limitations of traditional metalworking techniques, allowing topologically
optimized parts to be made rapidly and efficiently9–11. Existing techniques rely on thermally initiated
melting or sintering for part shaping, a costly and material-limited process12–15. We report an AM
technique that produces metals and alloys with microscale resolution via vat photopolymerization (VP).
3D-sculpted hydrogels are infused with metal precursors, then calcined and reduced to convert the
hydrogel scaffolds into miniaturized metal replicas. This approach represents a paradigm shift in VP; the
material is selected only after the structure is fabricated. Unlike existing VP strategies, which incorporate
target materials or precursors into the photoresin during printing16–18, our method does not require re-
optimization of resins and curing parameters for different materials, enabling quick iteration,
compositional tuning, and the ability to fabricate multimaterials. We demonstrate AM of metals with
critical dimensions of ~40 µm that are challenging to fabricate using conventional processes. Such
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hydrogel-derived metals have unique and highly twinned microstructures; we demonstrate their link to
measured mechanical properties, providing a pathway to create advanced metallic micromaterials.

Introduction
Metal AM is mostly achieved via costly powder bed fusion and directed energy deposition processes.
Aluminum, magnesium, and titanium can be reliably produced2,19–21 but often suffer from cracks and
interfacial delamination due to repeated melting and solidification12–15. These processes also struggle to
produce materials such as copper and silver ; high thermal conductivity and low laser absorptivity cause
difficulties in thermal initiation and localization of melting or sintering22,23. 

A promising alternative class of techniques is VP, which uses light-initiated free radical polymerization to
shape parts. Digital light processing (DLP) accomplishes this by projecting 2D images of UV light into a
photoresin bath to cure an entire layer of the 3D structure simultaneously. DLP is capable of volumetric
throughputs of up to 100 L/hr with a resolution of ~50 µm,24 and has found varied commercial
applications in the direct manufacturing of shoe soles25, dental molds26, and COVID-19 test swabs27.
Although VP was developed predominantly for use with polymers28, it has also been demonstrated for
organogels29, hydrogels30, glasses16 and ceramics17,31. However, material selection is still limited due to
challenges with resin stability, processability, and synthetic accessibility associated with incorporating
the necessary precursors into photoresins either as a slurry32,33 or as an inorganic-organic mixture34, and
creating metals via VP has remained a challenge in the field. Oran et al. demonstrated AM of nanoscale
silver by using hydrogels as “nanomanufacturing reactors”35,36 in which two-photon activation guides the
infiltration of precursors to volumetrically deposit 3D materials, and Vyatskikh et al. demonstrated AM of
nanoscale nickel by using two-photon lithography to pattern inorganic-organic resins containing nickel
acrylates, followed by pyrolysis and reduction by H2

37. However, these pioneering works are limited in
scope for fabricating a wide variety of metals, requiring complex resin design and optimization, or tuning
of conjugation chemistry for each new material. Other less common techniques such as direct ink writing
(DIW) and material jetting (MJ) use, respectively, extrusion from a nozzle, and controlled deposition of a
binder to define part shape. These methods circumvent the challenges of using heat to define part shape
but struggle in other ways. Copper materials have been fabricated via DIW38 and MJ39, but neither of
these techniques have been able to fabricate copper parts with feature sizes under 100 µm. These
methods, like prior VP methods, require re-optimization based on the desired precursor; DIW requires
tuning ink compositions to achieve a shear-thinning character, and MJ is sensitive to initial powder
characteristics.

Results
Microscale metals fabricated via HI
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We developed a VP-based AM technique, coined hydrogel infusion (HI), which enables fabrication of a
wide range of previously inaccessible microscale metals and alloys from a single photoresin composition
and simple post-processing treatments. We use 3D architected hydrogel scaffolds as platforms for
subsequent in-situ material synthesis reactions, shown schematically in Fig. 1a. To fabricate metal
microlattices, we use DLP (schematic in Supplementary Fig. 1) to print N,N-dimethylformamide
(DMF)-/polyethylene glycol diacrylate (PEGda)-based architected organogels (see Supplementary
Discussion 1 for resin design). DMF was chosen as a solvent for its low vapor pressure, which prevents
compositional drift due to solvent evaporation during printing. The DLP printing step defines the shape of
the final part; the designed octet lattice shape used throughout this work can be found in Supplementary
Fig. 2, and details of the resin composition and DLP printing and swelling parameters can be found
in Supplementary Table 1 and Supplementary Table 2. After printing, a solvent exchange replaces DMF
with water, converting the organogels into hydrogels. The hydrogel structures are then soaked in a metal
salt precursor solution to allow metal ions to swell the hydrogel scaffold. Calcination in air converts the
metal salt-swollen hydrogels to metal oxides, and subsequent reduction in forming gas (95% N2, 5% H2)
yields metal or alloy replicas of the designed architecture. Throughout the process, the part shape,
defined during DLP printing, is maintained, with each dimension undergoing ~60-70% linear shrinkage,
with a concomitant ~65-90% mass loss during calcination (see Supplementary Table 3 for shrinkage and
mass loss several materials). 

HIAM is a general process, theoretically compatible with any material with water-soluble precursors. We
fabricated copper octet lattices; steps of the transformation from organogel to copper metal are shown in
Fig. 1b-e. To fabricate copper, hydrogel structures were soaked in a 2M copper nitrate solution at 70˚C for
24 hours, followed by calcination at 700 ˚C (50 sccm air flow) and reduction at 900 ˚C (150 sccm forming
gas flow). 

To demonstrate the versatility of HIAM compared to previous gel-based VP AM techniques31,35,40, we
fabricated a variety of materials in addition to copper, including common metals Cu, Ni, Ag, and alloys
thereof (see Supplementary Fig. 3), as well as more esoteric materials such as a CuNiCoFe high entropy
alloy and the refractory alloy W-Ni (Fig. 1f). Additional development was required for these materials;
fabrication and characterization of the CuNiCoFe high entropy alloy and the W-Ni alloy are described in
Supplementary Figs. 4 and 5, and Supplementary Discussions 2 and 3, respectively. We also fabricated
multimaterials such as the Cu/Co multimaterial shown in Fig. 1g,h. Compared to existing techniques
which include precursors in the resin or introduce precursors through chemically directed swelling, HIAM
enables facile traversing of a much larger compositional space, and significantly reduces the burden on
resin design and/or developing conjugation chemistry, which may differ depending on the desired
precursor.

HIAM is also distinguished by its ability to be parallelized; several organogels can be printed
simultaneously, swelled in separate solutions, and then calcined/reduced together. Fig. 1i shows 8
hydrogel lattices (precursors of Cu, CuNi, CuNiCoFe, and CuNiCoFeCr) being simultaneously calcined to
form oxides. This parallelization is impossible with any other form of metal AM and is a direct
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consequence of the temporal separation of part shaping and material choice. Due to the versatility of
HIAM for fabricating different materials, a large compositional space exists to be explored. From here on,
we focus on one pure metal and one alloy: Cu and CuNi. 

Structural characterization of micro-architected metals

The external and internal morphology of the metal microlattices were investigated by scanning electron
microscopy (SEM) and a Ga+-source focused ion beam (FIB) milling. SEM imaging reveals that Cu and
CuNi samples maintained their octet lattice shape during thermal treatment (Fig. 2a,e), with beam
diameters of ~ 40 µm (Fig. 2b,f). Using the FIB to mill out representative cross-sections in the lattice
nodes, we observed that these materials were dense and relatively defect-free. The Cu showed a few <
5µm-diameter pores and a lamellar crack (Fig. 2c), while the CuNi alloy (Fig. 2g) was dense with similar
µm-sized spherical pores as pure Cu, but no observed lamellar cracks. Energy dispersive X-ray
spectroscopy (EDS) mapping showed homogenous distribution of Cu in the Cu lattice (Fig. 2d), and
homogenous distribution of Cu and Ni in the CuNi lattice (Fig. 2h). See Supplementary Fig. 7 for
structural characterization of additional materials including Ni, Ag, and CuAg alloy.

Chemical Characterization

We investigated the chemical composition of the metal microlattices using X-ray diffraction (XRD),
energy dispersive X-ray spectroscopy (EDS), thermogravimetric analysis (TGA), and differential scanning
calorimetry (DSC) to understand the chemical and microstructural evolution of these materials during
calcination and reduction. 

EDS analyses (see Supplementary Fig. 8) of Cu and CuNi microlattices show that these materials contain,
by weight, 93% and 86% of the target materials, respectively. The balance is made up of carbon, which is
difficult to accurately quantify and likely includes some adventitious carbon (see Supplementary
Discussion 4), and aluminosilicate contamination from the furnace tubes.

EDS analysis shows that the atomic ratio of Cu:Ni in our CuNi material is 1.21:1, or a stoichiometric
composition of Cu55Ni45. The deviation of alloy composition from swelling solution composition is likely

due to different affinities of PEGda with the metal ions41. However, by adjusting the swelling solutions to
account for preferential incorporation of certain ions, target compositions can be achieved with precision.
For example, to target a Cu50Ni50 alloy, we swelled a hydrogel precursor in a 1:1.21 molar ratio of
Cu(NO3)2:Ni(NO3)2. After calcination and reduction, EDS analysis showed that the stoichiometry of this
cupronickel alloy was within 1% of the target composition, at Cu50.5Ni49.5 (see Supplementary Fig. 6).

Fig. 3 contains TGA and DSC data for Cu, and CuNi; equivalent data for additional materials studied is
provided in Supplementary Fig. 9. Calcination of metal nitrate salt-containing gels in air (700 ˚C, 50 sccm)
produces metal oxide replicas of the architectures. The XRD patterns (see Supplementary Fig. 10 for
additional materials’ XRD patterns) shown in Fig. 3a show that the calcined Cu precursor gel, which
contained Cu(NO3)2, and the CuNi precursor gel, which contained Cu(NO3)2/Ni(NO3)2, were fully converted
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to CuO and CuO/NiO respectively. Notably, the CuO/NiO XRD pattern shows the presence of the individual
NiO and CuO phases in the calcined material. Reduction of these metal oxides in forming gas (900 ˚C,
150 sccm) converts the CuO and CuO/NiO lattices to Cu and a homogenous CuNi alloy, respectively (Fig.
3b). While both CuNi and Cu have face centered cubic crystal (FCC) structures, the single set of FCC
reflections in the CuNi pattern shift to higher diffraction angles, a result of decreased lattice spacing due
to the incorporation of the smaller Ni atom into the structure.

Fig. 3c contains TGA measurements of Cu and CuNi gels heated in air at 1 ˚C/min. The Cu and CuNi
precursor gels, respectively, exhibit a similar mass loss profile to 12.7% and 15.8% of the original mass,
reaching completion between 370 ˚C and 380 ˚C, indicated by mass stabilization at full conversion. The
derivative of sample weight with respect to temperature, dW/dT, shows the regions of highest mass loss
rate of ~1 wt.%/˚C that occur at 353 ˚C for Cu and at 331 ˚C for CuNi.  Guides are placed at 110 ˚C, where
initial dW/dT peaks occur for both Cu and CuNi, and 265 ˚C, where a subsequent dW/dT peak occurs for
only Cu. Fig. 3d contains DSC profiles of Cu and CuNi precursor gels heated in air at 1 ˚C/min. Both gels
exhibit similar normalized heat flow profiles; exothermic peaks begin at ~235 ˚C for both and reach a
maximum heat flow of -1.5 W/g at 308 ˚C for Cu, and -2.6 W/g at 304 ˚C for CuNi.

Morphology and Microstructure Characterization

For the processing conditions reported here, HI-derived metals are microcrystalline, with randomly
oriented micro-grains that are densely populated by annealing twins which generally form as the result of
crystalline defects during grain growth or grain boundary motion42. The presence of micron-scale twinned
regions in Cu is seen clearly in Ga+ ion-channeling images (Fig. 4a, yellow arrows point to twins) and
electron backscatter diffraction (EBSD) maps (Fig. 4b). 

Our materials have high crystallographic twin densities43, defined as the length of twin boundary per
cross-sectional area, of ~1.7x106 m-1 for Cu and 1.3x106 m-1 for CuNi. For Cu, each grain contains on
average 4.8 twin boundaries, with 88% of all grains containing at least one twin boundary. CuNi has an
average of 3.8 twin boundaries per grain, with 75% of grains containing at least one twin boundary.
Additional twinning statistics as measured by EBSD are reported in Supplementary Table 4.

TEM analysis of HI-derived Cu (Fig. 4c) shows twins in more detail. We observe that grain boundaries and
twin boundaries are well-formed, with no voids at triple junctions, and no observable secondary phases
(i.e. unreduced CuO or amorphous carbon) besides the presence of aluminosilicate inclusions
(see Supplementary Fig. 11 for TEM EDS) that result from contamination from the furnace tube (Fig. 4d).
HI-derived Cu has an area-weighted average grain size of 13.74   8.43 µm, and CuNi has a grain size of
9.81   4.79 µm (Fig. 4e, insets). Grain size was measured via image analysis of SEM micrographs (see
Supplementary Fig. 12) and corroborated by EBSD.

Mechanical characterization
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Nanoindentation experiments performed on HI-derived Cu and CuNi revealed the hardness of Cu to be
1.81   0.37 GPa and that of CuNi to be 2.15   0.22 GPa. To contextualize these results, Fig. 4e contains a
plot of nanoindentation hardness vs. grain size for the HIAM-produced Cu and CuNi in this work
compared to data from literature for the same metals produced via traditional processing techniques (see
Supplementary Table 5 for tabulated data). The plot also contains the expected hardness based on the

Hall-Petch relation44,45 , which relates nanoindentation hardness H to grain size d
for ductile metals, where H0 is an intrinsic hardness for a single crystalline material and k is a scaling
factor related to grain boundary-induced hardening.

Twin boundaries are known to act as barriers to dislocation motion during deformation43,46 and thus
effectively increase measured hardness. To account for this effect, we introduce a modified Hall-Petch
relation to account for the high twin boundary density47.  The relative strength of the twin boundary in
resisting deformation changes for various metals and alloys; to set an upper bound on twin-induced
hardening, the twin boundaries are effectively treated as grain boundaries and the grain size d becomes  

, where N is the number of twin boundaries per grain (see Supplementary
Discussion 7 for derivation  of this expression).  Since CuNi is far more sensitive to boundary impact on
hardening than Cu (as evident by the 3.8 times larger k value in CuNi), there is a stronger effect of the
twin boundaries even though there are ~25% less twins than Cu.

Discussion
Chemical composition and processing effects

TGA and DSC analyses of Cu and CuNi calcination reveal that the water initially bound to the hydrogel
polymer network evaporates below ~100 ˚C, indicated by the endothermic heat flow of ~0.25 W/g present
in the DSC profiles of both materials below 100 ˚C53. Multiple thermally induced processes occur
simultaneously upon further heating. For example, between 100 ˚C and 400˚C, the Cu sample undergoes
1) dehydration of Cu(NO3)2  H2O to anhydrous Cu(NO3)2,  2) thermal decomposition of anhydrous

Cu(NO3)2, and 3) an exothermic combustion reaction54 in which the nitrate salt acts as an oxidizer of the
PEGda (C26H46O13) polymer through the reaction

where  the molar ratio of PEGda to nitrate salt, and 4) thermal decomposition of PEGda.

TGA and DSC profiles of the CuNi samples suggest a similar process, with a distinction being that the
copper nitrate and nickel nitrate salts simultaneously decompose and act as oxidizers for polymer
combustion.
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Both Cu and CuNi precursor gels exhibit a strongly exothermic peak around 300 ˚C that is attributed to the
combustion of the PEGda polymer scaffold. The rates and temperatures of maximum heat flow are -1.5
W/g at 308 ˚C for Cu, and -2.6 W/g at 304 ˚C for CuNi (Fig. 3d) and indicate that during calcination the
CuNi gel releases heat more rapidly. This finding is consistent with our observation that the rate of
maximum heat flow in the Ni gel is even higher, at -3.97 W/g at 333 ˚C (see Supplementary Fig. 9). The
onset of this exothermic event is similar for Cu and CuNi, (~235 ˚C), while the onset of the corresponding
event in pure Ni occurs at a significantly higher temperature of ~295 ˚C. This trend suggests that the heat
released from the exothermic combustion of the copper nitrate salt in CuNi is sufficient to quickly
increase the local temperature in the gel to the point where the nickel nitrate salt also contributes to the
oxidation reaction at an apparently lower temperature, as is common in combustion synthesis55.

The Cu and CuNi samples contain fewer defects and pores compared with pure Ni and Ag (see
Supplementary Fig. 7). The presence of defects and pores is correlated with higher maximum dW/dT,
quantified by TGA (see Supplementary Fig. 9). During calcination, samples undergo ~60-70% linear
shrinkage and ~65-90% mass loss (see Supplementary Table 3), which drives kinetic competition
between part shrinkage and internal pore formation. These findings indicate that rapid thermal
decomposition inhibits global, isotropic part shrinkage and causes the formation of internal voids and
pores; controlling and minimizing the rate of mass loss during thermal treatment steps is important for
fabricating high quality parts via the HI method, consistent with other debinding processes. In practice,
this necessitated slow ramping at 0.25 ˚C/min during calcination, and calcining at low pressure (~6 Torr).

Mechanical characterization and twinning

HI-derived metals contain a high density of annealing twins, formed without the ordinarily requisite
melting and recrystallization56, due to the complex interplay between kinetic processes (i.e., solid-state
diffusion and grain nucleation) and thermodynamic grain coalescence during high-temperature
calcination and reduction. Both Cu and CuNi exhibit higher hardness than the Hall-Petch predicted values
even when corrected for twin boundary presence, by 47% and 15% respectively. While the spread in
measured hardness can be attributed to variance in the locally probed microstructure (i.e. close proximity
to twin boundaries and grain boundaries increasing hardness and the presence of micro-porosity
reducing it), the greater average hardness is indicative of a global complexity in the material not
explained by a simple microstructural mechanism, opening a new avenue for engineering and
investigating complex material behavior.

Material selection after part shaping

In nearly every AM process to date, the material is decided prior part shaping, i.e., the AM material
feedstock is often the desired material itself or is specifically formulated to contain precursors that can
be subsequently converted into the desired material post-deposition. The composition of the fabricated
structure is thus either that of the feedstock or of some clear derivative of it. To fabricate the same
structure out of a different material necessarily requires the use of a different feedstock formulation. In
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the context of ceramic and metal VP, this means that regardless of the slurry or inorganic-organic hybrid
approach, the fabrication of each inorganic material requires an involved process of photoresin design
and formulation, in addition to print parameter optimization. 

HIAM is fundamentally different from the state of the art in that the material is selected after part
shaping. A blank organogel structure fabricated from a single feedstock formulation can be transformed
into a vast number of different compositions. Because the inorganic precursors are infused after part
shaping, HIAM is unlike the traditional slurry or inorganic-organic hybrid resin approaches in that only a
single photoresin composition needs to be designed and optimized for VP, which significantly simplifies
the material development process. We’ve shown that this ability also allows HIAM to fabricate complex
materials such as refractory metals and high entropy alloys, as well as multimaterial structures, a
previously impossible task for VP. Finally, HIAM is not limited to VP and is generalizable to other polymer
AM processes which can produce gels such as direct ink writing, or could be adapted to higher resolution
VP via two photon lithography processes.

Conclusion
We developed an AM process to create microscale metal 3D structures using a facile and versatile VP
approach. The conversion of metal salts within polymer scaffolds to metal oxides and their subsequent
reduction to metals and alloys is a general process, requiring only that the target material has water-
soluble precursors and that the intermediate oxide formed after calcination can be reduced by hydrogen
gas. The ability to fabricate metallic materials using this accessible and high-resolution process provides
new opportunities for fabrication of energy materials, micro-electromechanical systems, and biomedical
devices. Hydrogel infusion represents a paradigm shift in AM, where the material is selected only after the
part is shaped; directed infusion can create metallic multimaterials, and unprecedented compositional
flexibility enables the fabrication of multicomponent alloys such as high entropy alloys and refractory
alloys, known to have intermetallic phases which lead to superior high temperature behavior, and
enhanced yield strength57. HIAM has direct implications for industrial use, as it provides a practical and
powerful capability to integrate into the burgeoning and commercially advanced VP printing ecosystem.
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Methods
Fabrication of metal microlattices

3D printing resin preparation. 28 mL N,N-dimethylformamide (DMF; Sigma Aldrich, >99.9%) was mixed
with 35 mL poly(ethylene glycol diacrylate) ﻿Mn = 575 (PEGda; Sigma-Aldrich). Separately, 347 mg 2-
dimethylamino-2-(4-methyl-benzyl)-1-(4-morpholin-4-yl-phenyl)-butan-1-one (Irgacure 379; iGM Resins),
229 mg bis[4-(dimethylamino)phenyl]methanone (Michler’s ketone; Sigma-Aldrich) and 10.3 mg 1-
(phenyldiazenyl)naphthalen-2-ol (Sudan I; Sigma-Aldrich) was stirred into 7mL of DMF. This solution was
then added to the DMF/PEGda mixture and swirled until completely homogenous.

Digital light processing 3D printing. The resin was formed into 3D organogel structures using a
commercial 405 nm wavelength DLP 3D printer (Autodesk Ember). Lattice structures were designed
consisting of octet lattices with 200 µm beam diameter and 1.5 mm unit cell size (see Supplementary Fig.
2).

Post-processing washes. After printing, the organogel lattices are yellow in color due to the presence of
the UV blocker Sudan I. To remove unreacted photoresin components, each 3D printed organogel
structure was soaked in DMF for 1 hr on a hot plate at 70 ˚C. After the first DMF rinse, the DMF was
decanted, and organogel was soaked again in fresh DMF for 1 hr at 70 ˚C. After this process, the lattice
appeared clear. Subsequently, each organogel structure was soaked in deionized (DI) water for 1 hr at 70
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˚C, followed by a 2nd soak in fresh DI water for 1 hr at 70 ˚C to convert the structures from organogel
lattices to hydrogel lattices. The solvent exchange step is needed to remove residual DMF in the structure,
which can lead to formation of porosity upon calcination and reduction (see Supplementary Fig. 16). The
presence of DMF can also cause precipitation of the metal salt during the swelling process, leading to an
inhomogeneous distribution of the metal precursors.  

Swelling in metal salt solutions. 2M solutions of copper nitrate, nickel nitrate, iron nitrate, cobalt nitrate,
silver nitrate, chromium nitrate, and ammonium metatungstate were prepared with DI water. Hydrogel
structures were immersed in the appropriate metal nitrate solution for 24 hr at 70 ˚C.

Calcination and Reduction. Metal ion-swelled hydrogel structures were calcined in a vacuum tube furnace
(MTI OTF-1500X). The samples were placed in and covered by alumina boats within an alumina tube
(MTI, 80 cm length, 51 mm inner diameter) that itself sat inside of a larger fused quartz tube (MTI, 1 m
length, 92 mm inner diameter). The furnace was set up in this fashion to prevent copper vapors resulting
from the heating process from interacting with the quartz tube, which has been shown lead to
devitrification of the amorphous quartz tube and potential deposition of SiO2

58. The addition of the inner
alumina tube significantly reduced the amount of SiO2 particles observed after thermal treatment. During
calcination, a 0.25 ˚C/min ramp rate was used up to a maximum temperature of 700 ˚C, followed by a 3
hr isothermal hold and cooling at 2 ˚C/min, under a compressed air flow of 50 sccm at a pressure of ~7
Torr. The slow ramp rate of 0.25 ˚C/min during calcination was found to be critical for controlling the
highly exothermic decomposition of the nitrate salts and minimizing porosity in the fabricated samples.  

Samples that contained silver nitrate salts produced elemental silver or silver composite lattices after
calcination. All lattices except pure Ag were then reduced in forming gas at a flow rate of 150 sccm by
heating at 3 ˚C/min to 900 ˚C or 700 ˚C (for CuAg) followed by a 6-hour isothermal hold, resulting in
copper, nickel, homogenous cupronickel alloy, and heterogeneous copper-silver alloy lattices. 

The calcined structures were then reduced in forming gas flowing at 150 sccm at a pressure of ~22 Torr,
following a heating profile containing a 3 ˚C/min ramp to 900 ˚C, a 6 hr isothermal hold, and cooling at 3
˚C/min.  

Characterization and measurement

Scanning electron microscopy and focused ion beam milling. Samples were imaged via scanning
electron microscopy (SEM; FEI Versa 3D DualBeam) at an accelerating voltage of 10-20 kV. Elemental
analysis was performed in the same instrument using energy-dispersive X-ray spectroscopy (EDS; Bruker
Quantax 200, XFlash 6|60 detector), with an applied voltage of 20 kV. Gallium focused ion beam (FIB)
milling was performed in the same instrument to mill lattice cross-sections using an accelerating voltage
of 30 kV and a current of 50 nA. FIB cleaning of the cross-sections was performed using an accelerating
voltage of 16 kV and a current of 25 nA.
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Electron backscatter diffraction. With the z-direction and build direction aligned, metal lattice samples
were loaded into an Oxford EBSD System in a Zeiss11550VP SEM and are imaged using a 120 µm
aperture at 20 kV.  Data analysis for the Kikuchi maps was done in AztechHKL software.   All maps
display the inverse pole figure in the z-direction. 

Transmission electron microscopy. Lamellae with thicknesses of <100 nm were prepared for
transmission electron microscopy (TEM) using a liftout procedure in an SEM (FEI Versa 3D DualBeam).
The top surface of the liftout region was protected with a ~100 nm-thick layer of platinum (Pt) deposited
via a gas injection system (GIS), followed by a ~400 nm-thick layer of Ga+ FIB-deposited Pt in the same
chamber.  Next, a Ga+ ion beam was used to carve out trenches into the substrate forming a U-cut to free
the ~1 µm-wide metal lamella base from the rest of the substrate.  A tungsten needle (EZlift program)
was attached to the lamella with FIB-deposited Pt before being cut free of the sample and transferred to a
copper halfmoon grid.  The lamella was attached to the Cu grid with FIB-deposited Pt and the tungsten
needle was cut away to free the sample. After detaching the tungsten needle, a series of FIB cuts with a
decreasing Ga+ voltage/current (30kV/100pA; 30kV/10pA; 16kV/23pA) are used to progressively thin the
cross-section of the lamella structure to <100 nm. TEM imaging was performed in a Jeol JEM-2800 TEM
with a 200kV beam. 

X-ray diffraction. Powder X-ray Diffraction (XRD; PANalytical X’Pert Pro) data was collected using a Cu
Kα1 source at 45 kV and 40 mA. Samples were either ground into powders or flattened and attached to an
amorphous zero-background sample holder using clay prior to XRD analysis.  

Thermogravimetric analysis. Thermogravimetric analysis (TGA; TA Instruments TGA 550A) was
performed by heating samples to 700 ˚C at a rate of 1 ˚C/min in an air flow of 25 ml/min while the mass
of the sample was continuously measured.

Differential Scanning Calorimetry. Differential scanning calorimetry (DSC; TA Instruments DSC 25) was
performed by heating samples to 700 ˚C at a rate of 1 ˚C/min in an air flow of 25 ml/min while heat flow
to the sample was continuously measured.

Nanoindentation. Samples were prepared for nanoindentation by mounting them in acrylic (Beuhler
SamplKwik) and curing for 12 hours in silicone molds. The samples were polished first with 300 grit until
the metal structure was exposed. The samples then were polished with 600 grit, followed by 1200 grit and
subsequently a 0.25 µm grit suspension (Beuhler MetaDi Polycrystalline Diamond Slurry). Indentation
was performed on an Agilent G200 Nano Indenter with XP module using a Berkovich tip with an area
function given by  . Samples were indented at 10-3 strain rate to a maximum depth of 1 µm, followed by a
2 second hold and subsequent unloading. Grain sizes were determined via SEM image analysis that
consisted of tracing grains on the surface of the sample and using ImageJ to analyze the resulting
shapes. These values were corroborated by EBSD mapping analysis of grain size.

Data and code availability
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The data and code generated and/or analyzed during the current study are available from the
corresponding authors on reasonable request.

Figures

Figure 1

Hydrogel infusion AM process. a, Schematic of HIAM process. A PEGda-/DMF-based 3D printed
organogel structure is converted to an infused hydrogel replica after leaching out photoactive
compounds, solvent exchange, and infusing an appropriate aqueous precursor. Subsequent calcination in
air forms metal oxide structures, which are reduced to pure metals in forming gas. b-e, HIAM process for
Cu metal; 3D hydrogel was swelled for 24 hr at 70 ˚C in 2M Cu(NO3)2, calcined at 700 ˚C with 50 sccm air
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flow, and reduced at 900 ˚C with 150 sccm forming gas flow. f, Additional metals fabricated via HIAM
including metals Ag and Ni, binary alloy CuNi, high-entropy alloy CuNiCoFe, and refractory alloy W-Ni. g,
An octet lattice infused with Cu(NO3)2 from one end, and Co(NO3)2 from the other. After calcination and
reduction, the Cu/Co gel is transformed to h, a Cu/Co multimaterial. i, Parallel calcination of several
different infused gels. Scale bars: b,c, 5mm; d-f, 1mm; g, 1 cm; h, 2mm; i, 2 cm.

Figure 2

Morphology of Cu and CuNi microlattices. SEM images of Cu and CuNi octet lattices respectively
showing a,e, multiple unit cells from the top, b,f, a single node, c,g,  a FIB-milled cross-section showing the
internal structure of a node from 52˚ tilt. d,h, EDS elemental mapping, showing uniform distribution of Cu
in d and uniform distribution of Cu and Ni in h. Scale bars: a,e, 100 µm; b,f, 50 µm; c,g, 20 µm; d,h, 50 µm.
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Figure 3

Chemical characterization of HI-produced metals and alloys. a, XRD patterns of calcined gels: Cu(NO3)2

gel is converted to CuO and Cu(NO3)2/Ni(NO3)2 gel is converted to CuO/NiO. b, XRD patterns of oxides
reduced to parent metals: CuO is converted to Cu, and CuO/NiO is converted to a homogenous CuNi alloy,
as evidenced by the single set of FCC reflections. c, TGA profiles of metal ion-infused gels heated to 700
˚C in air at 1 ˚C/min reveal rapid mass loss events reaching maxima at 353 ˚C for Cu and 331 ˚C for CuNi.
d, DSC profiles of metal ion-infused gels heated to 400 ˚C in air at 1 ˚C/min reveal exothermic events with
maximum heat flow at 308 ˚C for Cu and at 304 ˚C for CuNi.
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Figure 4

Microstructure and mechanical properties of HI-fabricated metals and alloys. a, Ga+ ion-channeling
image and b, EBSD maps of Cu show high densities of annealing twins. Cu has a complex micro-grained
structure and multiple twinned regions within grains denoted by yellow arrows. c, TEM images of HI-
derived Cu show well-formed grain boundaries, and some aluminosilicate inclusions. FCC copper is
observed from the diffraction pattern in the inset of c. d, TEM image of a twin boundary and
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aluminosilicate inclusion. e, Nanoindentation hardnesses of HI-derived Cu and CuNi samples are higher
than reference nanoindentation data48–52 and extrapolated Hall-Petch grain size scaling (dashed lines
show correction for effect of twin-induced hardening). Error bars show standard deviations of grain size
and nanoindentation hardness, where available. Insets: area-weighted grain size distribution for Cu and
CuNi. Sample sizes: Cu hardness, n = 22; CuNi hardness, n = 44; Cu grain size, n = 246; CuNi grain size, n
= 309. Scale bars: a, 50 µm b, 20 µm; c, 2 µm, inset 10 nm-1 d, 500 nm.
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