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a b s t r a c t

The integration of multifunctional elements directly embedded in three-dimensional (3D)

printed parts is the cutting-edge of additive manufacturing (AM) and it is crucial for

enlarging as well as for strengthening AM role in industrial applications. Here, a

straightforward and low-cost method that synergically combines stereolithography (SLA)

and selective electroless metallization (EM) is presented for the fabrication of 3D parts

characterized by complex shapes and end-use multifunctionalities (conductive, magnetic,

mechanical properties). To this end, a novel photocurable composite based on acrylate

resin loaded with nickel (Ni) particles is developed for high-resolution SLA-printing of

features with self-catalytic properties for EM. Ni particles are loaded in the resin to trigger

metal deposition avoiding time consuming and expensive laser-based surface activation.

The effect of Ni content on SLA behavior as well as on the efficiency of EM process is

studied. Metallized SLA cured samples show good electrical and magnetic properties as

well as improved robustness with respect to their non-loaded counterparts. Then, selective

metallization of 3D printed parts is successfully achieved by implementing a multi-

material SLA-printing where loaded and non-loaded resins are properly interchanged

with strong adhesion at the interface, thus offering a cost-effective approach for rapid

prototyping of functional free-form features on 3D structures.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

To date, additive manufacturing (AM) or three-dimensional

(3D) rapid prototyping technologies are widely recognized as

powerful technologies enabling to fabricate complex 3D ob-

jects of virtually any shape with time, material, and cost-

saving processes. Intricate physical parts can be directly

built up in a layer-by-layer fashion by spatially controlled

deposition of materials, where each layer represents a thin

cross-section of the part derived from computer-aided

designed (CAD) files [1,2], avoiding extra-costs generally

needed in conventional manufacturing for assembling tools

and surface finishing as well [3]. Indeed, the portfolio of 3D

printing processes includes well-established technologies

guaranteeing high design flexibility of structures at the

micrometric scale with printing resolution ranging from

150 mm for fused deposition modeling (FDM) fabrication down

to 10 mm for stereolithography (SLA). Furthermore, a huge

research effort has been made in materials science and engi-

neering to develop novel 3D printable materials characterized

by improved properties and, among all, by new functional-

ities, such as magnetic properties [4] and conductive proper-

ties [5e7]. To this end, the gold strategy relies on doping

polymeric matrices with nanoparticles or fibers [8,9] thus

obtaining thermoplastic or photo-curable composites, FDM-

or SLA-printable, respectively. This approach opened concrete

perspectives for the straightforward fabrication of geometri-

cally complex objectswith embedded functional parts and, for

instance, it has already been explored for 3D printing of

lightweight and compact electronics systems [10,11]. The

functionalities of the resulting composites can be further

enhanced by properly selecting 3D printing conditions in

order to align and organize the fillers present in the material

[12,13]. Many of the examples reported use FDM technology,

but research is also focusing on other 3D printing approaches,

like direct ink writing (DIW) [14] or SLA [15,16], for the additive

manufacturing of functional polymeric composites. SLA in

particular, due to its high resolution, could potentially enable

to further reduce the footprint of finished parts [17,18] and

overcome the intrinsic limitations of FDM processes.

Furthermore, metal containing SLA composites can be

exploited for their magnetic/conductive properties or for their

mechanical behavior but also for their potential capability to

trigger selective electroless deposition. The latter requires the

presence of a catalytic surface [19], which is constituted by the

metallicparticlesembedded in theSLAprintedcomposite.This

approach can enable the 3D printing of self-metallizing parts.

Furthermore, selectivemetallization can be easily achieved by

fabricating parts in a multi-material printing process [20] with

bothmetal loaded andnon-loaded resins. Since only the layers

that contain the catalyzing deposition particles can metallize,

conductive regions can be alternated with insulating zones to

create metallic functional patterns on the surface of complex

SLA printed parts. This kind of approachmay find applicability

in the production of flexible and highly 3D electronic circuits

[21], radiofrequency devices [22], microelectromechanical

systems [23] and microfluidic setups [24].

The importance of selective wet metallization over poly-

meric 3D printed parts is demonstrated by the wealth of
different strategies developed in the last few years. Indeed,

while the electroless metallization of 3D printed parts is

relatively easy [25,26], patterning only specific areas with the

metal presents relevant challenges. In the case of polymers,

the catalytic surface required to start the plating reaction is

obtained by depositing nanoclusters of noble metals, which

are normally indiscriminately applied by immersion. Some

selective metallization methodologies work on this aspect by

patterning the catalyst on the surface. Li et al. [27], for

example, exploited a non-platable polymer in combination

with a platable one to guide the absorption of a palladium/tin

colloidal catalyst on the surface of FDM printed parts. Chen

et al. [28] applied via inkjet printing a silver ink on the surface

of a 3D printed part to trigger Cu electroless deposition.

Ryspayeva et al. [29] employed a photomask to pattern Ag

nanoparticles able to start electroless Cu deposition. Another

interesting approach can be the inclusion of ametal precursor

in the resin, which is converted into the active metal by se-

lective exposure to a laser beam. This is the approach followed

by Zhang et al. [21,30], Xu et al. [31], Rytlewski et al. [32], Li et al.

[33], Lee et al. [34] and Taormina et al. [35]. Following other

approaches, Ha et al. [36] employed a selective functionaliza-

tion approach to fabricatemetal-polymermicrohybrids, while

Jammes et al. [37] simply selectively sprayed Ag on 3D printed

parts. The last promising approach to implement selective

metallization can be the direct inclusion of the catalyst in the

3D printable polymer. This strategy has been demonstrated

viable for DIW [38] and FDM [39,40].

The main aim of the present work is the development of a

SLA printable composite based on acrylate resin loaded with

Ni particles and its application as self-catalytic material for

electroless metallization. Indeed, by directly including the

catalytic Ni particles in the polymer, the electroless deposition

process can be triggered without the need to activate the

surface of the SLA printed parts. With respect to reported

examples, this approach, unprecedented for SLA resins,

eliminates the need of noble metal activation of the surface

that relies on expensive and time-consuming laser-based

steps. Moreover, the usage of Ni is of great interest also due to

the other properties that it can potentially impart to the

printed parts: improved mechanical properties, high thermal

conductivity [41], magnetizability [42]. In the first part of the

work, following Jacobs theory [43], the SLA printability of the

novel metal-loaded resin was assessed by quantifying the

critical energy Ec and the penetration depth Dp of the formu-

lation; defined respectively as the dose of energy required to

cross-link the resin and the penetration of the laser within it.

Consequently, to achieve better printing resolution of built

objects, novel SLA formulations are developed to minimize

the penetration depth thus confining the laser radiation and

curing thinner layers of materials that are stacked together.

Instead, small Ec values enable fast polymerization and speed

up the printing process. Dp end Ec values reported from the

literature for commercially available SLA-processable formu-

lations are considered as benchmark values [44,45]. Then, the

structural properties of the 3D printed composites were

investigated. The morphology was studied using scanning

electron microscopy (SEM), while the phase composition was

analyzed by means of X-rays diffraction (XRD). Subsequently,

the functional properties of the composites were determined,
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placing a particular emphasis on their capability to trigger NiP

electroless deposition. Their magnetic behavior was studied

using vibrating sample magnetometry (VSM) and the elastic

modulus of the composites was determined via Vickers

microindentation. Finally, the possibility to selectively

metallize only desired areas of the 3D printed parts was suc-

cessfully demonstrated by metallizing a Ni-loaded pattern

that was 3D printed on a Ni-free base exploitingmultimaterial

SLA printing.
2. Experimental section

2.1. Raw materials and resin formulations

Bisphenol A ethoxylate diacrylate (SR349, density 1.146 g/mL,

viscosity 1500e2000mPasat 25 �C), thephotoinitiator (PI) 2,4,6-
trimethylbenzoylphenyl phosphinate (Irgacure TPO-L, indi-

catedasTPO-Lhereon) andNinanopowder (�99%tracemetals

basis) were purchased from Merck. Photopolymerizable mix-

tures were obtained bymixing SR349with the TPO-L at 4 %wt.

undermagnetic stirring at room temperature for 30min. Based

on previous extensive studies from our group, the PI content

was selected to decrease the printing resolution [45]. Then, Ni

nanoparticles were added to the SR349 system at 30 % wt. and

50%wt. with respect to the weight of the photopolymer SR349.

To achieve homogeneous nickel dispersion, the formulation

was stirred for 4 h at 350 rpm and then ultrasonicated for

30minwith a sonicator tip. This last stepwas carried out in an

ice bath to prevent undesired exothermic phenomena result-

ing from the ultrasonication process and possibly affecting the

photocurable efficiency.

2.2. SLA printing tests

To determine the printability window of Ni-doped SR349

systems at different loading percentages, a “wedgeplot”

method derived from the standardized diagnostic WINDOW-

PANE™ technique [3,43] was exploited to determine the crit-

ical energy Ec and the sensitivity Dp of the formulations. Ec and

Dp are purely resin parameters used to describe the SLA

behavior of formulations and are defined as the dose of energy

required to crosslink the liquid resin and the laser penetration

within it, respectively. A bench top DWS XFAB2500 HD ster-

eolithography (Digital Wax Systems, Italy) was used. The SLA-

apparatus is equipped with a monochromatic actinic laser

source (Solid State Bluedge® BE-1500A/BE-1500AHR) with an

emitting output power of 30mWat l¼ 405 nm and 50 mm laser

spot diameter. During the wedgeplot experiment, the laser is

scanned across the photopolymer surface by galvo-scanner to

draw five rectangles (10 � 20 mm) with tuned laser velocity,

thus resulting in different energy doses and consequently in

different samples thicknesses (Cd). The average energy expo-

sure Eav (mJ/cm2) was calculated according to:

Eav ¼PL=Vshs (1)

where PL is the laser power (mW), hs is the laser line spacing

(0.02 mm), and Vs is the laser scanning speed which was

varied in the range 50e2000 mm/s (standard laser window
working conditions for the DWS XFAB-2500hD printer)

through Fictor® SLA fabrication dedicated software. Poly-

merized wedgeplots were rinsed with ethanol to remove

unreacted resin and the cured thickness Cd was measured

with a micrometer on 4 different areas of the samples. Each

composition was measured twice. Following the Jacob's rela-

tionship, here reported as Eq. (2), the measured cure depths

can be plotted against the logarithm of average energy doses

giving a straight line, known as the “working curve”, whose

slope represents the penetration depth Dp and the x-intercept

is the critical energy Ec, both independent of laser power.

Cd ¼Dp lnðEav =EcÞ (2)

Test samples, which were used for the characterization

and for the metallization tests, were printed using the nano-

composite formulations at 10 %wt., 30 %wt. and 50%wt. Ni in

combination with the optimal printing parameters deter-

mined from the laser working curves.

The 30 % wt. Ni formulation was also exploited for 3D

printing of multimaterial compact rectangular-shaped dem-

onstrators. Thesewere constituted of a square clear resin base

supporting Ni-doped structures that were designed using

“Solidworks” software (Dassault Systemes, France). As a

proof-of-concept, an intricate linear path with squared cross

section was designed (Fig. S1). Then, the CAD model was

processed with Nauta® and sent to Fictor®, the proprietary

DWS software that directly controls the 3D printer and per-

forms the slicing operation according to the user-imposed

building parameters. Based on Dp and Ec values previously

measured that identifies the printability window, the SR349

part was built with laser speed ranging between 500 and

5000 mm/s and layer thickness between 10 and 50 mm while

the Ni-doped SR349 part was all built at 200 mm/s laser speed

with 15 mm layer fixed layer thickness. Multimaterial SLA

process was successfully obtained by pausing the printing

process at the desired slice, switching the formulations in the

machine vat and restarting the procedure until the object is

finalized. At the end, the objects are released from the building

platform and washed twice with ethanol to remove unreacted

resin and dried with nitrogen. To accomplish photopolymer

conversion, the SLA-printed objects were further exposed to

light for 30 min in a dedicated UV-curing unit (l ¼ 405 nm,

Digital Wax Systems).

2.3. Composites metallization

3D printed and postcured samples were initially degreased in

ethanol under sonication. Their surface was then etched in

KOH 200 g/l for 30 min at 45 �C. Ni oxide or hydroxyde even-

tually present on the surface of the Ni nanoparticles at the end

of the etching step was removal immersing the samples in 3.2

% wt. HCl for 1 min. After this stage, samples were immedi-

ately immersed in the NiP electroless bath for 20 min at 45 �C.
3D printed parts were carefully washed with deionized water

after each step. The composition of the electroless bath was

the following: 32 g L�1 NiSO4 $ 6H2O, 20 g L�1 Na3C6H5O7,

25 g L�1 NH4Cl and 28 g L�1 NaH2PO2 $ H2O. The pH was cor-

rected to 9 using an aqueous solution of NH4OH. The deposi-

tion was performed under vigorous stirring at 45 �C.

https://doi.org/10.1016/j.jmrt.2022.12.035
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2.4. Samples characterization

Thermogravimetric analyses (TGA) were carried out with a

Q500 (TA Instrument) to determine the effective content of Ni

nanoparticles loaded within the polymer matrix. Non

isothermal experiments were performed on postcured sam-

ples loaded with different percentages of nanoparticles in the

temperature range 25e900 �C at a 10 �C/min heating rate

under nitrogen. The differential scanning calorimetry (DSC)

analysis was performed with a STARe SW9:30 instrument by

Mettler Toledo in order to determine the thermal properties of

both Ni-loaded and unloaded samples. XRD was carried out to

determine the phase composition of the composites using a

Philips XpertMPD with CuKa ¼ 1.5406 �A. Scanning electron

microscopy (SEM, Carl Zeiss EVO 50 Extended Pressure mi-

croscope) and energy dispersive X-rays analyses (EDS, model

7060module fromOxford Instruments) were performed on 3D

printed devices to evaluate the nanoparticles dispersion, the

thickness and the morphology of the deposited metal layer.

2.5. Data repeatability

The experiments and the characterization tests were repeated

at least two times, in most cases three times, to evaluate

repeatability. No significant deviations from the data pre-

sented were observed.
3. Results and discussion

3.1. Resin formulation and SLA printing tests

The straightforward approach we present to 3D print multi-

functional parts embedded in structural parts by stereo-

lithography is depicted in the scheme in Fig. 1. With respect to

the methods reported from the literature [33,34], the novel

metal-polymer composite hereby described, enables direct 3D

printing of self-activating structures that can be selectively

metallized via electroless processes, avoiding time consuming

and expensive intermediate processes generally required be-

tween the 3D printing and electroless deposition steps for

surfaces activation through laser pattern irradiation.

The key point to be addressed was the formulation of self-

catalyzing photopolymers optimized for high-resolution 3D

printing by means of stereolithography. To this end, the

acrylate-based SR349 resin was doped with Ni particles that

can trigger the electroless deposition process avoiding the

post-printing selective activation of the surfaces of the printed

parts. The main challenge was to achieve a homogeneous

dispersion of the catalyst within the highly viscous polymer

matrix while guaranteeing optimal stereolithographic

behavior in terms of SLA-laser printability. According to pre-

vious results from our group [45], the starting mixture was

obtained bymixing the neat resinwith TPO-L photoinitiator at

4%wt. Then, Ni was added at increasing concentration till 50%

wt. As shown in the OM images reported in Fig. 2a, macro-

scopic homogeneous dispersion was obtained by shear me-

chanical stirring for all the Ni loading investigated. The

stereolithographic behavior parameters Dp and Ec for the Ni-

doped mixtures were determined experimentally and
compared with parameters of the commercial high-

performing SLA resin which were taken as benchmark

(Dp ¼ 0.079 mm and Ec ¼ 9.5 mJ/cm2). According to the Jacob's
equation, Dp and Ec were the slope, and the intercept of the

laser working curves obtained by linearly fitting the experi-

mental WINDOWPANE data (Fig. 2b). As expected, a strong

effect on resin sensitivity was observed with Dp values

decreasing from 0.28 mm till 0.028 mm upon increasing with

Ni content. This is likely due to the absorption and scattering

phenomena by the particles that reduce the laser penetration

into the polymer matrix thus resulting in higher vertical res-

olution. No significant trend was observed for the Ec values

which varied within 2e6mJ/cm2, largely included in the range

typically measured for the acrylate-based formulations

developed for SLA processing (Fig. 2c).

3.2. Composites characterization

At the end of the SLA optimization process, test samples at

different Ni content were printed and characterized to assess

their morphology as well as their mechanical and magnetic

properties. SEM images were acquired for samples with Ni

content higher than 10 % wt. (considered more interesting for

their functional properties) are reported in Fig. 3a and b. The

secondary electrons (SE) signal was exploited. The

morphology of a cured Ni-free SR349 resin sample was also

acquired for comparison (Fig. S2). If compared to the SEM

image of their non-loaded counterpart (Fig. S2), Ni loaded

samples clearly evidenced a rougher morphology. In general,

Ni-free SR349 was characterized by a relatively flat appear-

ance, which translated into a value of Ra equal to 166 nm. The

surfaces of the two samples containing Ni nanoparticles, on

the contrary, were characterized by pronounced asperities

(Fig. 3a and b). Indeed, the Ra values measured in these two

cases were significantly higher (445 ± 55 nm for the 30%wt. Ni

sample and 451 ± 49 nm for the 50% wt. Ni sample). As ex-

pected, the presence of a large quantity of Ni nanoparticles is

evident in both the samples with relatively homogeneous

dispersion and with not significant accumulation in prefer-

ential areas of the samples. Ni wasmore evident by exploiting

the backscattered (BS) electrons signal, which is highly sen-

sitive to the atomic weight of the elements present. Conse-

quently, as shown in Fig. 3c, Ni nanoparticles appeared white

due to the large atomic weight difference with the carbon-rich

SR349 resin. The high contrast obtained from the BS electrons

allowed to determine the mean diameter of the particles,

which resulted equal to 992 ± 317 nm. The large standard

deviation obtained was a direct consequence of the high

variability observed in the diameters of the particles.

The TGA curves obtained for the Ni loaded resins at

different percentages (10 % wt., 30 % wt. and 50 % wt. Ni) are

reported in Fig. 4a. All the curves show a first mass loss step

within the range of 200e250 �C which can be likely due to

unreacted monomer or photoinitiator fragment degradation.

The main step loss corresponding to SR349 matrix degrada-

tion started immediately after and thematerial totally burned

between 400 and 460 �C. From the derivative TGA graph re-

ported in Fig. S3, it is evident that the polymer matrix degra-

dation temperature slightly decreases while increasing in Ni

content thus indicating higher thermal stability for

https://doi.org/10.1016/j.jmrt.2022.12.035
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Fig. 1 e Schematic illustration of the straightforward process implemented to 3D print functional parts. Direct SLA-printing

of photocurable structural polymer (a) and self-catalyzing Ni-loaded photopolymer (b). Selective metallization of 3D printed

parts is achieved via standard electroless process avoiding the activation step (c).
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formulations with lower particles content probably affecting

the photo conversion of the polymer.

The solid residue above 460 �C substantially corresponded

to the amount of Ni particles effectively present in the com-

posite. Ni, indeed, melts at 1455 �C and it reasonably consti-

tuted the largest fraction of the solid phase present after the

total degradation of the matrix. Residual values obtained are

consistent with the nominal amount of Ni particles loaded in

the formulations, which means that homogeneous inorganic

fraction distribution within the polymer matrix was achieved.

The mechanical properties of the composites were deter-

mined performing Vickers microindentation tests and the

resulting values of elastic modulus were correlated with the

Ni content of the composites (obtained from the TGA). Fig. 4b

shows the result obtained. Composition can be determined

also performing EDS during SEM. EDS as analytical method-

ology, however, is characterized by an intrinsically limited

spatial range, thus it gives information on the local Ni con-

centration in correspondence of a micrometric region of the
sample, while TGA determines the Ni concentration for the

whole analyzed sample. Fig. S4 reports the EDS compositional

data obtained from the 10 % wt., 30 % wt. and 50 % wt. Ni

samples. Considering the TGA data reported in Fig. 4b, for

samples with loading up to 30% wt, the concentration of Ni

nanoparticles actually presents in the composites after SLA

printing, closelymatched the expectable one (i.e., the nominal

amount added to the resin). In the case of the 50 % wt. Ni

sample, embedded Ni particles were significantly less than

expected. This result suggests that the amount of Ni nano-

particles dispersed in the resin was probably excessive and it

resulted in partial sedimentation during the printing process.

Considering the EDS data, on the contrary, measured

composition presented an irregular trend, which is indicative

of localized variations in the Ni content at the microscale.

Despite of this, the same general compositional trend identi-

fied with TGA data was observed also using EDS. As reported

in Fig. 4b, the effect of the increasing Ni content on the elastic

modulus is evident. Measured E increased from values equal

https://doi.org/10.1016/j.jmrt.2022.12.035
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Fig. 2 e Optical microscopy (OM) images of metal-polymer samples photocured at increasing Ni loading (a). Scale bar is

50 mm. Laser working curves for the composites at increasing Ni loading were obtained by plotting experimental curing

depths against the logarithm of average energy (b). Resulting penetration depth Dp was observed to decrease upon

increasing with Ni content thus achieving higher SLA-printing resolution (c). Not significant differences were observed for

the critical energy Ec.
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to 4.01 ± 0.56 GPa (non-loaded resin) to maximum values of

14.77 ± 1.6 GPa for the 50 % wt. Ni resin.

The DSC analysis was performed for the neat and 30% wt.

Ni-doped formulations (Fig. S5). The exothermal peak visible

in the 100e200 �C range for Ni-doped sample show the pres-

ence of unreacted C¼C bonds that complete their reactions

upon increasing with the heat (no exothermal peaks were

observed in the second heating scans e data not shown).

Instead, no exothermic peak was observed in the pristine

sample. This behavior is likely due to the large particles

clusters, visible from SEM images, that could decrease the

crosslink density of the polymer matrix and inhibit the com-

plete cure of the photopolymer.

The phase composition of the composites was determined

by performing XRD in Bragg-Brentano configuration. Fig. 4c

shows the results obtained from the non-loaded SR349 resin

and from the two composites containing 30 %wt. and 50 %wt.

Ni. In general, the features visible at low angles (between 10�

and 30�) can be associated to the photocured SR349 resin.

Three peaks (at 14.2�, 17� and 25.5�) were found to superim-

pose to a broad peak centered around 20�. The latter is indic-

ative of an amorphous phase, which coexists with some

degree of crystallinity. Indeed, the three peaks originated from

regularly spaced acrylate chains organized in a crystal lattice

[46]. Being SR349 present in all the composites, the corre-

sponding features were recorded for all the three sample.

Their relative intensity, however, was considerably lower in

the two Ni loaded samples due to the presence of the metal
itself, which resulted prominent due to its high crystallinity.

Ni peaks were found at 44.6� and 52� andwere associated with

the (111) and (200) crystallographic orientations of the fcc

structure respectively. The Scherrer equation, evaluated using

the full width at half maximum (FWHM) of the (111) peak,

allowed to estimate a mean crystallite size of 56.8 nm for the

Ni constituting the nanoparticles. This value, if compared

with their mean diameter, suggests that the Ni nanoparticles

here employed are characterized by a marked

polycrystallinity.

Finally, the magnetic properties of the Ni loaded compos-

ites were determined. Fig. 4d reports the hysteresis cycle ob-

tained from the 30 % wt. sample between �1 T and 1 T. At

saturation, the composite exhibited a value of Ms equal to

15.82 emu g�1. Considering that the concentration of metallic

Ni was equal to 32 wt. % and that the SR349 matrix gave a

negligible contribution to the magnetic behavior of the com-

posite, the value ofMs for the Ni particles alone was estimated

to be 49.44 emu/g. Given the polycrystalline nature of the

particles employed, this value is reasonable if compared to

what observed in literature for polycrystalline bulk Ni (e.g.

58.57 emu/g by Danan et al. [47]). From the coercivity point of

view, the composite was characterized by a Hc value equal to

98 Oe (Fig. S6). This value is typical of soft magnetic materials

but considerably higher than pure bulk Ni, which normally

presents Hc values below 1 Oe [48,49]. Such high value of

coercivity is justified by the fact that Ni is here present in the

form of nanopowder. Ni, indeed, shows a high dependence
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Fig. 3 e SEM micrograph of 30% (a) and 50% (b) wt. Ni loaded samples characterized by rough morphology. BS signal, which

is characterized by an intrinsic chemical contrast, was acquired as well to better identify Ni nanoparticles and to show that

quite homogeneous dispersion was achieved (c). All the scale bars visible in the figure correspond to 10 mm.
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frommorphology and phase structure for what concerns Hc. It

is well-known that powder samples of Ni present values of

coercivity in the 20e30 Oe range [49], while the same material

can reach values of hundreds of Oe for Hc when in the form of

nanowires [48]. Finally, remanence Mr was measured as well,

resulting in a value of 6.7 emu g�1.

3.3. Selective electroless metallization

Besides their intrinsic mechanical and magnetic properties,

SLA printed SR349-Ni composites are characterized by

another interesting property: the capacity to trigger autocat-

alytic electroless metal deposition. This property was verified

attempting NiP electroless deposition on the surface of the

test specimens. To understand the activation mechanism

mediated by the Ni present in the composite, it is useful to

recall the chemical reactions at the base of autocatalytic NiP

plating [Eqs. (3)e(7)]
H2PO2
� / HPO2

� þ [H] (3)

Ni2þ þ 2 [H] / Ni0 þ 2Hþ (4)

H2PO2
� þ 2 Hþ þ e� / 2H2O þ P (5)

HPO2
� þ H2O / H2PO3

� þ Hþ þ e� (6)

2Hþ þ 2 e� / H2 (7)

Briefly, the active hydrogen coming from the decomposi-

tion of hypophosphite (Eq. (3)) reduces Ni2þ to metallic Ni (Eq.

(4)). As a byproduct, the reaction also gives elemental P, which

is incorporated in the final layer in the form of a solid solution

(Eq. (5)). In addition, the reaction generates molecular

hydrogen (Eqs. (6) and (7)), which evolves as gas bubbles. The
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Fig. 4 e TGA analysis for the 10 % wt., 30 % wt. and 50 % wt. Ni composites (a). Nominal vs. experimental Ni content values

for the composites, superimposed with the corresponding values of elastic modulus E (b). XRD characterization of the 30 %

wt. and 50 % wt. Ni composites (c). Magnetic hysteresis curve of the 30 % wt. Ni composite (d).
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critical step in the process is the decomposition of the hypo-

phosphite ions, which is triggered by the presence of a cata-

lytic surface. Normally, in the case of polymers, the surface is

made catalytic by forming metallic Pd clusters on the surface

via immersion in two separate aqueous solutions: one con-

taining Pd2þ and the second containing a reducing agent

[25,26]. In the case of the SR349-Ni composite, the catalytic

material is represented by the Ni nanoparticles located in

correspondence of the surface. These can start the electroless

NiP deposition process without the need to activate the sur-

face, conferring thus a self-activating character to the com-

posite itself.

From the operative point of view, the surface was initially

immersed in a KOH solution. In fact, the as printed composites

presented the Ni nanoparticles located in correspondence of

the surface in a non-optimal state. They were partially buried

in the resin matrix and potentially covered by SR349 residues

coming from the 3D printing step (Fig. 5a I). In order to expose

and clean the particles, the test specimens were immersed in

KOH, which attacked and partially dissolved the acrylate resin

between the particles (Fig. 5a II). The immersion in KOH also

increased the roughness of the surface, favoring thus metal
adhesion due to mechanical interlocking [25]. The effect of

KOH immersion (step II in Fig. 5a) is clearly visible in Fig. 5b

and c, which describe the post-KOH morphology of the 30 %

wt. and 50 % wt. Ni composites, respectively. The high

roughness achieved at the end of the KOH treatment is

particularly evident in Fig. 5b, while Fig. 3c clearly shows the

Ni nanoparticles protruding from the resin matrix. At the end

of the KOH immersion, the surface of the particles was quickly

rinsed in diluted HCl to remove any trace of Ni(OH)2 or NiO

that possibly formed on the surface of the particles [50].

Once treated with HCl, the test specimens were immersed

in a low temperature NiP electroless bath to deposit a

continuous layer having a 1.5 mm nominal thickness (Fig. 5a

III). As visible from Fig. 5d (30 % wt. Ni) and 3e (50 % wt. Ni),

both composites successfully plated with a continuous and

uniform layer of NiP (step III in Fig. 5a). Such coating was

found to be highly adherent to the substrate and continuous

all over the surface. Interestingly, a clear concentration

dependent behavior for what concerns the capability of the

composite to trigger a uniform electroless NiP deposition was

observed. Samples printed at 10 % wt. Ni, for example, were

unable to uniformly cover with metal. In some isolated spots
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Fig. 5 e Schematic representation of the morphological transformations occurring on the surface of the SR349-Ni composite

during the metallization process (a). SEM characterization of the 30 % wt. Ni composite after immersion in the KOH solution

(b) and in the NiP electroless bath (d). SEM characterization of the 50 %wt. Ni composite after immersion in the KOH solution

(c) and in the NiP electroless bath (e). Scale bars: 20 mm for (b), 4 mm for (c), 4 mm for (d) and 20 mm for (e).

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 2 : 1 8 5 5e1 8 6 7 1863
on the samples, however, deposition started and nodular

formations were observed on the surface of the composite

(Fig. S7).

3.4. Multimaterial 3D printing and selective
metallization

The self-activating behavior of the SR349-Ni composites pre-

sents an intrinsic interest for applications that combine a

relevant magnetic behavior with a conductive surface. This

can be the case of magnetic sensors or magnetically actuated

switches [26]. However, when the goal is mere surface

metallization, standard activation with Pd would be typically

enough. The self-activating properties of the SR349-Ni com-

posite can be exploited, on the contrary, to selectively
metallize objects 3D printed using the multimaterial printing

approach. It is possible to alternate non-loaded and Ni-loaded

resins during SLA printing. By doing this, only regions printed

with the loaded resin can metallize. This approach can be

attractive for the realization of 3D printed electronics [51,52]

and sensors [53], which typically require an alternance of

conductive and non-conductive zones.

In this context, the demonstrator visible in Fig. 6a was

created to demonstrate the possibility of selectively metal-

lizing multimaterial SLA printed parts. Its square base was

printed using non-loaded SR349 resin, which was later

substituted, temporarily stopping the printing process, with

the Ni-loaded composite. According to results obtained from

the composite characterization and metalization, a resin

loaded with Ni content higher than 10% wt., namely 30 % wt.,
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Fig. 6 e Picture of the as printed proof-of-concept demonstrator (a). Qualitative conductivity test performed on the selectively

NiP metallized demonstrator (b). SEM characterization of the NiP metallized demonstrator (c and d). Cross-section of the NiP

metallized demonstrator (e) and corresponding EDS elemental maps (f). Scale bars: 10 mm for (c), 20 mm for (d) and 2 mm for

(e).
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was exploited to print the intricate circuit visible on top of the

square base. From the SLA manufacturing point of view, the

multimaterial printing process was successful and yielded the

result visible in Fig. 6a. As demonstrated by the cross-section

reported in Fig. S8, no discontinuity could be detected at the

interface between the loaded and the non-loaded resins. This

resulted in a strong bonding between the two regions. The

demonstrator was treated in KOH and metallized following

the same methodology used for the test specimens. As a

result, the surface of the demonstrator covered with NiP in

correspondence of the circuit printed using the Ni-loaded

resin (Fig. 6b). The NiP layer deposited on the circuit was
found to be highly adherent and continuous, as demonstrated

by its capability to close the circuit required to light a blue LED.

In fact, the metallic layer easily sustained 15 mA of current, in

front of a resistance equal to 3.1 U between the two points A

and B in Fig. 6b.

Fig. 6c reports the morphology observed via SEM in corre-

spondence of the upper face of the circuit and on one of the

edges. Apparently, the Ni uniformly covered the entire sur-

face, forming a compact layer. The zone depicted in Fig. 6d

presents a characteristic step-like morphology, which is a

result of the layer-by-layer material deposition typical of SLA

printing process. Fig. 6e depicts a section of the demonstrator,
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while Fig. 6f reports the corresponding EDS mapping for C, O,

Ni and Cl. The composite resulted covered by a 940 ± 74 nm

thick layer of NiP. The expected thickness of the NiP layer,

considering bath temperature and immersion time [26], was

1.5 mm. This discrepancy suggests that probably the initial

phase of the deposition, following activation by the Ni parti-

cles embedded in the composite, yielded a highly non-linear

increase of thickness. From the compositional point of view,

the EDS elemental maps reported in Fig. 6f clearly visualize

the distribution of the elements in the cross-section, with C

relegated to the resin matrix of the composite and Ni

concentrated in the NiP layer. Some Ni, however, was obvi-

ously present also in the matrix in the form of Ni nano-

particles. EDS maps for O are characterized by detectable

amounts of the element both in the resin matrix (being an

acrylate) and in the NiP layer (probably as a consequence of

oxidation). Interestingly, also the presence of detectable

amounts of Cl was observed. Cl contamination is a natural

consequence of the use of a Cl-rich electrolyte for the depo-

sition of NiP.
4. Conclusions

In conclusion, we reported a successful straightforward and

low-cost 3D printed method for stereolithography (SLA)-

printing of multifunctional parts directly embedded in struc-

tural parts. To this end, a novel self-catalysing metal-photo-

polymer composites was formulated by doping acrylates-

based resin with Ni particles able to trigger metal deposition

by electroless deposition. The Ni content was optimized to

guarantee high-resolution SLA-printing of self-activating

structures as well as to guarantee homogeneous deposition

of a continuous metal layer. The SLA high-resolution pro-

cessability of the composites at higher Ni contentwas attested

by the values of penetration depth and critical energies ob-

tained. The addition of Ni nanoparticles considerably

increased the elastic modulus of the printed material (up to

roughly 370% of the value recorded for the non-loaded mate-

rial). Finally, we demonstrated the capability of Ni-doped

composite to trigger electroless deposition of homogeneous

NiP compact layers even when working at low temperature

alkaline bath conditions. A concentration dependent behavior

was observed: when Ni nanoparticles were present in a suf-

ficient amount, they successfully triggered NiP electroless

deposition. The effect of NiP deposition as a function of Ni-

loading suggested that 30%wt of Ni as the optimal condition

to efficiently start NiP deposition. A lower Ni content resulted

in a surface covered by small isolated NiP nodules. This

happened in the case of the 10 % wt. Ni sample. To evaluate

the feasibility of selective metallization, a bulk demonstrator

constituted by both non-loaded and Ni-loaded parts was

manufactured using themultimaterial SLA printing approach.

Upon immersion in the electroless NiP bath, metallization

successfully occurred only in correspondence of the Ni loaded

pattern printed, whereas non-loaded regions did not metal-

lize. The characterization carried out evidenced the formation

of a continuous conductive coating on the surface. This result

suggests that multilayer structures, obtained thanks to a

smart alternance of self-activating and non-activating
materials, can be potentially manufactured. Upon selective

metallization, these structures would present controlled

paths for electric conduction and may find application in the

manufacturing of 3D printed multilayered electronic circuits

or of sensors combining magnetic and conductive properties.
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