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unable to provide acceptable results in

terms of surface quality. On the contrary, alkaline etching guarantees a bright copper surface cou-
pled with a level of adhesion high enough to pass a standard peel test. ATR FT-IR is employed to
investigate the chemical reactions occurring on the resins during the pretreatment, evidencing a
major role of the ester hydrolysis process on the depolymerization of the material and on the for-
mation of new functional groups on the surface. Resin hydrolysis is linked with increase in surface
roughness and wettability, parameters that strongly determine final metal adhesion. The combi-
nation of ATR FT-IT, contact angle and roughness measurement constitutes a possible combined
methodology to follow the evolution of surface pretreatment on different stereolithography resins.

1 Introduction

Additive manufacturing (AM) is one of the most
attractive topics in current applied research. This
family of techniques, colloquially called 3D print-
ing, constitutes one of the fundamental pillars
of the so-called industry 4.0'=. In AM, parts are
produced by sequentially superimposing layers
of material in a controlled way starting from a tri-
dimensional model®. Since the material is added
and not removed, like in subtractive manufactur-
ing (SM), wastes are considerably less with respect
to techniques like turning or milling. Moreover,
production of parts via 3D printing poses less con-
strains on the final shape of the object. Extremely
complex shapes, sometimes impossible to man-
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ufacture with SM, can be obtained. Finally, 3D
printing is typically faster and more scalable than
conventional manufacturing methods.

Many materials® can be 3D printed: metals, poly-
mers, composites®, ceramics’ and biomaterials®.
In the case of polymers 3D printing, like in the
case of conventionally produced polymeric parts,
it is advantageous in many situations to impart
metallic properties to the surface of the object.
This can be done by performing PVD (physical
vapor deposition) of the metal of interest, for
example®. The most advantageous method, how-
ever, is electroless metallization'. With respect to
other techniques, electroless deposition is char-
acterized by great flexibility, ease of operation and
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reduced cost-per-unit. Electroless metallization of
3D printed polymers has already been attempted
in the past. Metallic layers have been applied to
objects 3D printed with FDM (fused deposition
modelling)*~* and SLA (stereolithography)'>®,

From the technological point of view, surface
pretreatment is a fundamental step in polymers
electroless metallization processes'’. Careful
selection of the correct procedure is vital to
impart adhesion to the metallic layers produced.
Typically, pretreatment can be performed using
wet etching, plasma®®?®®, silane coupling?® and
many other methods. FDM parts printed with
ABS are comparatively easy to wet pretreat due
to the well-known chemistry of the cromate
etching required to impart edhesion to the metal
coatings®?. Also FDM objects printed with PLA
or PETG can be easily metallized, as recently
demonstrated by Bernasconi et al. The main
characteristic of the FDM process, the usage of a
pure polymer wire, ensures that the final object is
composed of a single polymer having a well-de-
fined and known composition. Optimizing surface
wet pretreatment is therefore relatively easy
thanks to the integral knowledge of the chemistry
of the polymer. The situation is totally different
in the case of SLA photopolymers: composition is
often proprietary and in many cases complex mix-
tures of monomers are employed?!. We already
demonstrated that the surface pretreatment of
some commercial SLA resins for wet metallization
is possible’®, but the etching mechanism has not
been characterized in detail.

In the present work, the effect of wet surface
pretreatment on the metallization of two com-
mercial SLA resins is investigated. The materials
selected, which contains acrylate monomers and
a silica aluminate filling, constitutes archetypical
materials to study electroless metallization of
SLA resins. Pretreatment was deeply investigated
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because in most cases this is the critical step that
imparts adhesion to the metallic coating. This is
especially true for polymeric substrates??. Two
different etching routes were applied to the SLA
resin and the final outcome on surface topogra-
phy and physical properties of the surface was
investigated. Chemical alterations induced on the
surface of the treated SLA polymer were investi-
gated by mean of vibrational spectroscopy. After
pretreatment, surface was activated and metal-
lized with electroless copper. The effect of each
etching method on the properties of the copper
layer was determined and linked to the character-
istics of the resin surface after pretreatment.

2 Experimental methods

The samples used for the characterization of
the process have been printed using a Digital
Wax 028J PLUS 3D SLA printer by DWS and sub-
jected to post-baking with UV light after print-
ing. The samples measured 1 cm x 1 cm with a
square shape (1 mm thickness). A commercial
light-curable resin was used: DL260 by DWS. The
material is characterized by an elastic modulus of
1820 MPa. A self-formulated acrylate based SLA
resin was used as well: SR349. Further details
about its formulation are available in literature?:.
All chemicals used in the metallization phase were
purchased from Sigma-Aldrich and used without
further purification. The first part of the metalli-
zation process consisted of a neutral degreasing
with a solution having the following composition:
50 g/l of sodium carbonate, 35 g/l of disodium
metasilicate and 3 g/l of sodium lauryl sulfate.
The treatment was carried out at room tempera-
ture for 2 minutes under sonication. The samples
were then washed with deionized water. Acidic
pretreatment was performed using a solution
containing 600 g/l of CrO; and 150 g/I of H,SO,,
at room temperature and for different times.
Alkaline pretreatment was performed placing
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the samples in a 200 g/ KOH solution at 45 °C for
different times. The activation for the electroless
plating was carried out dipping the samples in an
industrial palladium based activator (Neoganth
834 by Atotech GmbH) for 10 minutes at room
temperature and subsequently in a reducing solu-
tion of 20 g/l sodium borohydride for 30 seconds
at room temperature. These two steps have been
performed two times and the samples were not
washed between immersion in the activator and
in the reducing agent. Once activated, the samples
were immersed in the solution for the deposition
of Cu containing 20 g/| of copper sulfate pentahy-
drate, 40 g/| of disodium EDTA, 10.5 g/ of glyoxy-
lic acid, 10 mg/I of 2,2’-bipyridine and 10 mg/| of
potassium ferrocyanide was employed. The pH
was corrected to 12 with sodium hydroxide and
the solution was used at 45 °C with high stirring.
SEM and EDS analysis were performed using a EVO
50 EP microscope by Zeiss. Adhesion between the
polymer and the metal was estimated by means
of a peel test (ISO 2819-1980 standard). Surface
roughness was evaluated with a laser profilome-
ter UBM Microfocus. Contact angle was mea-
sured using a microcamera to acquire the shape
of water droplets dispensed by a needle on the
surface of the samples. Acquired drop profile was
analyzed by mean of the Drop Shape Analysis
software. ATR (attenuated total reflectance) FT-IR
was performed using a FT-IR Nicolet Nexus setup
equipped with an ATR Si tip, which was contacted
with the surface of the samples.

3 Results and discussion

3.1 Chemistry of stereolithography resins
To comprehend the chemical processes occurring
during the wet pretreatment of SLA resins, it is
fundamental to understand their chemistry. All

commercial photocurable resins designed for use
in stereolithography printers are characterized by
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analogous functional components: photoinitiators,
monomers and reactive diluents?*?4, Photoinitia-
tors start the polymerization reaction by absorb-
ing UV light and forming radicals able to react with
the monomers. These are substances character-
ized by the presence of a highly reactive function-
ality able to yield the polymerization. Monomers
currently used in industrial practice (fig. 1) are
based on acrylates, epoxides or vinylethers. Acry-
lates and epoxides are however by far the most
commonly employed, typically in combination.
Acrylates are characterized by a high reactivity,
which results in very high writing speeds, low
brittleness but high shrinkage. Epoxides, on the
contrary are less reactive, resulting in poor pho-
to-speeds, brittle and characterized by reduced
shrinkage. By using combinations of acrylates and
epoxides, it’s possible to blend the advantages of
both materials and to minimize their drawbacks.
In some cases, proprietary SLA formulations may
include many different monomers to finely tune
properties of the final polymerized material. In
most cases, the exact composition of commercial
resins used in SLA is not of public domain, and for
this reason it is not simple to go deep in detail on
the chemistry of these materials. Most commonly
used acrylate monomers, however, are diacry-
lates, dimethacrylates and urethane or amino
acrylates??. From the epoxides point of view, the
most commonly employed materials are diglycidyl
ether derivatives of bisphenol A and epoxides of
aliphatic alcohols?!.

1 R
R

Fig. 1: Chemical structure of monomers currently employed
in commercial SLA resin formulations: acrylates (a), epoxides
(b) and vinylethers (c)
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From the structural point of view, acrylates are
characterized by ester bonds —COO- in the struc-
ture of the chain after polymerization, while
epoxides and vinylethers typically leaves ether
bonds -COC-. These functionalities determines
the reactivity of the material in wet environ-
ment. Besides the ones resulting from reticula-
tion, ether bonds are present also in the struc-
ture of many monomers or reactive diluents,
like in the case of DGEBA (bisphenol A diglycidyl
ether). Finally, if the monomer employed is a
urethane, also -NH- groups are typically present
in the molecule.

The last component common to all SLA resins
formulations, reactive diluents, is used to control
the viscosity of the resin. Monomers are normally
characterized by a very high viscosity and, for this
reason, they are diluted with suitable chemicals
that take part in the polymerization reaction.
Most commonly used moieties include dipropyl-
ene glycol diacrylate (DPGDA), pentaerythritol
tetraacrylate (PETA) and many others.

According to the formulation employed and the
nature of the constituents, SLA resins can be also
biodegradable and biocompatible?®. In some
cases, resins are loaded with inert particles to
decrease uncontrolled shrinkage and increase
mechanical properties. Ceramics like SiO, or Al,04
nanoparticles are typically employed?®.

3.2 Wet pretreatment for metallization

To perform wet etching on commercial SLA resins,
their reactivity must be evaluated in relation to
their chemistry. Considering the structural partic-
ularities of SLA resins, their reactivity in wet envi-
ronment, both alkaline and acidic, must rely on
the cleavage of ester or ether bonds, which are
the most reactive regions in the polymeric chain.
Ester, or urethane, bonds hydrolyze according to
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two different mechanisms, which vary if the envi-
ronment contains H* or OH".

This mechanism is well known?” and correspond,
in acidic environment, to the reaction 1.

R-COO-R’ + H,0 + H* > R-COOH + HO-R +H* (1)

Alternatively, the behavior of the ester bond in
alkaline environment?® is described by reaction 2.

R-COO-R’ + H,0 + KOH -> R-COO-K* + HO-R’ + H,0
(2)

Urethane reactivity is analogous, because the
-COO- group depolymerize preferentially with
respect to the -NH- part of the urethane bond.

Also ether cleavage, described by equation 3, is
possible, but this reaction typically takes place in
strongly acidic conditions and in the presence of
a strong nucleophile?. The strong nucleophile is
in most cases a halide (represented by X in equa-
tion 3).

R-O-R’ + HX > R-OH + X-R’ (3)

Since ether bonds are less reactive, however, ester
hydrolysis should be the prominent degradation
mechanism for acrylate based SLA resins and,
since virtually all commercial resins are mixtures
of acrylates and epoxides, for most SLA polymers.

To investigate the effects of wet pretreatment, two
different processes were applied to commercial
resins. Since ester bond cleavage occurs in strongly
alkaline or acidic conditions, chromic mixture and
potassium hydroxide were selected as etchants.
Chromic mixture is a typical etchant for ABS, and
demonstrated to be effective in the pretreatment
of other SLA resins®’. Potassium hydroxide was
employed in our previous work to etch SLA resins®®.
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As demonstrated in the past for DL260 and
SR349%, the metallization process must be per-
formed at relatively low temperatures (< 45 °C) in
the case of the resins employed. This requirement
is a direct consequence of the thermal properties
of the resins. By performing DSC', different low
temperature glass transitions were observed. The
most critical is the one observed at 45 - 50 °C,
which limits the maximum allowable temperature
for the metallization treatment. If this tempera-
ture is exceeded, deformations due to residual
stress relief may occur in 3D printed parts.

Considering this limitation, two pretreatment
routes were selected. In particular, two wet etch-
ing processes were tested, the first based on an
acidic solution and the second based on an alka-
line one. Acidic pretreatments have already been
tested in the existing literature for SLA resins° dif-
ferent from the ones used in the present work. For
this reason, a strongly acidic chromic solution was
selected for pretreatment. The alkaline approach
has been studied in the past®® and already proved
effective for SLA resins metallization. Temperature
was set to 45 °C to optimize process efficiency. For
both alkaline and acidic treatments, permanence
time in the solution was investigated to determine
post-etching properties of the surface.

3.3 Effects of alkaline pretreatment on
morphology and surface energy

The first etching discussed is the alkaline one.
According to the mechanism previously dis-
cussed, the effects induced by the wet treatment
can be easily correlated with final morphology
and surface energy.

Figure 2 depicts the SEM morphology of DL260
and SR349 before and after alkaline pretreat-
ment. Immersion time was stepped from
0 min (untreated) to 10 and 30 min. Spheroidal
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Si0,/AlL,0; particles are clearly visible in the SEM
pictures. As previously said, such particles are
typically added to SLA resins to decrease shrink-
age and to increase mechanical properties. In this
case, DL260 contains 20 % wt. particles. SR349
contains no particles.

Fig. 2: SEM surface morphology after alkaline pretreatment:
untreated DL260 (a), untreated SR349 (b), DL260 treated for
10 min (c), SR349 treated for 10 min (d), DL260 treated for
30 min (e) and SR349 treated for 30 min (f)

The main effect visible in figure 2 is the increase
in surface roughness and porosity, due to resin
depolimerization (according to equ. 2). Circu-
lar pores appears on the surface and the resin
between the SiO,/Al,O, particles erodes, leading
to particles removal from the resin. Depolimeriza-
tion happens because DL260 contains acrylate
moieties, which react with OH" according to the
mechanism presented in equation 2. Resin dis-
solution is clearly visible from the morphology
of the treated resins (fig. 2) and from numerical
R, evaluated with laser profilometry (fig. 3). R,
significantly increases after 10 and 30 minutes
as immersion time. This is true for both DL260
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Fig. 3: R, evolution for alkaline etching of DL260 (a) and SR349 (b); CA evolution for alkaline etching of DL260 (c) and SR349 (d)

and SR349, but for SR349 the increase is compar-
atively lower. This is due to the lack of particles
in SR349. In the case of DL260, particles can be
actively removed from the surface, leaving voids
that can strongly alter roughness. SR349 mor-
phology is more flat, and for this reason the sur-
face is uniformly attacked by the alkaline solution.

Another important effect of the hydrolysis process
described in equation 2 is the formation of two
new functional groups: -COOH and -OH. In the case
of a bulk resin surface, carboxylic and hydroxylic
groups begin to form on the surface when poly-
meric chains break. This leads to an important
effect: a change in surface energy due to the new
groups formed. This outcome is evident if contact
angle (CA) is measured on the resin before and

April 2020

after pretreatment (fig. 3). As a consequence of
KOH exposure, CA strongly decreases and the sur-
face from non-wettable becomes wettable.

Roughness and wettability decrease are two
desired effects from the metallization point of view.
High microroughness allows a significant level of
mechanical interlocking®>*?* between the metal
and the polymer, resulting in high adherence. High
wettability typically improves uniformity of elec-
troless activation and enhances adhesion3,

3.4 ATR FT-IR analysis of alkaline resin
pretreatment

To follow the etching process and to demonstrate
that alkaline resin pretreatment involves ester

Eugen G. Leuze Verlag | www.jept.de
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bond cleavage according to equation 2, vibra-
tional spectroscopy was employed. In particular,
ATR FT-IR was used to investigate the reactions
taking place on the surface of the two resins upon
exposure to the alkaline environment. ATR FT-IR
is a highly versatile technique, ideal to follow the
chemical modifications occurring on planar 3D
printed samples after exposure to the etching
environment. The analysis was performed on
two significant stereolithography materials, both
untreated and treated (30 min in 200 g/I KOH).

The first resin analyzed, SR349, is a typical expo-
nent of the acrylate family. This photocurable
polymer presents no particles loading and is typ-
ically formulated starting from the bifunctional
monomer ethoxylated bisphenol A diacrylate
and optimized according to the specifications of
the stereolithography printer. The formulation
hereby used was optimized for the Digital Wax
028) PLUS 3D SLA printer?3. Figure 4a depicts the
spectra obtained before and after the alkaline
pretreatment. Figure 4b reports the magnifica-
tion of the 650-2200 cm™ portion of the same
spectra, together with the subtraction between
the untreated and treated spectra.

After the treatment, a strong increase in the
broad absorbance band around 3334 cm™ was
observed. This region is associated to the OH
stretching of hydroxyl groups®, and intensity
of OH stretching increases due to hydrolysis of
the reticulated polymer. To better understand
the behavior observed with reference to the
first part of the manuscript, figure 5 reports
the chemical structure and the 3D model of the
SR349 monomer.

The two C=C double bonds that allow the poly-
merization are clearly visible, as well as the ester
bond responsible for the reactivity in alkaline
environment. SR349 polymerizes according to
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Fig. 4: ATR FT-IR of untreated and KOH treated SR349 resin:
whole spectrum (a) and magnification (b)

a radical reaction on the C=C bonds, but hydro-
lyzes on the -COO- ester bond. As stated in the
first part, the final result of the ester bond break-
ing reaction in alkaline environment are the two
moieties -OH and -COO". It is therefore clear the
reason why the OH stretching band is strongly
altered by the treatment. Moving from the OH
stretching zone to lower wavenumbers, the
group of peaks in the 2800-3000 cm™ zone can
be associated to aliphatic C-H stretching34.

Some other important features are visible in

figure 4. By observing the subtraction spectra,
two strong positive peaks can be individuated
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-COO-

-C=C-

“C=C=

Fig. 5: Chemical structure of the SR349 monomer. Ester groups (-COO-) are

mojety resulting from ester bond
breaking forms a salt with the KOH
present in the pretreatment solu-
tion. Potassium ions thus neutralize
the carboxylic acid acidity, forming
-COOK* according to equation 2.
Concerning the remaining vibra-
tions observed in figure 4, bands
between 1400 and 1600 cm™ are
probably due to C-H in-plane bend-
ing in the benzene rings®*.

Some considerations can be done
also on the ether bonds present
in the polymeric chain in close
proximity of the benzene rings.
Yang et al. associate the bands
around 1030 cm? to the symmet-
ric stretching vibration of —COC-

marked in red and reactive double bond involved in resin polymerization

(-C=C-) are marked in green

at 1720 cm™ and 1174 cm™. Since in the sub-
traction these peaks are positive, it means that
their intensity is lowered by the alkaline treat-
ment. The first peak can be associated to the
C=0 stretching of the ester groups, while the
latter can be attributed to C-0O stretching vibra-
tions®. Since the treatment actually breaks the
ester bond, it is obvious that these two bands
are strongly affected by the process. C=0 and
C-O vibrations are still present in the resulting
—COO™ mojety, but they result toughly modified
in intensity. In fact, the 1720 cm™ band is almost
invisible in the treated spectra. By looking at
the subtraction spectra in figure 4b, two strong
negative bands are visible. Since in the sub-
traction these peaks are negative, it means that
they were not present in the untreated spectra.
These two peaks at 1400 and 1560 cm™ can be
associated to the formation of a carboxylic acid
salt3. This clearly demonstrates that the -COO
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bonds close to aryl moieties in

lignin3®. This situation is similar to

the one found in SR349, where the
-COC- bond is close to a benzene ring. Also other
references agree with this assignment3*. Yang et
al. observed a strong modification of this band
as a consequence of ether cleavage in LiBr. In
figure 4, however, the peaks around 1030 cm™
are almost unaltered after the treatment, indi-
cating a poor reactivity of the ether bond.

The second example of photocureble polymer
analyzed via ATR FT-IR was DL260. This material is
a typical example of mixture of multi-functional
acrylate monomers loaded with reinforcement
particles (in this case silica-aluminate particles).
It constitutes therefore a prototypical example
of a reinforced stereolithography resin, a class
widely employed in current 3D printing practice.
The presence of the reinforcement must be of
course considered for the FT-IR analysis, and
for this reason the spectra of the particles was
acquired (fig. 6).
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Fig. 6: ATR FT-IR spectrum of the SiO,/Al,0; particles present
in the DL260 resin

The Al,0,/SiO, particles are characterized by two
strong absorption bands at low wavenumbers
(between 600 and 1200 cm). Figure 7 depicts
the spectra obtained before and after the alka-
line pretreatment of the resin. Figure 7b reports
the magpnification of the 650-2200 cm™ portion of
the same spectra, together with the subtraction
between the untreated and treated spectra.

The first important effect of the pretreatment is
visible in the subtraction spectrum reported in
figure 7b. Two strong positive peaks appears in
the 600 and 1200 cm™ region. Their shape and
position corresponds to the signal of the sili-
ca-aluminate reinforcement. Since they are pos-
itive in the graph, this means that their intensity
is decreased by the treatment. This effect can be
explained by a partial removal of particles from
the surface of the resin as a consequence of poly-
mer dissolution. As confirmed by the SEM charac-
terization in figure 1, this phenomenon actually
takes place on the surface.

After the treatment, a weak increase in the
broad absorbance band around 3334 cm™ was
observed. Like in the case of SR349, this effect can
be associated to the hydrolysis of the reticulated

Eugen G. Leuze Verlag | www.jept.de

i —— Untreated
—— KOH treated
3
s !
8 ] vireamt
e
©
g
o
2
3
<
T 3334 cm’
T T T T T T J
1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm")
1 sio, A0, — Untreated
back d —— KOH treated
] ackgroun — Subtraction
C-O stretching .
T C=0 stretching
3
s
o
3
2
s
£ 1
g ] 1174 cm™ 1720 cm
< |

T T T T T T T U
800 1000 1200 1400 1600 1800 2000 2200

Wavenumber (cm")

Fig. 7: ATR FT-IR of untreated and KOH treated DL260 resin:
whole spectrum (a) and magnification (b)

photopolymer. Again, like for SR349, the group of
peaks in the 2800-3000 cm™ zone can be associ-
ated to aliphatic C-H stretching®*.

By observing the subtraction spectra reported in
figure 7b, two positive peaks can be individuated
at 1720 cm® and 1174 cm™. The latter is visible
as a shoulder on the silica-aluminate background
signal. Like for SR349, new functional groups form
on the surface of the resin as a consequence
of polymer chains breakage. The two regions
affected by the process are, once again, the C=0
stretching of the ester groups region and the C-0
stretching zone. In this case, peaks related to the
formation of carboxylic acid salt are very low in
intensity and only barely visible around 1560 cm™.
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Finally, bands between 1400 and 1600 cm™ can
be probably associated to C-H in-plane bending in
the benzene rings3.

In general it was observed that the effects of
the alkaline pretreatment are clearly visible in
the SR349 resin and less evident in the DL260
material. The reason can be the presence of the
reinforcement particles, whose presence may
partially hinder the signal from the resin, or the
different roughness between the resins (higher in
the case of DL260 due to the particles present in
the material).

The results obtained, however, demonstrate
that the mechanism is analogous in the case of
both resins and that its validity can be poten-

tially extended to all the stereolithography resins
based on mixtures of acrylate monomers (which
constitute the vast majority of the market).

Acidic pretreatment follows analogous reaction
paths. In the case of acid etching, the ester bond
is strongly attacked by H*, yielding the carboxylic
acid in place of the carboxylic salt of potassium
observed in the case of KOH.

3.5 Effects of acidic pretreatment on
morphology and surface energy

The second etching route investigated for SLA
resins pretreatment was the acidic one. Figure 8
depicts the SEM appearance of DL260 treated for
10 minutes (fig. 8a) and 30 minutes (fig. 8c).

T T T
5 10 15 20 25 30
Immersion time (min)

T T T
10 15 20 25 30
Immersion time (min)

Fig. 8: SEM of DL260 after 10 minutes of acidic pretreatment (a) and after 30 minute (c); Roughness (b) and contact angle (d)

evolution with acidic pretreatment duration
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Like in the case of
alkaline pretreatment,
surface roughness was
found to increase and
pores were observed
on the surface.
Numerical values for
R, certify the roughen-
ing observed via SEM.
Also CA was found to
significantly decrease.
These effects, notably
similar to the ones
obtained in alkaline
environment, are the
result of the etching
mechanism described
by equation 1.

By performing EDS on

the surface of the resin

after the etching process, Cr(VI) contamination
was observed. Cr uptake on the surface of the
resin may be dangerous for the electroless depo-
sition process. Is is well-known that electroless
is strongly sensitive to surface contamination.
Moreover, Cr residues may be harmful for some
applications where the final product must contact
body parts (hexavalent chromium is a widely rec-
ognized carcinogenic agent®’).

3.6 Deposition of metallic coatings

To observe the effect of the various pretreat-
ments on the properties of electroless coatings,
Cu was deposited on DL260 employing an alkaline
formaldehyde-free solution. Temperature was
limited to 45 °C to match the properties of DL260
and avoid deformations. Surface was activated
using a tin-free process and immersed in the elec-
troless bath for 30 minutes, yieldinga 0.9 - 1 um
thick coating.
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Fig. 9: Electroless Cu deposited on acidic etched DL260: visual appearance (a) and SEM
morphology (c); electroless Cu deposited on alkaline etched DL260: visual appearance (b)
and SEM morphology (d)

Figure 9a depicts the result obtained in the case
of acidic etched DL260. The layer of Cu that forms
on the surface is uniform and continuous (fig. 9a),
but characterized by a black appearance. Adhe-
sion to the resin, evaluated with a standard peel
test, is optimal. The negative appearance of the
surface can be attributed to surface contamina-
tion by chromium. Cu electroless deposition is
extremely sensitive to surface poisoning, and
for this reason it is reasonable to attribute the
black coating obtained to Cr contamination. It
is possible that DL260 presents some degree of
porosity, resulting in Cr uptake. For example, no
adverse effect was observed in the case of SLA
resins probably characterized by a lower degree
of porosity3. Figure 9c¢ shows the SEM morphol-
ogy of a copper layer deposited on acidic treated
DL260.

On the contrary, Cu deposited on alkaline etched
DL260 was found to be fully adherent, uni-
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form and continuous on the surface of the resin
(fig. 9b). A similar result in terms of adhesion
and surface finish can be obtained in the case of
SR349%, Figure 9d shows the SEM morphology
of a copper layer deposited on alkaline treated
DL260.

By comparing the results obtained, it is evident
that the most efficient pretreatment method is
the alkaline one. Electroless layer deposited on
DL260 pretreated with this methodology showed
high adhesion and proved suitable as base coat-
ings for the realization of multilayers®®. Acidic
treatment is able to give comparable results in
terms of final contact angle and roughness, which
in turn produce similar adhesion levels. The pres-
ence of chromium, however, is detrimental for the
quality of the final coating in presence of porous
SLA resins. Attempts to remove chromium from
the etching solution, leaving only sulfuric acid,
resulted in poor etching rates and lack of adhe-
sion. For these reasons, acidic pretreatment is not
the best choice for a treatment process able to

Fig. 10: Applicative examples of SLA resins metallization: aesthetic parts (a), microswitches
(b), MEMS (c) and magnetically controlled microdevices
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treat a broad range of resins. Alkaline treatment
of DL260 gave good results in terms of adhesion
also performing NiP instead of Cu electroless met-
allization®.

3.7  Applicative examples

The electroless metallization of SLA resins, suit-
ably pretreated and activated, can be the basis for
a large selection of applications. Figure 10 shows
some applications.

Metallic layers can be applied via electroless
plating for both functional and aesthetic pur-
poses on macroscopic 3D printed parts. Figure
10a depicts an example, in which a first layer of
NiP was applied on a ring 3D printed with DI260.
Subsequently, a thick layer (> 150 um) of electro-
lytic copper was deposited, followed by two thin
layers of Ni and Ag. The final structure, thanks
to the presence of a thick copper layer, results
reinforced with respect to uncoated DI260 and
acquire the aesthetic properties of silver.

However, the most
interesting applica-
tions of the SLA print-
ing combined with
wet metallization are
probably in the micro-
fabrication field. Figure
10b shows a micro-
cantilever realized with
SR349 and coated with
electroless  CoNiP%.
The final structure is
highly reactive to the
presence of a mag-
netic field, making it
usable as magnetically
actuated microswitch.
Figure 10c depicts
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the first example of accelerometer fabricated
with 3D printing3¥%°, The device visible in the
image was printing using DL260, metallized with
copper and coupled with a copper plate to allow
capacitive sensing of the movable mass. Finally,
figure 10d shows another interesting application
for 3D printed/wet metallized parts. The devices
depicted are microscaffolds able to move under
the influence of an external magnetic field. Such
scaffolds were designed for controlled cell deliv-
ery and were realized with DL260 resin metallized
with Cu/CoNiP/NiP/Au*L.

4 Conclusions

The influence of two different pretreatments,
acidic and alkaline, was evaluated on the elec-
troless copper metallization of commercial SLA
resins. From the general point of view, the dif-
ferent etching routes were found to have a great
influence on the quality of the final coating.
Etching in an acidic solution containing chromic
acid and sulfuric acid was found to yield good
adhesion of the coating, which in turn presented
a black appearance (associated to Cr contami-
nation of the surface) not suitable for practical
applications. Conversely, alkaline treated surface
were characterized by optimal appearance and
improved adhesion of the coating. This is a logical
consequence of the surface properties observed:
KOH treated DL260 presents the same porous
morphology observed in the case of acidic treat-
ment but totally lacks Cr contamination. Vibra-
tional spectroscopy was employed to evaluate
the chemistry and the evolution of the pretreat-
ment. Results obtained evidenced a major role
of ester bonds on the reactivity of the resin. Cre-
ation of new functional groups on the surface and
depolymerization were observed via ATR FT-IR
and were linked to other observable properties
of the surface like roughness and surface energy.
The results described in the present work were
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obtained starting from two archetypical commer-
cial SLA resins and their validity can be potentially
extended to many other acrylate based resins.
Such materials are however characterized by a
multitude of different chemical formulations,
often complex and proprietary. For this reason it
is impossible to extend the results obtained to all
the range of SLA materials. From the general point
of view, however, the combination of ATR FT-IR,
roughness and contact angle measurement can
be proposed as a general methodology to study
and optimize the pretreatment of SLA resins char-
acterized by different chemistries.
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