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ABSTRACT

Electrospray deposition (ESD) is a versatile micro/nano coating technology that utilizes the
competition between surface charge of a droplet and its surface tension to create monodisperse
generations of micro/nano droplets. ESD can deposit uniform thin films by including dilute solutes
in these droplets. One mode of ESD, self-limiting electrospray deposition (SLED), has been shown
to exist when glassy polymers are sprayed in a volatile solvent below the polymer glass transition
temperature (7). This leads to charge accumulation on the coating surface that slows the growth
of the film thickness. Since solutes can be easily blended in dilute ESD solutions, we investigate
the SLED limits of self-limiting and non-self-limiting solute blends. As a motivating application,
we focus on mechanical properties of the film. Specifically, we blend self-limiting polystyrene
(PS) and SU-8 epoxy resin with different non-self-limiting mechanical modifiers, such as
plasticizers and curing agents. To characterize the resulting morphologies and mechanical
properties, we employ scanning electron microscopy and nanoindentation of as received and
smoothed films. The results illustrate the formation of composited polymers that exhibit self-
limiting ability by SLED, depending on the interaction between the two components. Further,
mechanical properties could be effectively fine-tuned within these compositional ranges. This
signifies the 3D coating capabilities through SLED can be implemented incorporating additional
functionalities and properties beyond the base matrix.
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INTRODUCTION

Polymer thin films are being studied at an accelerating rate due to their application in modern
engineering systems. Such applications include selective membranes for microfiltration systems,
hydrophobic barriers for microelectronic devices, encapsulation of micro/nano-scale biomedical
devices, and separation membranes for energy storage systems. Many studies have considered
nanoscale coatings produced conventionally by vapor deposition or electrodeposition. However,
these methods require a fluid bath during the coating process or vacuum-based machinery and only
work with a narrow selection of coating material'*2. For more flexible brush, dip, and blade coating
approaches, poor coating process control leads to non-uniform coverage on both 2D and 3D targets

due to capillary effects®”.

Electrospray deposition (ESD) has been developed for micro/nano scale coatings in the past few
decades®'* to reduce material waste and increase coating uniformity. ESD utilizes the competition
between electrostatic force and surface tension of the solution to form a Taylor cone at the tip of a
charged nozzle. Then, atomization of the solution produces microscale droplets when the voltage
reaches a critical value. As the solvent evaporates during descension, the charged droplet reaches
the Rayleigh limit and then transitions into monodispersed child droplets. This transition is
followed by repeated Coulomb fission events as the droplets approach the spraying target!>. The
diameter of a majority of the droplets produced in ESD from the Taylor cone jet has been correlated

with the fluid properties and spray flow rate as'®:
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where a is a constant related to the fluid’s dielectric permittivity, p is the density, y is the

surface tension, o is the electrical conductivity, Q is the flow rate, &, is the permittivity of free

space and d,, is a small droplet diameter only significant at low flow rates.

Control of these parameters illustrate the advantages of this ESD over conventional coating
techniques including: (1) the generation of monodisperse droplets resulting in uniform deposition;
(2) the final droplet size, which can be down to hundreds of nanometers, thereby highlighting
ESD as an effective method for micro/nanoscale coatings; (3) Morphologies of thin films can be
readily modified by adjusting the spray conditions, such as flow rate; (4) The spray is efficiently
delivered directly to the target without overcoat; (5) The spray processing can be accomplished in

an ambient environment and at atmospheric pressure!’.

An extension of ESD, coined self-limiting electrospray deposition (SLED) has been
demonstrated by only spraying glassy insulating materials below their glass transition temperature
(Te) and mixed with a volatile solvent onto a sufficiently conducting substrate'®?2. A limited
thickness will be achieved as charges accumulate with increased spray time and spray is redirected
to uncoated parts of the target. We have employed different polymers to investigate the mechanism
of self-limiting through ESD. The results indicate that the critical thickness of SLED is determined
by the total mass of sprayed polymer solids, the strength of electric field, and the composition
(e.g., dielectric strength, distance from Ty, solvent affinity) of the spray solvent and polymer. Each
of these parameters significantly impacts the thickness and morphology of thin films produced by

SLED. For example, SLED coatings produced by in-air gelation of methylcellulose delivers
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nanowire SLED coatings as opposed to the rounded morphologies more frequently observed®>.
Notably, SLED allows for uniform coatings on complex 3D structures as a post-processing

t!® including 3D printed microlattices?* and natural structures®?.

treatmen

Depositing blends through ESD is straightforward due to the ease of mixing dilute solutes. For
example, the degree of crystallinity of the semiconducting polymer films prepared by ESD can be
enhanced through modifying blending ratios®*?%. In Hao et al.’s study, ESD was additionally
employed to manufacture porous particles by blending drug and biodegradable polymers to
precisely control the release rate of a drug®. Other than blending soluble polymers, solids have also
been widely added into precursor solutions for spray. We have previously demonstrated that
functional nanowires with tunable optical properties can be produced by spraying the composites
of plasmonic nanoparticles and that they became better dispersed with the addition of a
plasticizer’’. In fabricating fuel cell electrodes, the spray of blended catalyst particles and
electrolytic solutions led to 3D nanostructures with large porosity and high surface area, enhancing
the device performance’ 2% 2°. Most relevant for the current investigation, we employed PS and
styrenic block copolymers in a blended solution to change the surface properties of a 3D printed
hydrogel lattice'®. The hydrogel coatings revealed that the non-self-limiting material blended with
a self-limiting component maintains the ability to achieve uniform coatings on 3D complex
structures. Additionally, swelling tests in this work demonstrated that the coating’s mechanical
properties, due to the plasticizing copolymer, were compliant enough to resist changes in lattice
size by up to 16%. This example illustrates both that there exists a compositional limit of non-self-
limiting and self-limiting blends to be still compatible with SLED and that there are functional

benefits to exploring these blends.



Here we investigate the SLED compositional limits of polymer blends through ESD. In this
study, all samples were prepared by spraying composites with self-limiting and non-self-limiting
components with various blend ratios. The immiscible blends include: PS 35 kDa:Kraton D1102
(Kraton) and SU-8:Soy oil. PS, a thermoplastic polymer with 7 ~ 100 °C, has been chosen as a
model material with 2-butanone for obtaining SLED 3D coating in our previous work'8, Kraton is
a linear styrene-butadiene-styrene (SBS) tri-block copolymer (BCP) with ~70 wt% butadiene (7%
~ -100 °C) that is non-self-limiting and leads to the BCP being non-self-limiting, as we have
previously shown.*® Mechanically, Kraton can be used as a plasticizer for PS. SU-8 is an
oligomeric epoxy resin that has a 7z~ 60 °C. Oils are regularly used as resin plasticizers. Miscible
composites include: PS 850 Da:PS 35 kDa and SU-8:Versamid 125 (Versamid). Versamid is a
reactive amide crosslinking agent that reacts with the epoxide groups in the SU-8 oligomer.
Transitions to self-limiting behavior were identified by evaluating changes in the central thickness
after thermal smoothing of the film and visible appearance of the coatings. Porous and condensed
samples prepared by SLED method were examined by nanoindenter tests to evaluate the

mechanical properties of select composites.

EXPERIMENTAL SECTION

PS (molecular weight (MW)=35 kDa and 850 Da, Sigma Aldrich), Kraton D1102 (PolyOne
GLS), SU-8 (EPON Resin SU-8), and soybean oil (Sigma Aldrich) were used as received from the
manufacturer. Versamid 125, a reactive polyamide resin, was used as curing agent to make SU-8
composites. 2-butanone (>99%, Sigma Aldrich) was used as received as the carrier solvent for the

spray solutions.
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Figure 1. Schematic diagram of electrospray deposition setup.

The schematic image of electrospray deposition shows in Figure 1. The setup includes four main
parts: (1) a syringe pump (KD Scientific), a stainless needle (Sai Infusion, 20 gauge, 1.5) and (2)
a steel focused ring (inner diameter of 2 cm and an outer diameter of 4 cm) with (3) two negative
high-voltage power supplies (Acopian), (4) a 10 cm circular collection silicon wafer (University
Wafer), placed in the center of the hotplate. The wafer was secured with an alligator clip attached
to the ground wire during spray. Samples for nanoindentation tests were obtained by spraying 2.5

cm x 1 cm rectangular silicon chips.

Silicon wafers and chips were cleaned and degreased by acetone and ethanol before spray. All

of the precursor solutions for blends spray were made at 1 wt%, and mixed in different ratios: 0:1,
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1:5, 1:2, 1:1, 2:1, 5:1, 1:0. Samples were sprayed for 60 minutes while setting the spray target
distance to 4 cm, with flow rate of 0.5 mL/hr. The PS 35 kDa:PS 850 Da and PS 35 kDa:Kraton
blends were sprayed at 35 °C to be more consistent with past results, and the SU-8:Versamid, SU-
8:Soy oil, and SU-8:PS 35 kDa blends were sprayed at room temperature (~20 °C) to not approach
the 7 of SU-8. The driving voltage was set to approximately -5.4 kV. The stability of the Taylor
cone was prioritized during spray: in sprays that were unstable at the nominal driving voltage (-
5.4 kV), the driving voltage was set between —5.0 kV and —5.8 kV. The focus ring was set ~ 1 cm
above the needle tip and the voltage was maintained between -2.7 kV and -3.3 kV. The Taylor-
cone jet spray was utilized for all experiments in this study. The humidity was monitored and fell
between 20% - 60% for each spray. Condensed PS and Kraton composites films were made by
post thermal treatment at 120 °C for ~10 s. To smooth SU-8:Versamid films for measuring
thickness, samples were heated between 80 ~ 100 °C for ~10 s. The remainder of the crosslinking,
as with the porous sample, was allowed to occur at room temperature. The experimental conditions

for all samples can be found in Table S1.

A microscopic reflectometer (Filmetrics F40) and a motorized stage (Zaber E13F33E) were used
to measure film thickness. To examine the self-limiting regime of samples, a linear mapping
profile was collected using 200 points in a line, which covered the full range of the deposited film.
The central 1 cm region of the profile was for calculating central thickness. The thickness of the
chip samples for indentation tests was measured by mapping 100 points in a 10 x 10 square with
1 mm distance in the central 1 cm? of the film. For select samples, 45° cross-sectional imaging
using a Zeiss Sigma field emission scanning electron microscope (SEM) was employed to

characterize the spray morphology.



The mechanical properties, including hardness (H) and reduced modulus (E£r) of different
polymer composites, were tested by using nanoindentation (Hysitron TI750 Ubi and NanoTest
Vantage). The data obtained were analyzed by the native software packages included with the
nanoindentation systems. This study utilized two nanoindenter tips: a Berkovich tip, defined as a
3-sided pyramid with included angles of 65.3° from the vertical, and a conospeherical tip with a
radius of 10 um, for the Hysitron and Vantage, respectively. Indentations on the porous films were
conducted on the Vantage with the conospherical tip to mitigate the effects of surface roughness
and contact angle. The Hysitron was used to perform indents on the dense samples utilizing the

Berkovich tip to minimize the indentation depth.

To measure the mechanical properties via nanoindentation, a load-controlled experiment was
employed. In this regime, the nanoindenter goes into the material to a maximum specified load
and the corresponding indentation depth is recorded. To avoid the artifacts associated with film-
substrate interactions, single indent depth-controlled experiments were initially performed to
determine the maximum load at which ~10% of the film thickness was achieved during this
indentation cycle. The load corresponding to this 10% depth was then prescribed as a maximum
load during the actual experiment. A 5-2-5 load function with varying peak loads was used while
keeping segment times constant. This load function represents a five-second loading time, a two-
second hold time at the maximum load, and a five second unload time. For the unsmoothed
samples, a 10 x 10 indentation grid with a constant 0.1 mN load was implemented, for a total of
100 indents each spaced 30 um apart. Whereas, for the smoothed samples five 5 x 5 indentation

grids, totaling 125 indents, were conducted at select locations on the film, with a grid spacing of
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60 um. Three of the five grids were completed with a constant load function, while the remaining
two grids varied the load from 400 uN to 0 uN. This was done to ensure that the results were
consistent across a range of depths. Three compositions, namely, pure PS 35 kDa, PS 35
kDa:Kraton (1:1), and SU-8:Versamid (2:1) , were selected for nanoindentation testing. For each
blend, both a porous and a dense sample was indented, leading a total of six samples on which
mechanical analysis was performed. Crosslinked samples were allowed to cure at room

temperature for at least 24 hours prior to measurement.

RESULTS

Our previous study demonstrated that 1 wt% diluted PS in 2-butanone sprayed at a flow rate of 0.5
mL/hr and a substrate temperature of 35 °C at a distance of 4 cm was a condition, among others,
that reliably displayed self-limiting results. These spray conditions were used as the defaults to
implement homogeneous and blended samples in this study; however, samples that contained SU-
8 were sprayed at room temperature since SU-8’s glass transition temperature is much lower than
PS. The coating thickness of the blends was compared with the standard thickness-limited PS and
SU-8 films in order to evaluate the self-limiting ability of the different blends. Figure 2 depicts the
selected miscible and immiscible blends along with the central thickness of post-smoothed films
plotted against the volume fraction of each substance. Photographs of pure materials sprays and
select transition-state samples can be found in Figure S1. Figure 2a-b shows that two miscible
components deposited as blends. In Figure 2a, as the self-limiting PS 35 kDa was gradually added
to non-self-limiting, charged melt PS 850 Da, the film thickness varies linearly from pure PS 850

Da of 4.3 + 0.3 um to the SLED thickness of pure PS 35 kDa in these conditions (2.6 + 0.4 um).
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SU-8:Versamid composites in Figure 2b demonstrates a transition from a plateau near the

electrowetted thickness (3.1 = 0.1 pm) of pure Versamid to the pure SU-8 SLED thickness of 2.6

+ 0.3 pm.
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Figure 2. (a-b) Miscible blends sprayed at different volume fractions: (a) PS 850 Da:PS 35 kDa,
(b) SU-8:Versamid. (c-e) Immiscible blends sprayed at different volume fractions: (c) SU-8:Soy
oil, (d) SU-8:PS 35 kDa, (e) PS 35 kDa:Kraton. In (e) the reported volume fraction considers the
PS content in the Kraton SBS BCP. All blends were sprayed at 1 wt% solids, at 0.5 mL/hr for 60
min; (a,e) were sprayed at 35 °C, and (b-d) were sprayed at room temperature (~20 °C). Each data

point represents the result of a single spray. The sixth panel is deliberately blank.

For the spray of immiscible polymer blends in Figure 2c-e, the tendency of thickness variation
becomes more complex than miscible blends. As Figure 2c illustrates, the thickness of pure
sprayed soy oil transitions from electrowetting with low-thickness of 3.3 + 0.3 pm to a rough
charged melt regime (with a maximum average thickness at 0.167 volume fraction of 6.1 + 0.3
um) before reaching the self-limiting thickness of pure SU-8. In Figure 2d, the composites of PS
35 kDa and SU-8 maintain the ability to be thickness-limited when the ratios are adjusted with a
non-monotonic change in central thickness. The central thickness of deposited blends was similar
to the self-limiting thickness of PS 35 kDa (~2 um) with a subtle minimum when the fraction of
SU-8 was lower than ~ 60 vol%. When the fraction of SU-8 increased above 60 vol%, the thickness
limit gradually approached the self-limiting thickness of pure SU-8. In Figure 2e, the central
thickness of Kraton is 5.8 + 1.4 um with large roughness typical of what we call a “charged melt”
spray (Figure Slc). This regime is characterized by cellular electrostatic instabilities (“Taylor-
Beénard cells”!®) and has the smallest spot size of the insulating sprays measured here. With the
addition of PS 35 kDa, the film thickness decreases in an apparent stepwise fashion again, showing

either a plateau or minimum before reaching the SLED thickness of PS.
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Figure 3. Cross-sectional SEM images of 1 wt% total solids of PS 35 kDa:Kraton and SU-
8:Versamid of different ratios sprayed at 0.5 mL/hr for 60 min at 35 °C. (a) 1:2 (PS 35
kDa:Kraton); (b) 1:1 (PS 35 kDa:Kraton); (c) 2:1 (PS 35 kDa:Kraton); (d) 5:1 (PS 35 kDa:Kraton);

(e) 1:0 (PS 35 kDa:Kraton); (f) 2:1 (SU-8:Versamid).

To demonstrate the change in microscale morphology, cross-sectional SEM was used. Figure
3a-fare SEM images of 1 wt% PS 35 kDa with Kraton blend samples sprayed in different ratios.
In Figure 3a, since the spray temperature is much higher than the 75 of the butadiene block of the
BCP and there is only 36 wt% of the styrene fraction for sprayed droplets, the miscible blend forms
a continuous porous film with only few hollow-shell structures on the surface. However, when the
concentration of PS increased, the morphology of PS:Kraton composites varied from connected
discs to more integrated spherical shells in Figure 3b-e. For the SU-8:Versamid blend, the
crosslinking agent similarly plasticizes and fuses the deposited particles. The porous structure in
Figure 3f indicates that the blends spray of SU-8:Versamid leads to a crosslinked porous network

13



via ESD. Based on our observations, the fusing in the SU-8:Versamid films is a gradual process
that continues after spray, with 1:1 ratios spraying as powder films before auto-leveling into

optically dense films during the gradual crosslinking (Figure 4).

Figure 4. Photographs of an SU-8:Versamid 1:2 blend coating before (left) and after (right) 1 day

of auto-leveling at room temperature.
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Figure 5a-d shows the nanoindentation results of both porous and condensed sprayed thin films.
Figure 5a shows that the reduced modulus, Er, of porous films decreases as the indentation depth
varies from 200 nm to 3750 nm. With the indent depth increasing, the reduced modulus of porous
SU-8:Versamid changes from ~ 0.1 GPa to ~ 0.01 GPa, and the value tends to be less than both
the PS 35 kDa and PS 35 kDa:Kraton samples for comparable depth. At early indents, the
smoothed SU-8:Versamid has a reduced modulus of 4.0 + 1.3 GPa before reducing rapidly at
higher loadings. Porous pure PS 35 kDa and PS 35 kDa:Kraton have similar moduli ~0.01 GPa,
corresponding to each indentation depth. In Figure 5d, smoothed pure PS 35 kDa thin film
exhibited the highest reduced modulus of nearly 7.8 + 0.4 GPa, which, while higher than may be
expected for bulk PS, is similar to other confined PS films measured by indentation.>' The
smoothed PS 35 kDa:Kraton blend shows the lowest reduced modulus around 0.43 + 0.05 GPa.
Figure 5b and e show the work done during nanoindentation tests. Figure 5b indicates that the SU-
8:Versamid sample necessitates the most work to reach the indent depth of 1000 nm. Additionally,
Figure 5b illustrates that the PS 35 kDa and PS 35 kDa:Kraton samples require similar amount of
work deformation for identical depths of indentation. Values of work on different samples seemed
to increase linearly with indentation depth on a log-log scale. For condensed samples, the
nanoindenter does the most work on the pure PS 35 kDa sample when compared to both SU-

8:Versamid and PS 35 kDa:Kraton samples as illustrated in Figure Se.

DISCUSSION
While we have identified categories of ESD of glassy materials based on viscosity and charge
dissipation, it is important to note that, for the most part, these classifications are continua. For

example, in the case of the transition from electrowetting sprays to charged melt sprays, the
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balance of charge injection/dissipation and coating mobility determines whether it is more efficient
to dissipate charge via electrostatic instability or wetting. This switch can even occur during the
spray as the thickness of the coating makes it too difficult to dissipate charge through wetting.
Such an example is PS 850 Da, which clearly displays both highly smooth and high roughness
regions at the edge and center of the spray respectively (Figure S1f) Whereas for the transition
between self-limiting and a charged melt evinces a powder becomes increasingly densified during
the parameter change until it is better described as a viscous liquid. Optically, this can be observed
as a reduction in scatter, as in SU-8:Versamid 1:1 (Figure 4, Figure S1h). For miscible composites,
adding self-limiting component initiates this transformation gradually, with the visible transition
to a powder coating appearing with less than 20 vol% self-limiting components added. This is
similar to what was observed when increasing temperature in our previous work.'® SEM results
also confirm this transition through surface morphology changes to a fused shell assembly (Figure
3). The higher conductivity and solvent interaction of the polymer network with the polymer
approaching its T¢ allowed for enhanced charge dissipation. In other words, the mechanism of
phenomenological changes in miscible blends spray is attributed to the added self-limiting
components (PS 35 kDa, SU-8) increasing T of blends. The pure self-limiting species also display
different behaviors. The pure PS spray is more stable but thicker than the pure SU-8. Both of these
effects are consistent with our past results with SU-8 possessing higher dielectric constant, but
more facile solvent swelling and low glass transition due to the oligomeric nature of the
substance.?’ It is interesting to note that the addition of either miscible or immiscible components
does appear to stabilize the thickness of the SU-8, which is suggestive that additives offset this

sensitivity to solvent.
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For immiscible blends, adding solid self-limiting components into liquid non-self-limiting
materials displays more complex effects (Figure 2c, d). In the spray of SU-8:Soy oil, the low
viscosity soybean oil goes from a near-electrowetting state to a thick charged melt due to the
addition of immobile glassy domains. After stabilizing at a charged melt thickness of ~5 pum for a
wide compositional range, the blend becomes more self-limiting and takes on a powdery
appearance as the oil becomes dispersed in the SU-8. In contrast, the composites of the two self-
limiting components (Figure 2¢) always lead to a self-limiting spray with a subtle local minimum
in thickness observed when PS 35 kDa is first added to SU-8. We have previously observed that,
while SU-8 is sensitive to solvent, its higher dielectric strength leads to it being more self-limiting

1.20

as a mask material.”” Taken together with the fact that blending seems to stabilize SU-8 sprays to

solvent effects, it follows that adding PS to SU-8 would improve the stability.

The BCP results echo many of these trends but in a stepwise fashion. The microphase separation
that occurs within a BCP with strongly immiscible blocks results in thermodynamically-
determined ordered phases,*? and can be considered a confined version of the immiscible blend
effects. In the pure Kraton case having high butadiene fraction (7 ~-100 °C), a thick charged melt
was observed due to the viscous enhancement of the glassy PS inclusions, which at the starting
fraction should be a combination of at the starting fraction micelles and partially-formed cylinders.
Adding PS to this mixture is expected to initially swell the PS domains, having little effect on the
overall morphology.®® Then, as the fractions approach one another, there is a step down in
thickness that aligns with the nominal transition to lamellar morphology. Here, the low-T7, material
and high-Ty are both continuous phases, leading to a self-limiting immobile state that is a relatively

poor self-limiting material similar to pure SU-8. This can be seen in the morphology as a fused
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network of shells (Figure 3a). Increasing the amount of PS further results in a final step in
thickness. The morphology most likely transitions to swollen BCP domains contained in a matrix
of excess PS as the ability to expand the domains fails in favor of macrophase separation.* This
breaks the continuity of the low-T7; phase, seen in the SEM as gradual definition being added to
the shell network (Figure 3c-e) approaching the morphology of pure PS (Figure 3f). There may
additionally be a small local minimum with the 5:1 PS 35 kDa:Kraton composition similar to the
PS 35 kDa:SU-8 blends, but it is below the error threshold. However, this would likely correspond

to a morphology of BCP micelles with a polybutadiene core in the PS matrix.

We evaluated the ability to tune mechanical properties of the composites by employing
nanomechanical measurements. In the porous state, the reduced moduli of the PS and plasticized
PS 35 kDa:Kraton composite are similar, while the SU-8-Versamid is lower and shows scatter
associated with brittle failure. Once densified, the PS 35 kDa:Kraton becomes much less stiff
relative to PS and the crosslinked epoxy also becomes less stiff, revealing the effects of the
collapsed and fused porous structure caused by the compositing. While the plasticized composite
is much softer than the PS, the porous form is more fused and collapsed, leading to a relatively
higher apparent reduced modulus. All samples displayed power-law plastic energy deformation,

shown in Figure 5b,e.

Material Exponent R?

PS 35 kDa 1.03 0.90
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Porous PS 35 kDa:Kraton 1:1 0.96 0.93
SU-8:Versamid 2:1 0.92 0.87

PS 35 kDa 2.18 0.99

Dense PS 35 kDa:Kraton 1:1 1.96 0.96
SU-8:Versamid 2:1 1.85 0.80

Table 1. Power equations and R? values for each of the materials in both porous and densified

states.

Table 1 tabulates the power law exponent equations fitted to the work of deformation plots for
each material. Each of the equation fits has R? values above, with pure PS achieving the best fit.
The densification process increases the exponent, the degree of strain hardening, in each case by
roughly a factor of 2. PS has the highest exponent due to its relative ability to resist indentation as
a rigid, plastically deformable material, which is reduced by plasticization. In each sample, a
dramatic increase in the stiffness can be seen after the sample has been densified. This is illustrated
in Figure 5 when comparing plots b and e. The densified samples require nearly an order of
magnitude more work to achieve indents of the same depth. This demonstrates the ability of the
materials to dissipate energy in their porous state and store energy in their condensed state. The
variation in the reduced modulus of the SU-8:Versamid 2:1 specimen points to apparent spatial
variation in the stiffness across the surface of the sample, which is most likely due to the creation
of brittle fractures in the crosslinked system. These cracks relieve stress and result in lower
apparent reduced modulus but do not always occur, resulting in the scatter. This also prevents

plastic deformation, leading to the lowest overall exponent.
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Previously, the ratio of elastic indentation work to total indentation work has been employed to
characterize the degree of energy dissipation of silicone rubber thin films.>* Therefore, the lack of
plasticity associated with the smoothed SU-8:Versamid is also illustrated in Figures 5c,f. The SU-
8:Versamid 2:1 demonstrates the most elastic recovery of the three materials both before and after
densifying. The high values of work of deformation for the SU-8:Versamid 2:1 can be explained
by Figure 5c.f. The increased load needed to perform an indent causes the deformation work to be
higher for an equally deep indent. This comparatively high load required for an indent of equal

depth in SU-8:Versamid 2:1 is also reflected in its reduced modulus values.

CONCLUSIONS

We have established the capability to create self-limiting micro coatings through ESD of glassy
polymers blended with non-glassy modifiers and the compositional limits of this blending to
maintain the SLED effect. The results show that non-self-limiting modifiers of up to 40 vol.% can
be added without disrupting the self-limiting behavior. Further, these modifiers can alter the
mechanical properties. This presents the ability to tune the characteristic mechanical behavior (i.e.,
brittle, elastic, plastic) and the observed contact response through the blending approach. By
selecting composition, the mechanism of the mechanical response can be tuned, while the degree
of densification, which can be controlled thermally through partial densification, can set the
contact mechanics. Since these blends maintain the SLED effect, functional coating of 3D objects
with selected mechanical properties can be manufactured for various applications. In the future,

we additional functional modifiers can be pursued, such as spatially-selective crosslinking, tunable
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surface adhesion, as well as non-mechanical effects such as electrical or thermal conductivity,

chemical activity, or optical modification.
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