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Abstract

This paper examines the influence of surface treatments on the mechanical properties of acrylonitrile butadiene styrene (ABS) samples printed
by fused filament fabrication (FFF). Prior efforts have applied brushing, painting, solvent dipping, infiltration, and vapor smoothing as post-
processing surface treatments to improve the mechanical properties of FFF components. Additionally, because FFF can produce components
with undesirable surface roughness, mechanical abrasion, epoxy coating, and acetone treatment may increase tensile strength by decreasing stress
concentrations. Ridged surface texture may provide desirable tribological or handling properties. Based on these opportunities, this paper
investigates abrasive media blasting, epoxy coating, acetone immersion, and ridged texturing surface treatments on the tensile strength and other
mechanical properties of FFF ABS samples. ASTM D638-14 Type-I samples were printed, treated on all sample sides, and tested. From tensile
tests, the elastic modulus, tensile strength, and fracture strain for both the untreated and treated ABS samples were calculated. For each sample,
the surface finish and fracture macromorphology were observed with optical microscopy and the roughness values for the surface finish were
calculated from profilometer data. Furthermore, samples were submerged in water and weighed periodically to measure mass changes due to
water absorption. From surface profilometry and optical miscopy data, mechanical media blasting, epoxy coating, and immersion in all
concentrations of acetone decreased surface roughness. Overall, on average, grit blasting with large beads and epoxy coating led to 2.6% and
1.2% increases in tensile strength, respectively; immersion in 40% acetone led to a 1.9% increase in tensile strength while treatment in 60% and
80% acetone decreased tensile strength by 4.9% and 1.9%, respectively. The study concludes that only grit blasting with large beads, immersion
in 60% acetone, and the ridged texture significantly affected the tensile strength.
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1. Introduction can also be restricted by material properties, the speed of
manufacturing, in addition to part size [2].

In fused filament fabrication (FFF), polymer materials are
heated, extruded, and then sequentially deposited into layers,
which then solidify due to the temperature difference between
the extruder nozzle and the previously deposited material [3,4].

FFF serves as the most affordable AM method [2,4,5] and the

Unlike conventional fabrication techniques, such as
molding, casting, and machining, additive manufacturing (AM)
produces parts using a layer-by-layer approach that provides
complex geometries. By printing the desired product directly
from a digital design file, AM can reduce material waste and

production time [1]. However, AM faces several challenges.
Today, most additively manufactured polymer parts are
employed as conceptual prototypes rather than functional
components given their limited strength and functionality. AM

most common polymer AM technique [6]. Despite these
merits, FFF still faces challenges regarding the part’s
mechanical properties. The complete removal of support
structures can be difficult. Anisotropy and nozzle clogging
reduce effectiveness [2]. Materials produced through FFF may
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have a surface roughness that does not meet application
requirements [7]. Since the print head only heats material
locally, the molten material can begin to cool and solidify prior
to deposition, which can lead to incomplete diffusion [8]. Each
deposited layer consists of cylindrical extrusion arrays, which
produces void spaces between deposited material layers [8,9].
This can lead to defects, including undesirable microstructures
and porosity [10], which occur through both inter-bead gaps at
bead-bead interfaces as well as intra-bead voids [3]. These can
function as stress concentration sites [11] that can ultimately
distort the part.

Materials that can be employed in FFF are limited to
thermoplastic polymers that possess a melt viscosity high
enough for structural integrity, but low enough to facilitate
extrusion [2]. Common thermoplastic filaments include
acrylonitrile butadiene styrene (ABS), nylon, polyamides (PA)
such as PA6 and PA12, polycarbonate (PC), polyether-ether-
ketone (PEEK), polylactide (PLA), polypropylene (PP), and
Ultem [1,3]. However, parts produced from pure
thermoplastics often lack the strength or functionality of their
counterparts produced through traditional injection molding or
compression molding. These drawbacks are attributable to the
poor interfacial bonding between adjacent beads coupled with
the high void content of thermoplastic materials [3].

The layer-by-layer process of FFF can give rise to poor
surface finish as a consequence of the staircase effect [12,13].
Surface treatments can help eliminate part voids, reinforce
intra-material bonds [14], allow for the tuning of aesthetic
properties, and protect against environmental effects [15].
Previously studied surface treatments for thermoplastic printed
parts include mechanical abrasion, peel ply, plasma or laser
treatments, solvent dipping, and vapor smoothing. These
treatments can influence the bonding surface energy, surface
roughness, and adhesion chemistry of the printed part [14-16].

By reducing or creating surface irregularities of parts
fabricated through FFF, surface treatments can influence the
surface roughness and uniformity of printed parts, which affect
their tensile strength and ductility [12]. While mechanical
media treatments physically abrade the surface, chemical
treatments can dissolve the outer layers, allowing dissolved
materials to fill in gaps between raster-type passes. This study
examines the effects of four different surface treatments:
mechanical media blasting, epoxy coating, acetone immersion,
and machined ridge on the mechanical properties of ABS parts
fabricated by FFF.

This work offers a unique, comprehensive comparison of
three different surface treatments on the surface roughness,
mechanical properties, and hygroscopic properties of ABS. The
surface treatments examined differ in their mechanism of
action. Grit blasting comprises a mechanical abrasion of the
material surface. Epoxy coating involves the application of a
layer of a distinct material atop the printed specimen.
Meanwhile, acetone entails the dissolution of the printed
material to arrive at a smoother finish. Even so, this study
encompassed testing different bead sizes for grit blasting;
specific concentrations for acetone immersion; and a facile,
controllable, and replicable method for epoxy coating. In this
way, we aimed to achieve a better understanding of how each
of these treatments affects the surface morphology and material
properties of FFF ABS.

2. Background
2.1 Surface treatments
2.1.1 Mechanical media blasting

Mechanical media blasting, also known as grit blasting
(GB) or sandblasting, entails the use of an abrasive material to
roughen, smooth, or shape a given surface under high pressure.
Grit blasting is an effective means of tailoring the desired
surface roughness of a printed part [17]. Grit blasting can either
abrade the surface of a smooth object or smooth that of a rough
object [18], depending on the grit size [19].

On the one hand, GB can decrease the roughness of a
surface by eroding the highest peaks [19], removing excess
FFF material, and reducing the stair-stepping effect [13]. In this
way, GB has been found to “redistribute compressive residual
stresses” [20]. Although GB can in some cases smooth the
surface of a printed polymer, it can also be used to roughen a
printed part [18]. Even as grit blasting wears away a surface, in
this process, particles can also embed into the printed part,
leading to a rougher surface with protruding particles [19,20].
In this case, by reducing the distance between peaks and valleys
on the as-printed polymer surface, GB can form irregular
microstructures [18].

Post-processing techniques involving media blasting have
employed a variety of media, including glass beads, coal slag,
and alumina nanoparticles. These media vary in their range of
grit sizes and the blasting process can entail one or multiple
passes [21], underscoring the complex array of factors that may
affect the mechanical properties of the final printed product.
Given this potential to either increase or decrease the surface
roughness of printed polymers, this study examined the
influence of grit blasting using two different particle sizes on
the surface morphology and tensile strength of FFF ABS.

2.1.2 Epoxy coating

Epoxy resin is a thermosetting polymer commonly
employed to produce adhesives, coatings, and matrix resins for
composite materials. Several experiments have examined the
use of epoxy to repair fractured samples of FFF ABS-epoxy
composites, [22,23] but comprehensive studies investigating
the effects of epoxy coatings on samples manufactured
specifically using FFF have yet to be conducted. As a surface
treatment, epoxy can improve mechanical properties such as
tensile strength and elastic modulus, as well as thermal and
chemical resistance [24]. Some epoxies have favorable
material properties compared to ABS [25-27]. Research has
shown that epoxy can readily fill in pores of materials [28].
Specific to its applications for ABS, one study found that an
epoxy resin-infilled lattice structure of ABS demonstrated a
yield strength of 41.9 MPa and ultimate strength of 85.72 MPa,
both of which were superior to those of a neat ABS sample
(31.19 MPa and 50.96 MPa, respectively) [29]. Epoxy does
pose several challenges, however, including its brittleness, low
fracture strength, and low impact strength [24]. Epoxy-ABS
adhesion is known to be low, but this can be improved with
cold plasma treatment [30]. Moreover, bulk epoxy is typically
a more expensive material than bulk ABS; therefore, a
composite-based approach with a high weight percentage of
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epoxy will significantly increase the cost of manufacturing
components [31,32].

Various methods have been explored for applying epoxy
coatings to materials. A desired coating of epoxy should be
uniform [28], which requires careful consideration of
infiltration time in addition to mitigating leakage and air bubble
formation [14]. Alternatively, an epoxy coating can be applied
as an aerosolized spray, which costs less [33]. Another
technique is vacuum infiltration, in which samples are
immersed in a sealant of epoxy and then subjected to a vacuum
environment. Although this method requires large amounts of
infiltrant, it can mitigate the formation of air bubbles [28] and
allows for a thorough penetration of epoxy into the polymer
substrate. Finally, a simpler alternative to vacuum infiltration
is brushing epoxy onto the sample directly, which is often
employed when the former is not feasible.

Epoxy coatings must be cured after being applied. Curing
permits the epoxy to facilitate both crosslinking and chemical
reactions at the interface of the epoxy and the substrate, which
can assist in the formation of strong bonds between and with
the printed beads [11]. Importantly, in this process, a room
temperature cure can be helpful to mitigate any thermal
distortions.

Theoretically, a thin layer of epoxy coating can smooth
stress concentration regions by decreasing surface roughness
and the diffusion of epoxy into voids present in the internal
structure of the part, thereby helping strengthen the component
[34]. Itis not known, however, how deep the epoxy will diffuse
into the substrate, or how the base material strain affects the
epoxy adhesion.

2.1.3 Acetone immersion

Acetone is commonly used for postprocessing AM parts,
specifically for polylactic acid (PLA) and ABS. Upon
application, acetone dissolves the top layer of ABS and then
diffuses, allowing the surface plastic to resolidify with a
smoother surface [35,36]. Acetone can be applied using
immersion, hot vapor, or cold vapor treatments. Immersion
refers to the process of fully submerging a sample in an acetone
solution, whereas vapor treatments use either room temperature
vapors (cold treatment) or heated acetone that evaporates into
hot vapor. Of these methods, immersion offers the most rapid
yet consistent results. Hot vapor treatments are rapid but
difficult to control [35], and cold vapor treatments take more
time than immersion, reducing its effectiveness for mass
production.

Unlike mechanical abrasion or epoxy brushing, which both
depend upon manual consistency, acetone immersion is
relatively uniform in its application. However, prolonged
exposure to high concentrations of acetone can also affect the
part geometry and make samples unsuitable for further use
[37]. For acetone to be most effective, it is necessary to
determine the ideal conditions to smooth the surface texture
without eroding a significant portion of the samples.
Furthermore, while this treatment has been shown to increase
ductility and decrease surface roughness, concomitant
decreases in tensile strength have also been observed [38].

Previous studies have exposed ABS specimens to an
acetone vapor solvent and found decreases in surface
roughness, increased strain to failure, and negligible impact on
the mechanical properties of ABS [39, 40]. In contrast to hot or

cold vapor treatment—methods of applying acetone that have
been extensively examined—immersion in acetone is a fast
process that can be conducted at room temperature.
Nonetheless, the strong dissolution capabilities of acetone
carry risks of damaging the part surface, rendering the solvent
difficult to control [41]. To optimally balance consistent,
controlled application of acetone with minimal deterioration of
the material, this study sought to thoroughly explore the effect
of different concentrations of acetone solvent via a short
immersion time on the properties of ABS.

2.1.4 Ridged texture

Raised ridge textures have been shown to reduce wear in
components subjected to abrasive particles [42]. Aziz et al.
found that ribbed pattern size plays an important role in the
wear of a 3D printed component during pin-on-disc testing
[43]. Ribbed textures also create a unique feel in hand-held
components and can be used to aid grip in hand tools, medical
devices, and robotics [44-46]. Research has been conducted on
how ridges can improve ergonomics in 3D printed components
[47], but the effect of ridged geometry on the material
properties of 3D printed ABS has yet to be explored. This paper
explores two processes for creating ribbed geometry: printing
the ribbed surface directly onto a specimen and the creation of
ridges by machining away excess material.

2.2 Material
morphology

properties: tensile strength and surface

Tensile testing facilitates the study of the “macroscopic
mechanical signature” of printed parts, which can identify the
strength of materials in addition to how they fail [48].
Characterizing mechanical properties, including elastic or
Young’s modulus (YM), tensile strength (TS), and fracture
strain, is common. In addition to quantifying mechanical
properties, assessing surface morphology through surface
profilometry and micrography can locate voids formed during
the FFF process. These voids are the gaps that form between
beads as the beads of material are printed, leading to the
creation of stress concentration points that may explain tensile
failures [6].

2.3 Humidity absorption and mass change

Beyond the properties of printed FFF ABS, it is also
important to note that since polymer matrices have the capacity
to absorb water, the material must be dried before it is used in
printing to mitigate the formation of detrimental bubbles and
pores [48]. Nonetheless, the FFF process can still create voids
at bead-to-bead interfaces, which can make projects prone to
absorbing water from the environment. The percentage of
humidity in the atmosphere and following permeation into the
material itself can therefore affect both the quality of the
surface finish and the dimensional accuracy of parts [13]. Upon
absorption of moisture, the material can become degraded,
which will then increase the variation in printed products and
possibly contribute to a decrease in tensile strength. ABS
possesses hygroscopic tendencies, in which the polymer can
absorb or adsorb water present in the surrounding environment
[49].
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According to literature, polyurethane and acrylic coatings
on FFF manufactured samples can decrease water absorption,
while leaving the tensile strength relatively unaffected [36].
Neat epoxy and epoxy composites have been observed to limit
water absorption compared to other materials [50,51], but it is
not known if an epoxy coating will achieve similar results.
Therefore, in this study, the effects of surface treatments on the
water absorption of the printed products were also examined
through repeated mass measurements to track the moisture
absorption of the treated versus neat ABS samples.

3. Materials and methods

The experimental methodology is outlined in Fig. 1. For this
study, the ASTM D-638 Type 1 sample geometry was used.
Stratasys Insight software was used to create an alternating 45
degree raster pattern with a solid infill. A layer height of 0.254
mm was chosen. Samples were printed on a Stratasys Fortus
250mc FFF printer [52] using Stratasys Blue ABSplus-P430
filament from new stock [53]. An XY (flat) layer orientation
was used to arrange 10 samples onto the print plate. For each
surface treatment subgroup (including both sizes of glass beads
for mechanical media blasting; epoxy coating; and all
concentrations of acetone), a total of 10 samples were printed,
assessed, and treated. After printing, each sample was
measured, massed, and its surfaces were studied with
microscopy and stylus profilometry. Then, surface treatments
were applied to the top, bottom, sidewall, and edges of each
sample. Next, sample surfaces were characterized once more.
Lastly, tensile tests were completed using an MTS Criterion
Model 45 universal testing machine (UTM); see Fig. 2 [54].

+ Print, measure, and mass ABS samples
« Examine sample surfaces with microscopy and stylus profilometry

« Apply surface treatment
» (A) Epoxy Coating: combine resin and hardener in 2:1 volumetric ratio, and
distribute 0.3 mL onto each sample side with silicone-tipped doctor blade
» (B) Media Blasting: use manual sandblasting glove box (80 psi, 6 passes per
side) to blast sample with large (40-60 particle size) or small (200) glass beads
»(C) Acetone Immersion: submerge samples in 40, 60, or 80% acetone for 10 min.
» (D) No treatment
« Measure, mass, and examine sample surfaces with microscopy and stylus
profilometry

+ Perform tensile strength tests with the MTS ‘

Fig. 1. The experimental procedure.

Fig. 2. A tensile test using the UTM.

According to the manufacturer specifications from
Stratasys for the ABS filament, the tensile strength of the
material is 33 MPa, YM is 2.2 GPa, and the fracture strain is
6% [53]. In total, 20 untreated test specimens were created and
tested to use as a baseline for the treated specimens. Prior to
each tensile test, the surface topography/morphology was
assessed using microscopy. First, a Mitutoyo Surftest SJ-210
stylus profilometer [55] was used to obtain a measurement for
the surface roughness of the sample for all sample types except
the ridged samples. For the ridged samples, surface profiles
were captured using a Keyence VR 5100 3D measurement
system.

For each dogbone test specimen, four locations were
measured to determine average roughness values or R, [13].
The 1SO 1997 standard was used in conjunction with Gaussian
filtering with a 0.25 mm cut-off and a wavelength, A, of 2.5
pm. Given that stylus profilometers cannot fully enter every
pore on the surface of the sample [18], optical microscopy was
also employed to obtain more data regarding the topography of
both the sample surface and fracture site. A VHX 5000
Keyence digital microscope was used to examine multiple
locations on the surface of each dogbone sample.

3.1 Surface treatments of samples
3.1.1 Mechanical media blasting

To study how mechanical media blasting affects the surface
properties and tensile strength of FFF ABS, the surfaces of
printed dogbone samples were subject to media blasting with
either large glass beads (40 to 60 grit, 254 um to 365 pum
diameter) or small glass beads (200 grit, 84 um diameter)
obtained from McMaster-Carr. A total of six passes per side
were completed in a Trinco Dry Blast Cabinet (Model 3G7BP)
manual sandblasting glove box. The media were propelled by
compressed air from an air-pressure gun at a pressure of 80 psi,
with the nozzle of the device at a distance of approximately 10
cm from the sample surface.

Following the blasting, a WypAll shop cloth was used to
remove loose particles from the samples, which were then
permitted to air dry. Samples were again massed and examined
using light microscopy as well as stylus profilometry. Tensile
tests were performed using the MTS.

3.1.2 Epoxy coating

The effects of epoxy coating on the mechanical properties
of FFF ABS were also explored. For this study, Smooth-On
XTC-3D High-Performance epoxy coating was chosen given
its commercial availability and specific intended application
for FFF manufactured components. Epoxy resin and hardener
were combined in a 2:1 volumetric ratio and mixed for one
minute, per manufacturer specifications. Afterward, 0.3 mL of
the epoxy mixture was loaded into a syringe and deposited on
one side of the printed dogbone samples using a silicone-tipped
doctor blade; see Fig. 3. After two hours of curing at room
temperature, samples were flipped over and the coating
procedure was repeated for the remaining side, as well as for
the sidewall and edges of the sample.
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Fig. 3. Applying the epoxy coating to a specimen.

The only material property provided by the epoxy
manufacturer was a Shore hardness of 80D. Therefore, to
obtain additional mechanical properties of the neat epoxy, the
epoxy resin was cast into a silicone mold and ASTM D638-14
Type | samples were prepared using a water jet cutter.

3.1.3 Acetone immersion

To investigate how acetone submersion affects the tensile
properties of ABS, test samples were immersed in varying
concentrations of liquid acetone (obtained from Sunnyside).
Doghbone samples were fully submerged in either a 40%, 60%,
or 80% by volume acetone solution, with 15 samples assigned
to each concentration. For each treatment group, a batch of five
samples was immersed in the corresponding solution for a
duration of 10 minutes, and the same solution was used for all
three batches.

After immersion, the 40% and 60% acetone samples were
removed from the solution, patted dry with paper towels, and
placed upright along their long edge to dry overnight and
evaporate any remaining acetone or water. To prevent the
“bowing” tendency previously observed with the 80% acetone
samples, these specimens were laid horizontally on a silicone
mat to dry.

Once the samples were dried, they were massed again to
record any change due to residual moisture, and the treated
surfaces were again examined. Finally, all treated samples were
tensile tested.

3.1.4 Ridged texture

To create the printed ridged specimen, the dogbone
specimen file was modified by adding ridges on the specimen
surface at a 45 degree angle; see Fig. 4. Each ridge had a height
of two layers, 0.53 mm + 0.05 mm, a width of 0.96 mm + 0.07
mm, and a spacing of 1.1 mm + 0.05 mm. The same print
parameters were used to slice the model.

To create the CNC milled samples, 11 specimens were
printed with the same parameters as the original samples,
except that the specimen thickness was set to 4.2 mm. The
excess material was removed with a Haas-4VF CNC milling
machine. The specimens were held in place with aluminum soft
jaws during machining. First, the top and bottom surfaces were
faced using a 19.05 mm diameter carbide three-flute flat end
mill with a TiCN coating manufactured by HTC Tool [56], and
0.1 mm was removed from each surface. Approximately one-
half of a single print layer was removed from each side to

minimize the effect of bead geometry on surface finish. A
spindle speed of 3621 rpm and feed per tooth of 0.02 mm were
selected to achieve an adequate surface finish. To create the
ridge geometry, a two-flute 1.19 mm diameter flat endmill was
used with an axial depth of 0.5 mm, along with a spindle speed
of 7500 rpm and a feed per tooth of 0.08 mm. A final facing
pass at the same height as the first pass was used to remove any
burrs.

3.1.5 Structured light scanning

A GOM ATOS Core 200 structured light scanner was used
to create a 3D representation of the ridged samples. The
scanner projected a two-dimensional fringed pattern of blue
light onto the scanned component, and light reflected off the
component surface was observed by two cameras. The
geometry was calculated by observing the spacing and warping
of the projected line pattern. Fiducial markers were placed on
the sample prior to scanning and used to provide reference data
to allow multiple scan angles to be stitched together into a
single point cloud. The point cloud was then converted to a
polygonized mesh [57]. GOM specified the point spacing for
the Core 200 to be 0.08 mm at a 250 mm scanning distance
[58]. However, scanning uncertainty was difficult to quantify
due to errors introduced by the optical system, reflectivity of
the scanned object, and foreshortening of scanned object
geometry [59].

Fiducial marking stickers were placed on each side of the
samples before scanning. After capturing scans from multiple
points of view, the resulting point clouds were converted to a
mesh using a post-processing setting of “More Details” and a
post-process factor of 1.00 in GOM Inspect software. To
confirm the accuracy of each mesh, digital calipers were used
to physically measure the ridge and valley heights of each
physical sample, and analogous measurements were taken
using simulated calipers in software. Samples whose scan
measurements did not fall within +0.08 mm of the physical
measurements were not used for testing.

Fig. 4. A scanned specimen with cross-section samples used to calculate the
average gauge length area.

Scans produced without using any scanning spray
consistently produced undersized mesh geometry, especially
with respect to sample thickness; see Fig. 5 for an example
measurement. It was assumed that the reflectivity and blue
sample color were the primary sources of these errors.
Therefore, the samples were sprayed with AESUB scanning
spray to reduce the surface reflectivity. Some samples
contained curvature which introduced errors when multiple
scans were stitched together. Therefore, only the five flattest
samples of each process were scanned and tested.
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To quantify the uncertainty in the scanning process, a single
ridged sample was scanned six times using the previously
described methodology. The sample was wiped clean after each
scan, and the spray was reapplied. The average cross-sectional
area of 11 regions in the gauge length was calculated using the
GOM Inspect software. The standard deviation of the cross-
sectional area was calculated to be 1.8%, a large variation
possibly attributable to several reasons. First, the scan results
were very sensitive to the amount of spray used during the
sample preparation. Hand spraying the samples produced
uneven coverage. Additionally, the spray began to sublimate
during scanning and needed to be reapplied on some surfaces.
These findings create uncertainty in the measurements that
were calculated using the cross-sectional area, including YM
and TS. However, the fracture strain calculations were not
affected. More research is needed using different scanning
methodologies to provide more accurate results for the material
properties that are dependent on cross-sectional area.

[mm]

1.42

1.20

Fig. 5. A machined ridged specimen with a difference map to the CAD file.
3.2 Characterization

Following each surface treatment, samples were measured
once more, and the morphology of their surfaces was examined
again using microscopy and stylus profilometry. Mass
measurements were also completed, and three samples from
each treatment group were set aside for water immersion
testing.

To complete the tensile testing of the neat and treated ABS
samples, an MTS Criterion Model 45 universal testing machine
with a 100 kN load cell was employed. Each test specimen was
clamped at both ends and pulled at a strain rate of 5 mm/min
until failure; see Fig. 2. Two pieces of reflective tape were
applied at the boundary of the gauge length, and an MTS laser
extensometer [60] with a 50 mm gauge length was used to
measure the change in length.

3.3 Water immersion tests

To assess the hygroscopic tendencies of the treated versus
untreated ABS, water absorption tests were conducted. From
each treatment group, three sample specimens were set aside
for water absorption. Before water immersion, each sample
was massed following printing (before treatment) and once
more after treatment. Samples were entirely immersed in a

graduated cylinder filled with water for eight hours. At every
hour during this period, samples were removed from the water,
massed, and then returned to the water. These mass change
measurements were used to calculate the absolute and percent
mass change for each sample. To note, as each of the three
surface treatments was applied to the top and bottom faces of
each sample, along with their sidewalls and edges, water
immersion test results were attributable to their respective
surface treatments.

4. Results and Discussion
4.1 Surface morphology and profiles

Following surface treatment, each sample surface was
characterized using light microscopy and surface profilometry.
Additionally, the fracture macromorphology and tensile
deformation were examined after tensile testing. Surface
profiles for samples from every treatment group are shown in
Figs. 6 and 7. All R, values are listed in Table 1.

Surface profilometry of the neat ABS samples yielded Ra
values of 2.4 um and 4.8 um for the top and bottom sides,
respectively. The bottom surfaces of the specimens, which
contacted the print bed during fabrication, tended to be rougher
than the top surfaces. These R, values served as comparison
baselines for those of other surface treatments. For the
untreated ABS samples, optical microscopy (Fig. 11a) revealed
noticeable voids within the samples.

Samples treated with media blasting of small beads showed
increased surface roughness in the top surfaces, while a
decrease in roughness was observed for the bottom surfaces;
see Fig 7. Optical microscopy for samples from both treatment
groups showed that beads of both sizes led to noticeable
changes at the voids of the ABS. While small beads tended to
remain lodged in the gaps, large beads appeared to discolor the
surface with pockmarks without becoming stuck in the voids
themselves (Figure 11c).

3.0
20 @

00 20 40 60 80 100 120 140 160 180 20.0

X (mm)

60.0 b)
40.0

20.0
0.0

Z (um)

-20.0
-40.0
00 20 40 60 8.0 100 120 14.0 16.0 18.0 20.0 22.0 24.0
X (mm)

Fig. 6. Surface profiles for: a) machined ridged sample and b) printed ridged
sample.
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Table 1. Pre-treatment and post-treatment R, values.

Treatment Top R, (um) Bottom R, (um)
Pre Post Pre Post
Neat ABS 24 - 48 -
Grit blasted — small beads 2.6 2.8 5.0 0.03
Grit blasted — large beads 2.2 1.2 5.0 2.1
Epoxy — neat 0.04 - 0.21 -
Epoxy — brushed 2.2 0.04 | 6.3 12
Acetone — 40% 2.1 2.1 4.0 3.8
Acetone — 60% 3.6 0.76 | 5.0 22
Acetone — 80% 3.2 0.01 | 5.0 0.08
Ridges — machined 2.3 030 | 44 1.3
Ridges — printed 55 - 2.9 -

Height [;zm]
L 8

-0 i
20F g

: .
05 1 1.5 2
Haorizontal Imml

— ABS - Neal Surface Top

e ABS - Neat Surface Bottom

Grit-Blasted - Small Beads Surface Top

= Grit-Blasted - Small Beads Surface Bottom
Grit-Elasted - Large Beads Surface Top
Grit-Blasted - Large Beads Surface Bottom
- Epoxy - Neat Surface Top
Epoxy - Neat Surface Bottom

Epoxy - Brushed Surface Top
Epoxy - Brushed Surface Bottom
Acetone - 40% Surface Top
Acetone - 40% Surface Botiom
Acetone - 60% Surface Top

= Acetone - 60% Surface Bottom
Acetone - 80% Surface Top

- Acetone - B0% Surface Bottom

Fig. 7. Surface profiles for all sample types excluding the ridged geometry
(shown in Fig. 6).

Following coating with epoxy, the mean R, values for both
the top and bottom surfaces of the epoxy-coated ABS
decreased compared to those of neat ABS. Notably, the neat
epoxy samples, which exhibited especially small R, values
(0.043 pum and 0.211 um for the top and bottom sides of the
specimens, respectively) were also observed to have smooth
surfaces overall. Even so, small air bubbles speckled the
surface (Fig. 11d). Optical microscopy also confirmed that the
application of the epoxy coating to the ABS was able to smooth

out both sides of the dogbone samples, as several voids
throughout the samples were noticeably filled; see Fig. 8.

3.51 mm

Fig. 8. The relative penetration of epoxy into the ABS substrate (green
coloration added for emphasis).

Immersion in acetone of any concentration led to decreases
in surface roughness for both the top and bottom surfaces of
ABS, suggesting that the solution was able to smooth out some
of the ABS. The decrease in R, values was greater in samples
submerged in higher concentrations of acetone; see Table 1.
Similar results were also observed in the optical microscopy
images of the samples, in which the smoothness and
“glossiness” of the sample surfaces appeared to increase with
increases in acetone solution concentration; see Fig. 9.

Ridged samples created using machining demonstrated a
dramatic increase in Ry with a value of 0.3 um and 1.2 um in
the top and bottom surfaces. The printed ridged samples
possessed similar roughness to the neat ABS samples, as
expected.

Fig 9. Specimens treated with: a) 40% and b) 80% acetone solution.
4.2 Data analysis methodology

Engineering stress-strain curves (Fig. 10) were generated in
MATLAB using the force data from the MTS crosshead and
length change from the laser extensometer. In order to calculate
YM for the samples, points 20-90 of the stress-strain curve
were fit to a first-degree polynomial with an intercept of 0 MPa.
See Egs. 1-3,

F
g = Z (1)
lo—1;
e=]= )
YM = (a/e)linear region (3)
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where ¢ is stress, F is the force measured by the load cell, A is
the cross-sectional area at the gauge section for the given
sample, € is the strain, lp the original gauge length, and I; the
gauge length at a specific data point as measured by the laser
extensometer.
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Fig. 10. Stress-strain curves for all specimen types.

Points 1-20 of the stress-strain data were excluded because
slack in the mechanical components of the MTS system can
create inaccurate results at the beginning of each test. For the
epoxy-coated samples, two linear regions were identified. The
YM for the second linear region was calculated using the same
method as the first region and points 100-160 of the stress-
strain curves; see Fig. 12. The maximum stress value was
identified as the tensile strength

F-tests for all sample types were calculated in MATLAB in
order to identify if the variance of each mechanical property
was statistically different from that of the control group.
Depending on the results of the F-tests, pooled t-tests or t*-tests
were completed to identify if each treatment type was
statistically different from the control group for each material
property. The results are provided in Table 2.

4.3 Surface microscopy results

The effects of the surface treatments on the sample
mechanical properties are described in the following sections.
In numerous cases, including the use of mechanical media
blasting, epoxy coating, and acetone immersion, the
application of the surface treatment was observed to lead to a
visible “joining” of printed beads [12] that were initially
separated by voids. This process may help explain the surface
treatments effects on the YM, TS, and fracture strain.
Nonetheless, in many cases, observation of samples post-
testing revealed that voids were still present, suggesting that
leakage, air bubble formation, and leftover stress concentration
sites contributed to failure.

Fig. 11. Microscopy images for: a) neat ABS, b) grit blasted, small beads, c)
grit blasted, large beads, d) epoxy, brushed, €) neat epoxy, f) 40% acetone,
g) 60% acetone, h) 80% acetone, i) ridges, printed, j), ridges, machined.

4.3.1 Mechanical media blasting

Previous research has reported mixed results from grit
blasting, which can either decrease surface roughness through
erosion or increase roughness through embedding particles into
the surface, based on the substrate material and bead
characteristics [18, 19, 20]. Indeed, in this study, different
effects on ABS were observed depending on the size of glass
beads used. Overall, grit blasting the ABS samples with either
small or large beads led to the surface textures of both sides of
the sample becoming more like each other. Media blasting with
small beads did not have any significant effect on YM,
although a significant increase in fracture strain was noted.
Small beads were visibly embedded in the voids of the sample
surface, demonstrating the ability of these particles to fill in
some ABS voids. Media blasting with large beads did not lead
to any significant impacts on YM or fracture strain; rather,
slight decreases in tensile strength were observed. Given the
larger size, these larger beads did not embed in sample voids
but instead tended to discolor the ABS surface with pockmarks.

4.3.2 Epoxy coating

Neat epoxy demonstrated a significantly higher YM and TS,
as well as smoother surface morphology compared to neat
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ABS. Even though this underscores the promise of neat epoxy,
which can also be a 3D-printed material, the printing process
can be complicated and expensive. Casting limits the geometry
that can be produced, which can also pose a challenge to
utilizing neat epoxy as a material in additive manufacturing.

25 T

Epoxy Coated
Neat ABS
Neat Epoxy

stress [MPa)

0 ! L

0 0.001 0.011
strain [mm/mm]
Fig. 12. Comparison of elastic moduli between untreated ABS, neat epoxy,
and epoxy-coated samples. Two distinct elastic moduli are visible for the

epoxy-coated samples.

0.0060.007

For the brushed epoxy ABS samples, it was noted that YM
of the epoxy-coated samples, which consist of ABS coated with
epoxy resin, was between that of neat epoxy and neat ABS,
confirming expectations for the composite material.
Additionally, epoxy-coated samples yielded a higher YM
compared to neat ABS (11.1% increase), together with a
smoother surface texture than neat ABS. The superior YM of
the epoxy-coated samples may be a consequence of epoxy
infiltration, which has been reported to strengthen interlayer
bonding [30]. The penetration of epoxy was uneven across the
samples. At its maximum, epoxy penetration was
approximately 80% per side with a significantly lower average
penetration; see Fig 8. Penetration was higher in regions of the
sample with high surface porosity.

Even though the brushed epoxy samples had a higher YM,
the tensile strength was not significantly different. It is likely
that the epoxy began to delaminate from the ABS at a relatively
low strain, leading the samples to behave more like neat ABS
samples in terms of tensile strength. Figure 13 shows a visible
change in YM for region 2 that is within 0.5% of the neat ABS
YM at around 0.6% strain, suggesting the epoxy and ABS have
delaminated.

4.3.3 Acetone immersion

Tensile test results from the samples immersed in acetone
reveal results that differ depending on the concentration of
acetone used. Treatment with 40% acetone did not have any
significant effect on YM, vyield strength, or surface
morphology, but a decrease in fracture strain was noted. On the
other hand, immersion in 60% acetone contributed to a
smoother surface texture, decrease in YM, and a significant
67.6% reduction in fracture strain (and, thus, a brittle fracture
mode). Finally, submersion in 80% acetone led to the most
prominent smoothing of the sample surface, a 54.4% decrease
in fracture strain (brittle fracture), and warping of the sample

into a curved geometry. Hence, the smoother surface observed
for samples following immersion in 60% and 80% acetone is
consistent with findings from previous literature noting that
high concentrations of acetone (around 90%) reduce surface
roughness and tensile strength [12, 38].

4.3.4 Ridged texture

Both types of ridged samples, printed and machined,
showed significant changes in fracture strain and TS but no
other properties. Fracture strain decreased by 40.4% and 39.3%
in the machined and printed ridged samples, respectively.
Tensile strength increased 11.4% and 9.0% in machined and
printed ridged samples, respectively, with a higher variance for
the printed ridges. Breaks outside of the gauge length were
more common with the printed ridge samples than any other
sample type. The observed fracture morphology followed the
orientation of the ridges for the printed ridged samples. The
early failure of the ridged samples could be due to an increase
in stress concentration in the ridge geometry. Stress induced
during the machining process likely did not affect the fracture
strain, as both the printed and machined ridged samples
fractured at similar strain levels.

4.4 Water absorption tests

The percent mass change of the immersed samples (relative
to the as-printed specimens) due to the surface treatment and
follow-on water absorption, are displayed in Figs. 13 and 14.
The average percent mass change for water-immersed samples
from each treatment group is displayed in Fig. 13. Error bars
identify the 95% confidence intervals, and red stars denote
which treatments held statistical significance in comparison to
neat ABS. In Fig. 14, the first data point, corresponding to the
“As-Printed” x-axis label, refers to the neat ABS sample before
it was subject to a surface treatment condition. The second data
point, designated by the “As-Treated” label, refers to the time
point following the application of the treatment. Time 0:00
references the time following treatment but prior to submersion
in water, and subsequent values record the percent mass change
of the sample at one-hour intervals. The slopes of each line
segment display the approximate percent mass increase or
decrease relative to the mass recorded at the previous time
point.

* * * * *

ABS — Neat Gnt- Blasted — Grit-Blasted —
Small Beads

Mean Percert Mass Change

Lo aNweEOD

Epoxy — Acetone — 40% Acetone — 60%  Acetone —
Large Beads Brushed 80%
Surface Treatment
Fig. 13. Mean percent mass change due to both surface treatment and water
absorption, with 95% confidence intervals. Stars indicate treatments with

statistical significance.
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Table 2. Material properties of all sample types, bold font indicates a
statistical significance from baseline.

Young’s Tensile Fracture
modulus strength strain (%)
(MPa) (MPa)
Neat ABS (value + | 2183 +83 26.6 0.7 8.34+0.01
std. dev)
Grit blasted — 2232 (2.2% 26.5 (0.4% 10.2 (22%
small beads increase) decrease) increase)
Grit blasted — 2188 (0.2% 25.9 (2.6% 8.8 (6.0%
large beads decrease) decrease) increase)
Epoxy — neat 2843 (30.2% | 39.7 (49.2% | 23.3 (180.7%
increase) increase) increase)
Epoxy — brushed 2426 (11.1% | 26.9 (1.2% 8.1 (2.4%
increase) increase) decrease)
Acetone — 40% 2224 (1.9% 27.1 (1.9% 6.4 (23.2%
increase) increase decrease)
Acetone — 60% 2011 (7.9% 25.3 (4.9% 2.7 (67.6%
decrease) decrease) decrease)
Acetone — 80% 2020 (7.5% 26.1 (1.9% 3.8 (54.4%
decrease decrease) decrease)
Ridges — 2261 (3.6 % 29.6 (11.4% 4.99 (40.4 %
machined increase) increase) decrease)
Ridges — printed 2267 (3.8% | 29.1(9.0% | 5.1(39.3%
increase) increase) decrease)

From these data, brushed epoxy showed the best
performance in terms of reducing mass change due to water
absorption. Meanwhile, immersion in 80% acetone provided
comparable results. Even so, submersion in 80% acetone
weakened the ABS component, as evidenced by the bowing of
the sample. In general, all surface treatments, except for grit
blasting with small beads, were able to significantly (o = 0.05)
reduce percent mass change due to hygroscopic absorption,
relative to neat ABS.

=a—Control (Neat ABS)=#—Fine Grit Blast
40% Acetone

~+—Coarse Grit Blast —+Epoxy

60% Acetone ——80% Acetone

% Change in Mass
o b
o o

N
=}

Time in Water (h)

Fig. 14. Percent mass change due to both surface treatment and water
absorption.

5. Conclusions

The surface treatments examined in this study—excluding grit
blasting with large beads, immersion in 60% acetone, and
both types of ridge geometry—did not exhibit significant
effects on the ABS tensile strength. However, grit blasting

with small beads was observed to increase fracture strain
compared to neat ABS, even as acetone immersion in either
40%, 60%, or 80% solution led to more brittle fracture modes.
The small gain in tensile strength (9% to 11%) was offset by a
large decrease in fracture strain (40%) in the ridged samples.
Epoxy brush coating contributed to notable increases in
Young’s modulus, alongside minimizing moisture uptake.
Overall, considering the insignificant influence of most of the
surface treatments studied on Young’s modulus or tensile
strength of ABS, this study concludes that these surface
modifications can instead be customized to tune the desired
mechanical properties, ranging from improved tensile strength
or fracture strain to enhanced moisture resistance. Through a
comprehensive investigation of three distinct types of surface
treatments together, this paper uniquely offers an
understanding of their effects on the tensile and mechanical
properties, surface roughness, and humidity absorption
properties of FFF ABS. In sum, our research findings enable a
convenient and novel side-by-side comparison for FFF ABS
treated using three different approaches.

So far, a wide range of surface treatments, beyond those in
this study, have emerged as promising ways to improve
mechanical properties, from chemical surface treatments with
nanoparticles [2] and adhesion promoters [48] to annealing and
flame and plasma treatments [61]. Besides novel surface
modifications, progress remains to be made in the study of the
underlying base materials, including polymers reinforced with
carbon fibers [2,9] and other carbon-based materials [3] to
thermoplastic polymers besides ABS, including polylactic acid
(PLA), polyamide (PA), and polycarbonate (PC) [2].
Considering the range of possible materials and their uses, the
continued exploration of surface treatments has the potential to
advance the understanding of 3D printed materials and their
applications in engineering, medicine, and beyond.
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