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ARTICLE INFO ABSTRACT

Keywords: Additive manufacturing (AM) has become a key technology for fabricating highly customized products without
Additive ‘manufacturing the need for specific tools. Despite the benefits, this technology has some limitations, such as a poor surface finish
Freeforming of the products. Chemical treatment methods have been proven effective for the enhancement of surface finish.
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Surface design
Mechanical properties
Optimization

To this date, such treatments were applied to the objects manufactured by various AM methods, but there is no
data available for the products manufactured by Arburg plastic freeforming (APF). The APF is a unique technique
based on the deposition of tiny polymer droplets to build a final component directly from pellets. In this study,
we investigate the effects of chemical treatment in hot acetone vapors on the surface roughness, (micro)me-
chanical properties, and optical and molecular changes of acrylonitrile butadiene styrene (ABS) samples pro-
duced by APF. The dynamics of the treatment process were studied as a function of exposure time to acetone
vapors. The results showed that bulk mechanical properties were preserved, while significant changes occurred
in the surface mechanics, specifically the indentation hardness. Along with the chemical treatment, the surface
roughness exhibited nontrivial behavior but ultimately yielded a ~ 90 % reduction after 35 s, texture homog-
enization with the simultaneous improvement in gloss, from 2.2 to 45 GU, and surface aesthetics. The surface
finishing process was very fast and easily scalable, offering valuable information for the design of ABS products

in industrial applications.

1. Introduction

Arburg plastic freeforming (APF) technology, sometimes referred to
as droplet deposition modeling, represents an innovative approach in
jetting additive manufacturing (AM) that enables the production of
functional three-dimensional (3D) objects from standard thermoplastic
granulates. In the APF, the polymer granules are continuously fed
through the hopper, melted in a heated plasticizing cylinder, and sub-
sequently transported by a rotating screw to the pulsed nozzle tip. The
special discharge unit controlled by the piezoactuator precisely applies
the material in the form of droplets at a frequency of up to 200 droplets
per second onto the build plate. The tiny polymer droplets fuse together,
yielding a compact platform. As a result, complex and homogeneous
objects can be produced using a layer-by-layer approach directly from
the pellets without the need for injection molds and the standard pre-
fabricated filaments [1-3]. Besides, compared to the conventional 3D
printing technologies, such as fused deposition modeling (FDM) and
selective laser sintering (SLS), the APF enables rapid prototyping,
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reducing production costs and offering new possibilities for the easy
individualization of functional components with high quality and ac-
curacy [2,4-6].

Recent studies focused on APF technology showed that the optimi-
zation of process parameters is crucial for achieving the compact
structure and desired mechanical properties of the final products. The
optimization typically involves a systematic interplay of thermal and
geometric parameters affecting the shape of the droplets and thus
increasing the filling density and mechanical properties [7]. The prod-
ucts fabricated by the APF technology were shown to exhibit higher
densities, tensile, and flexural moduli when compared to those manu-
factured by fused filament fabrication (FFF) technology, close to the
values achieved for the injection-molded parts [8].

An important area in the APF research is precision manufacturing,
which aims to identify factors responsible for the good visual charac-
teristics of the products. In this regard, it was found that the form factor
is one of the most important parameters, together with layer thickness,
nozzle, and build temperature, as well as overlap between raster and
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filling and the raster angle [9]. The comparative analysis of three
different AM techniques — FFF, SLS, and APF — showed that APF ach-
ieved higher dimensional accuracy despite a greater layer thickness
(0.20 mm vs. 0.15 mm) for higher ISO sizes than FFF, represented by the
modified Ghostprinters version of the Prusa i3. The SLS process repre-
sented by EOS Formiga P110 Velocis provided objects with a smoother
surface with barely visible layers when compared to the FFF and APF,
but showed poorer accuracy for smaller geometric elements, despite the
use of a smaller layer thickness (0.10 mm), which was attributed to the
adhesion of partially sintered particles and thermal effects [3].

The database of materials suitable for the APF includes a range of
thermoplastic polymers, such as soft and elastic materials that cannot be
efficiently processed using FFF technology [6,10]. The approved poly-
mers for the APF are acrylonitrile butadiene styrene (ABS), poly-
carbonate (PC), thermoplastic urethane (TPU), and polypropylene (PP)
[10], but also special polymers, such as polyethylenimine (PEI) [11],
medical-grade poly(methyl methacrylate) (PMMA) [2], and biodegrad-
able polylactic acid (PLA) [5,12].

In particular, ABS is a thermoplastic polymer commonly used for 3D
printing [13], but is also recognized by Arburg as a suitable material for
the APF. ABS represents a commercially important copolymer offering a
good balance of impact and tensile properties, chemical and aging
resistance, dimensional stability, and surface hardness [14]. These
properties can be further tuned by varying the ratio of its comonomers;
typical applications include protection and sports equipment, household
appliances, and components for electronics, medical, and automotive
industries [15].

As known, ABS products, especially those manufactured by AM
technologies, typically require mechanical or chemical post-processing
in order to tailor their surface properties and/or improve geometrical
precision, aesthetic appearance, and other characteristics [16]. For
instance, etching the surface of the ABS with sulfochromic acid is used in
the electroplating to improve adhesion to the metallic coating [17]. In
brief, exposure to sulfochromic acid yields the dissolution of the poly-
butadiene blocks, increasing the hydrophilicity on the surface of ABS
and thus a better adhesion to metals. Besides the chemical changes,
etching is accompanied by the formation of microporosity, which in-
creases the interacting area for mechanical interlocking. Despite being
an effective etching agent, sulfochromic acid is toxic and hazardous,
which impels a need to minimize its consumption [18] or use more eco-
friendly alternatives [17]. It was found that MnO»-H3P04-H2SO4 colloid
in combination with ultrasound-assisted etching (UAE) significantly
improved adhesive strength between the copper film and ABS (even
more than etching in chromic acid) by creating more uniform cavities
and a higher density of hydrophilic groups, despite the reduction in
average surface roughness [19]. Similar effects and high efficiency of the
etching process for the ABS surface can also be achieved by increasing/
optimizing the temperature of the etching solutions [20]. Other strate-
gies involve the use of high-energy irradiation, such as UV light [21] or
pulsed laser activation [22], to modify the surface of the ABS. The main
advantage of the radiation techniques is the possibility of fabricating
well-defined patterns on the surface of ABS for high-resolution selective
metallization.

In some applications, the opposite effects are needed, and organic
solvents are used for removing surface (micro)porosity and reducing the
risk of biological contamination. For instance, the surface of ABS parts
manufactured by the FDM method was pre-treated with an acetone/
water mixture in order to achieve a sealing effect, before being grafted
with poly(ethylene glycol) (PEG) to improve water impermeability,
hydrophilicity, and biocompatibility [23]. In another study, the ABS
parts built by the FDM were exposed to cold acetone vapors, whose
smoothing effects were investigated with respect to the different raster
angles and different part orientations [24]. It was found that the
orientation of objects along the X axis with a raster angle of 30° provided
samples with superior mechanical properties and low surface roughness,
while orientation in the Z axis resulted in longer build time and poor
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mechanical strength. The implications of vapor treatment were also
examined for ABS samples produced by the FFF technology [25]. The
authors used acetone and ethyl acetate, the latter representing a milder
solvent, and their mixtures for conducting chemical vapor treatment of
the referred samples. They found that the use of ethyl acetate required
an exposure time of 30 min to achieve the desired enhancements in
surface roughness; however, it did not interfere with the tensile strength
of specimens, unlike acetone and its mixtures with ethyl acetate.

Considering the current literature, it becomes clear that surface
finishing in chemical vapors has been investigated only on the ABS parts
fabricated by FDM and FFF methods, but to the best of our knowledge,
there are no publications addressing these problems on the objects
manufactured using APF technology. For these reasons, this work aims
to investigate the effects of hot acetone vapors on mechanical properties,
particularly microhardness, and the surface morphology of ABS prod-
ucts manufactured by the APF. To gain deeper insights, the corre-
sponding chemical changes of the ABS surface were studied using
spectroscopy methods and correlated with the exposure time to acetone
vapors. Moreover, the gloss examination, as a frequently overlooked
characteristic, was performed, providing useful information about the
optical and aesthetic properties. It is also noteworthy that acetone was
selected as a suitable solvent due to its potent dissolution ability,
allowing for smooth ABS surfaces in a very short time, making the
procedure easily scalable and applicable in the industry. Due to the huge
potential of the innovative APF technology and growing interest in the
individualization of plastic components, we believe that present sys-
tematic investigations could open new avenues for the production and
finishing operations of ABS parts integrated into the aforementioned
applications.

2. Material and methods
2.1. Production of samples using APF

The samples were produced from the ABS pellets Terluran GP-35
(melt volume rate, MVR, of 34 cm®/10 min at 220 °C) supplied by
INEOS Styrolution (Germany) using the Freeformer 200-3X (Arburg,
Germany), which is the first generation of the APF device, enabling the
production of objects within a working space of 135 x 250 x 230 mm
(Fig. 1A). The maximum temperature in a heated build chamber is up to
100 °C, while the temperature of the feeding unit can reach up to 300 °C,
allowing for processing of high melting-point polymers. The diameter of
the nozzle was 0.2 mm, which generally yields a higher thickness of the
layer compared to the SLS method but does not necessarily translate into
a lower quality of the product [3]. The ABS samples were designed as
double-sided dumbbells for tensile testing (EN ISO 527, type 1A) and
rectangular bars for impact testing (EN ISO-179), with thicknesses of 4
mm, thereby consisting of 20 layers. The build time of the tensile
dumbbells was 62 min per sample, while the Charpy bars were produced
within a build time of 23 min per sample. The series consisting of 5
samples of each type was produced using a single perimeter contour,
100 % infill, a 90 % overlap pattern, and a print frequency of 143 Hz.
The slicing parameters are listed in Table 1, and visualized in Fig. 1B.

In the APF, a key process parameter is the drop aspect ratio (DAR),
which is defined as the ratio between the width (wg) and height (hg) of
the droplet extruded from the APF nozzle (Eq. (1). The DAR is essential
for achieving optimal structure and mechanical properties in the final
product, and its proper calibration is critical for the dimensional accu-
racy and quality of the products.

Wy

DAR :h—d (€D)]

The wq value depends on the volume of material flowing through the
nozzle, which is influenced by the viscosity of the polymer (tempera-
ture) and the frequency of the piezoelectric actuator. The actuator
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Fig. 1. (A) The scheme of the APF device/process. (B) Geometry of a specimen produced by APF including slicing schematics of raster angle orientations. (C) The
tuning of the droplet geometry through the discharge rate per droplet and the rheological properties of the material, for a given nozzle. Test cubes are manufactured

to precisely adjust the DAR value [26].

Table 1 Table 2

A summary of the slicing parameters for the ABS constructs fabricated by APF. A summary of the process parameters for the ABS constructs fabricated by APF.
Design parameter Applied value Unit Process parameter Applied value Unit
Slice thickness 0.2 mm Drop aspect ratio, DAR 1.32 -
Discharge 70.0 % Nozzle temperature 300 °C
Number of border contours 1.0 - Build chamber temperature 120 °C
Overlap contour 50.0 % Melt speed 20 mm/s
Self-supporting angle 70.0 % Feed rate rapid mode 250 mm/s
Start angle 45.0 degree Feed rate continuous extrusion, hg 65 mm/s
Increment angle 90.0 degree
Filling degree 100.0 %

controls the distance between individual nozzle positions, thereby
determining the droplet width. The value of hg depends on the distance
of the build platform during the deposition of droplets and determines
the thickness of the layer [2]. Since the volume of the polymer flowing
through the nozzle is influenced by material properties and process
parameters, the DAR value has to be fine-tuned experimentally (Fig. 1C).
A poor adjustment of the DAR is known to cause inadequate spacing
between droplets, yielding underfilling and overfilling of the final object
[6].

2.2. The setting of the APF process parameters

In additive manufacturing, proper setting of the process parameters
is crucial for achieving the desired quality of the printed objects [27].
Herein, we applied the basic process parameters recommended by the
manufacturer, including the nozzle and build chamber temperature,
contouring speed, and feed rate in the rapid mode (Table 2). The same
hatching strategy was also used for outlining the boundaries, overlap fill
degree, and hatching orientation. It is worth mentioning that the
hatching speed (hg) represents the speed of the nozzle during layer filling
and can be varied using three values (55, 65, and 75 mm/s). Such a

range prevents the occurrence of significant defects, as excessive hg
values lead to incomplete filling, affecting the density of the product,
while lower hg values generally yield superior geometric accuracy but
poor production efficiency. Finally, the aforementioned DAR value,
which determines the spacing between the droplets, was experimentally
set to 1.32 in order to prevent manufacturing defects. A lower DAR value
can lead to significant time savings in production; but it is important to
emphasize that shortening the overall build time (tg) is not directly
proportional to the hg. Although a higher hg value may theoretically
reduce the production time, the reality can be more complex due to
potential impacts on the quality and integrity of the final product.
Therefore, it is essential to carefully balance hatching speed with other
production parameters, such as DAR, to achieve optimal results in terms
of both time efficiency and product quality. Our APF settings allowed for
the production of ABS constructs with not only the proper mechanical
properties but also excellent visual characteristics.

2.3. Chemical treatment in acetone vapors

Considering the previous reports, two forms of chemical treatment of
ABS surfaces can be distinguished, each offering specific advantages and
disadvantages. The easiest method is based on the treatment in cold
acetone vapors, where the ABS constructs are placed in a closed
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container with a liquid acetone bath [28]. An alternative method is the
treatment in hot acetone vapors, where the parts are exposed to vapors
at an elevated temperature, which accelerates the kinetics of the process
and more intensively smooths the surface. The latter process, however,
might be more challenging to control [29]. Another commonly used
technique is the direct application of acetone to the surface of ABS parts
using a brush or another applicator, which allows for precise dosing of
acetone and targeted treatment of specific areas [30]. Immersion
treatment, where the ABS constructs are directly submerged in liquid
acetone, significantly improves surface quality but can affect their
dimensional stability [23]. In some cases, the immersion bath contains
dispersed nanoparticles, resulting in their incorporation in the surface
layers and simultaneous tuning of the surface properties [31].

For our experiments, having the industrial needs in mind, the
chemical treatment in hot acetone vapors was considered. In detail, the
ABS samples produced by the APF technique were placed in an acetone
mist formed from an acetone bath (100 mL) poured into the etching
chamber and heated to boiling point (b.p. of 56 °C) using a heating plate
(MSH-A, Witeg, Germany) with magnetic stirring (120 rpm). The
chamber was filled with acetone mist to 70-80 % of its volume, and this
level was maintained consistently. The samples were treated in a fixed
position using a mechanical holder within the etching chamber (Fig. 2),
and the reaction time was set to 5, 10, 15, 20, 25, 30, and 35 s. After-
wards, the samples were conditioned for 48 h before further testing. The
entire process took place in a controlled exhaust environment. The
sample that was not exposed to the acetone vapors served as the refer-
ence throughout testing.

2.4. Microstructure analysis

The microstructure analysis was performed on the cross-section of
freeze-fractured (liquid nitrogen) ABS samples. Due to unstable crack
propagation in a brittle fracture, the ABS samples were also cut using a
Flow Mach 500 (Waterjet, USA) waterjet system under a defined angle
to study the changes near the surfaces. The abrasive waterjet (AWJ)
cutting process involved the following parameters: machinability of
17.92, nozzle diameter of 0.3556 mm, mixing tube diameter of 1.016
mm, high water pressure of 410 MPa, and low water pressure of 130
MPa with an abrasive flow rate of 0.54 kg/min, using abrasive 80-mesh
Alluvial garnet (Abranova, Czech Republic). The cutting speed was set to
7620 mm/min (40 % of the maximum speed), and the outline speed was
set to 200 %.

The scanning electron microscopy (SEM) involved the Nova Nano-
SEM 450 device (FEI, Netherlands) equipped with a Schottky field-
emission electron source and the Everhart-Thornley detector (ETD).
Prior to the analysis, the samples were sputtered with a thin layer of gold

200 mm

(A)

250 mm
70-80%

B \ Holder
I Acetone vapor level

of »  —— Sample
_— Treatment chamber

/— Acetone liquid level

Heater
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using the SC760 coating device (Quorum Technologies, UK).
2.5. Tensile properties

The tensile properties of the ABS samples produced on a Freeformer
200-3X machine (Arburg, Germany) were determined following the
technical standard EN ISO 527-1. The dumbbell samples were subjected
to tensile testing using an M350-5 CT (Testometric, UK) device at a
crosshead speed of 50 mm/min. The key mechanical parameters that
were analyzed involved the ultimate tensile strength (UTS), Young’s
modulus (E), and relative elongation (¢). Among these parameters, the
UTS was considered the most relevant from the perspective of applica-
tions [32].

2.6. Impact toughness

The impact toughness was determined using the Charpy method
following the EN ISO 179-1 standard on the unnotched samples. A
Zwick HIT50P pendulum impact tester (Zwick Roell, Germany) was used
for characterization. During the testing, two main parameters were
evaluated, such as impact toughness (Ax) and the energy required to
break the sample (W).

2.7. Microindentation properties

The microindentation properties were measured using an MCT 2
instrumented hardness tester (CSM, Austria) equipped with a Vickers
indenter with a pyramidal shape and a tip angle of 136°. The mea-
surements were performed using the applied load of 1 N, a loading and
unloading rate of 2 N/min, and a maximum load duration of 90 s. This
method was carried out following the EN ISO 14577-1 standard, based
on which the indentation hardness and indentation modulus were
evaluated. The Oliver and Pharr method was used for data analysis,
allowing for the precise determination of mechanical characteristics
from indentation tests.

Indentation hardness (Hjt) characterizes the resistance of a material
to permanent deformation or damage. The key parameters here are Fpa,
which is the maximum applied force, and Ap, which is the projected
contact area (either theoretical or calibrated) [33-35]. The Hir can be
obtained from the following equations:

Fmax
Hyr = A, (2a)
A, = 23.96-h2 (2b)

(B)

Fig. 2. The illustration, a side view (A) and a perspective (B), of the sample chemical treatment in acetone vapors.
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where h represents the contact depth. According to the aforementioned
standard, the reduced modulus, E,, is used to account for the fact that
elastic displacements occur in both the indenter and the tested material.
The indentation modulus of the tested material, Ert, can be calculated
from the E; using the following formula [33,34]:

En=E ¢ (1-17) (3a)

(3b)

R
E=5c. JA, (30)

where vs and v; denote the Poisson’s ratios and E; and E; the elastic
moduli for the material of the sample and intender, respectively. In the
case of ABS, the vs varies between 0.36 and 0.38, and a diamond
intender is characterized by an E;j of 1141 GPa and a v; of 0.07. The
coefficient C is the total compliance of the system dependent on the
geometry of the intender [36].

2.8. Fourier-transform infrared (FTIR) spectroscopy

The FTIR spectra were recorded on an Alpha II (Bruker, Germany)
spectrometer equipped with the ATR accessory fitted with a ZnSe crystal
(a penetration depth of ~ 2 um). The data was collected in the range
from 4000 to 650 cm ! with a spectral resolution of 2 cm ™!, yielding 64
scans.

2.9. Analyses of surface roughness and surface texture

The surface roughness of the ABS samples manufactured by the APF
method was analyzed using a Zygo NewView 8000 (Lambda Photo-
metrics, UK) optical profilometer. The same device was also used for the
assessment of the surface texture. For the non-contact surface roughness
analysis, an area of 3000 x 3000 um was selected and further divided
into 50 longitudinal sections. The step size between individual sections
was set to 60 pm, which was considered sufficient to capture relevant
details of the surface texture. More specifically, such a step size was
chosen to match the resolution capability of the APF technique and is
adequate for the type and scale of the material texture used in industrial
applications. This approach ensured that every detail of the surface was
properly analyzed, and the roughness (R,) values were representative of
the overall surface quality of the material (Fig. 3A). Subsequent statis-
tical analysis of the data confirmed a Gaussian distribution with random
roughness values, as documented in the histogram (Fig. 3B). No extreme
deviations were observed among the 50 sections. The average R, value
from these measurements was then compared with the S, value, which
represents the arithmetical mean height of a line extended to the
analyzed surface [37], allowing for a detailed assessment of the surface
quality of the examined material.

10} (A)
% i i iy e
3_5 T \/ !l \L)
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2.10. Gloss measurements

The specular gloss of the ABS surfaces was studied using the Proceq
Zehntner ZGM 1120 (Screening Eagle Technologies, Switzerland)
portable glossmeter, operating at a light incidence angle of 60°,
following the ASTM D523 standard. This setup is considered suitable for
surfaces exhibiting moderate gloss, i.e., from 10 to 70 GU (gloss units).
Prior to measurements, surfaces were cleaned to remove any dust or
contaminants that could interfere with accuracy. Calibration was per-
formed against a certified reference standard, ensuring precision across
readings. The device was positioned perpendicularly to the surface, and
measurements were taken in single-click mode to ensure stability and
consistency of data. The results were then transferred to a computer via
Screening Eagle Workspace (Screening Eagle Technologies,
Switzerland) software for storage and further analysis, providing reli-
able and reproducible gloss data.

3. Results and discussion

The APF process was configured to achieve high material density
without voids, which is essential for the quality of the produced test
specimens. The SEM analysis on the freeze-fractured areas revealed
good contact between the adjacent layers and a compact microstructure
of the ABS products (Fig. 4). Therefore, the manufactured specimens
were considered relevant for the chemical treatment in acetone vapors
and subsequent analyses.

3.1. Analysis of mechanical properties

To begin the analysis, we compared the mechanical parameters for
the untreated (reference) ABS sample manufactured by the APF with
those published in the relevant literature. The ultimate tensile strength,
UTS, of our reference was 35.60 4 1.13 MPa, which is a well-
comparable value with those reported for the 3D-printed ABS using
the FDM process, specifically 36.75 MPa [30] and 34.57 MPa [38].
Young’s modulus equaled 2562 + 131 MPa, which is close to the value
for the injection-molded ABS and also similar to the ABS manufactured
using APF (2309 + 44 MPa) reported elsewhere [8]. These observations
further corroborate that the APF process was optimized and the ABS
samples exhibited high density and filling degree with a minimal
number of air voids (Fig. 4).

Next, the dependence of the mechanical properties of the ABS sam-
ples manufactured by the APF technique on the chemical treatment time
was investigated. As observed in Fig. S5A and B, the UTS and Young’s
modulus slightly decreased with the exposure time (by 9 % and 19 %
after 35 s), suggesting a lower overall strength and material stiffness. In
comparison, much more dramatic deterioration of the UTS (by 45 % and
49 %) was observed for the ABS immersed in the acetone and 1,2-dichlo-
roethane for several minutes [30]. Contrary to the UTS and Young’s
modulus, the relative elongation markedly increased with the exposure
time (from 4.7 % to 6.1 % after 35 s), indicating the improvement in the

(B)

Counts (=)

0 500 1000 1500 2000 2500
X-Distance (um)

3 -3 -25 20 -15 -10 -5 0 5 10 15 20
R, (um)

Fig. 3. The representative analysis of surface roughness: (A) the individual surface profiles of the ABS surface with the denoted region determining R, value and (B)

the corresponding histogram of surface roughness distribution.



V. Janostik et al.

COMPUTATIONAL DESIGN
ARBURG ‘
|

FRACTURE

MANUFACTURING

Materials & Design 253 (2025) 113940

VISUAL INSPECTION

0 5 10 15 20 25 30 35

0 5 10 15 20 25 30 35

TENSILE PROPERTIES - D=l -
/’ ------------------------------------------------------------------------------ \\
1
40 3000 8 :
1 (A) (B) (€ :
I 1 I | I T A Sy 2500 fly - F o - !
. 30t - Eef '
I & 2000 5 H
1 D = = - = = = |
! o = 3 '
' = 20} 4 1500 2a I
=3 = o 1
I n 3 °
1B g 1000 H '
H 10 H & ] 2H 1
I 500 Kl i
| 4 |
1
' 0 . N 0 P I I B {171 7 5 I A 1 1 O |
: 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 :
= Exposure time (s) Exposure time (s) Exposure time (s) P
IMPACT PROPERTIES
/' ______________________________________________________________________________ S
1 40 20 '
: (D) (E) |
— 1
1 o H
! £ 30} 15} '
i 2 3 !
1
| 2 2 S 10 1
1 < H 1
¥ 2 £ !
| 2 s '
w 10 = 5
: g s ;
| o '
' § 1
| 0 0 |
! '
! )
\

Exposure time (s)

Exposure time (s)

SURFACE MECHANICS v Y

” ______________________________________________________________________________ \\
1

175 30 &
(F) (@) ,,f (H) ;
PR T 12 s ML . 25 i
1 o =
= & 25 £ '
T Y =20 !
L8 520} £ har B R !
1 c 100 3 -3
. s <15 ‘
" E s £ 18 5 !
1 - c 2 !
! S 50 L2 1.0H 107 '
| F g E '
[ - 8 sl |
I§ s g 05| E :
1
i s 0 v = 0.0 0 :
: 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 356 0 5 10 15 20 25 30 35 :
N Exposure time (s) Exposure time (s) Exposure time (s) R

Fig. 5. Dependence of the (A) UTS, (B) Young’s modulus, (C) relative elongation, (D) impact toughness, (E) maximum strain energy, (F) indentation hardness, (G)

indentation modulus, and (H) indentation depth on the chemical treatment time.

ductility and the capability of stretching (Fig. 5C). The impact properties
remained relatively unaffected, though a slight increase in the impact
toughness, Ak, was indicative of a higher resistance to brittle fracture
(Fig. 5D and E).

Expectedly, more significant changes were recorded for the surface
properties. The indentation hardness, Hit, as well as the indentation

elastic modulus, Ejt, gradually decreased with the chemical treatment
time (from 156.1 to 84.9 MPa and from 2.91 to 1.98 GPa, after 35 s),
confirming the deterioration in the surface stiffness of the ABS (Fig. 5F
and G). The reduced stiffness correlated with the indentation depth that
followed the opposite trend and gradually increased as the material
became softer and more easily penetrable.
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3.2. Correlations between surface treatment and fracture behavior

Considering the experimental data (Fig. 5), it was concluded that
acetone vapor treatment of the ABS manufactured by the APF influenced
the fracture behavior of these parts. To gain better insights into the
fracture mechanism, the microstructure changes near the surface were
investigated using electron microscopy on the AWJ-cut samples. Fig. 6
details the evolution of cross-sectional morphology at different phases of
the acetone treatment process. As seen in Fig. 6A, the untreated top
surface layer consisted of evenly stacked droplets, formed by the action
of the APF discharge unit. Despite a visible fusion of the microdroplets,
the surface displayed distinct interdroplet boundaries, which during the
uniaxial straining generated stress concentration, facilitating early crack
initiation [39,40]. As a result, the samples exhibited a brittle fracture
behavior, which correlates with the lower elongation at break in tensile
tests [41]. After moderate exposure time (Fig. 6B), the ABS surface
showed partial smoothing and visible homogenization of the outer layer.
The boundaries between the adjacent microdroplets were still observ-
able but less pronounced. These rearrangements decreased the likeli-
hood of crack initiation from surface discontinuities, resulting in
improved ductility and fracture toughness [42]. After prolonged hot
acetone vapor exposure shown in Fig. 6C, the surface became highly
homogenized and plasticized (Fig. 5G), without any visible geometrical
discontinuities. The softened surface layer acted as a barrier to crack
initiation by dissipating stress via plastic deformation, yielding

Fig. 6. SEM micrographs of the AWJ-cut ABS samples manufactured by the
APF technique after exposure to hot acetone vapors for (A) 0, (B) 10, and (C) 35
s. Red dashed ellipses denote the individual microdroplets and their boundary
perceived as the crack nucleation center. The yellow dashed ovals indicate kerf
wall irregularities caused by AWJ cutting [44]. The blue dashed triangles mark
residual abrasive particles from the AWJ cutting process, unrelated to the bulk
ABS microstructure and fracture behavior. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of
this article.)

Materials & Design 253 (2025) 113940

remarkably improved elongation at break.

Regarding the depth of acetone penetration, it was reported that
even immersing the 3D-printed ABS into an acetone solution did not
affect the existence of the air gaps between the printed layers (a depth of
0.2 mm) [43]. Due to the lack of cavities in our samples, a similar
observation could not be performed, but it is believed that only the top
surface layers were affected by the acetone treatment.

In conclusion, the mechanical and fractographic analyses suggested
that the ABS samples underwent complex changes in their surface
microstructure, most likely accompanied by chemical changes (investi-
gated in Section 3.3). The results demonstrate that short chemical vapor
treatment of the ABS parts produced by the APF technology had a sig-
nificant effect on their mechanical properties, especially the surface
properties. Such effects should be taken into deep consideration when
manufacturing components for applications where the material must
meet specific requirements.

3.3. Changes in the molecular structure

The FTIR spectroscopy in the ATR mode was conducted to support
the assumption of molecular changes in the surface of the ABS parts
manufactured by the APF technology after their exposure to acetone
vapors (Fig. 7). The structure of the ABS forms a binary phase system;
the dispersed rubbery phase is represented by polybutadiene (PB), and
the continuous rigid phase by the poly(styrene-co-acrylonitrile) (SAN)
copolymer [45]. A fraction of the SAN chains is grafted onto PB (SAN-g-
PB), while the rest of this phase is considered as free SAN [46]. Taking
the complexity of the ABS microstructure into consideration, the
investigation was made to identify which phase was responsible for the
changes in acetone vapors. The characteristic absorption bands of
polystyrene (PS) were located at wavenumbers > 3000 cm ! due to
aromatic C-H stretching, while the peaks at 2924 and 2851 cm ™! cor-
responded to the existence of methylenes and aliphatic C-H. The intense
peaks at 1601, 1492, and 1452 cm ™! were assigned to the aromatic C=C
stretching vibrations, and signals at around 761-755 and 699 cm™!
represented the C-H out-of-plane bending vibration coming from the
benzene ring [47,48]. All peaks related to the PS progressively changed
with the treatment time in acetone vapors, indicating its chemical
changes (Fig. 7A, C, E). The most representative signature for acrylo-
nitrile units is the stretching vibration of nitrile groups (C=N) at 2236
cm™L. This peak, however, exhibited negligible changes (Fig. 7B), which
was associated with a poor dissolution capability of acetonitrile in
acetone [49]. In regards to the PB phase, the peaks at around 1030-900
em™! representing the C-H deformation vibration in the PB molecules
showed minor changes (Fig. 7D), indicating the parallel degradation in
the butadiene rubbery phase [47]. Besides, the appearance of the new
peaks observed at 1711 and 1221 cm ™! was associated with the reaction
of the unsaturated C=C bond and a possible formation of new carbonyl-
[45] and epoxy-containing species [50]. Nevertheless, the degradation
in the PB phase is usually associated with the significant color changes of
the ABS product [45,51], which was not observed in our case. Overall,
based on the FTIR results, it can be concluded that the degradation in the
ABS occurred mainly in the free SAN phase due to the solubility of PS in
acetone; however, the chemical changes in the PB units should not be
ruled out.

3.4. Surface roughness and topology changes

Surface roughness and topology changes are key properties for
determining the quality, functionality, and aesthetic appeal of ABS
products. Chemical vapor treatment in acetone was found highly
effective for improving the surface roughness of 3D-printed ABS parts.
For instance, the FDM-printed ABS parts were immersed in an acetone
solution, and the R, decreased from 185.4 ym to 57.6 um (after 2 in-
tervals, 5 s each) [43]. In another study, the FDM-printed parts treated in
cold acetone vapors showed improved R, from 37.2 um to 10.1 um (after
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magnified characteristic regions of ABS (denoted in yellow, A-E) and regions showing the appearance of new peaks (denoted in light red). (For interpretation of the
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45 min) [52]. For our samples manufactured using APF technology, the
evolution of the relevant parameters, the R, and S,, during the hot
acetone vapor treatment is summarized in Table 3. As seen, the value of
Sa was generally higher than R, because it takes into consideration the
roughness in a 3D space, while R, is measured along a single profile and
is less sensitive to extreme peaks and valleys. However, both parameters
exhibited similar trends with only slight differences, confirming their
correlation in assessing surface roughness. As a consequence, both
metrics can be considered reliable indicators of surface roughness.
When compared to the FDM-printed parts, the initial R, of our
samples was significantly lower, most likely due to the unique concept of
the APF technology utilizing the tiny microdroplets for building ABS
products. The experimental results indicate that the time-dependent
chemical finishing process can be divided into several phases, each
reflecting specific changes in the roughness and texture of the material
(Fig. 8). In the initial phase, within a five-second exposure to acetone
vapor, a significant increase in surface roughness was observed. The S,
roughness value increased from 5.654 to 8.901 pm, and the R, values
from 5.302 to 8.564 um. A possible reason behind this phenomenon is
the formation of rough textures due to the intense chemical action of hot
acetone vapors, which induced rapid erosions and the formation of
coarse structures and protrusions. Subsequently, after five seconds of
exposure, the surface roughness started to rapidly decrease; the S, value
dropped to 1.653 um and the R, value to 1.205 um after twenty seconds

of exposure, which was accompanied by a homogenization of the
texture, better uniformity, and improved smoothness. The final phase
can be denoted as the stabilization of surface roughness and reaching of
the texture equilibrium, with the final S, and R, values of 0.801 and
0.571 pym achieved after thirty-five seconds of chemical treatment.
These levels are in technical practice denoted as N6 grade of surface
finish. Further exposure to acetone vapors no longer significantly affects
the roughness or texture of the surface, which becomes uniformly
smooth.

As mentioned, the chemical treatment process significantly impacted
not only the roughness but also the texture of the surface. Fig. 9 depicts
the evolution of surface texture for the ABS sample manufactured by
APF with the exposure time to acetone vapors. The surface of the
reference sample was densely covered with tiny spikes that, in the initial
phase of chemical treatment, transformed into coarse, wavy structures
(cf. Fig. 9A and B). With prolonged exposure to acetone vapors, the
surface formed more pronounced linear textures that became thinner
and less regular, subsequently a finely grained texture with fewer
distinct lines (cf. Fig. 9C, D, and E). Subsequently, the surface texture
was almost entirely obliterated, showing a good level of homogeneity
and uniformity (Fig. 9F). In the final stages (cf. Fig. 9G, and H), the
texture became consistently smooth and exhibited a stable, highly uni-
form finish, indicating that the equilibrium state had been achieved. The
results demonstrate that careful optimization of exposure time to

Table 3

The surface roughness of ABS parts after different exposure times to acetone vapors.
Time (s) 0 5 10 15 20 25 30 35
Sa (um) 5.654 8.901 3.265 2.677 1.653 1.463 0.892 0.801
R, (pm) 5.302 8.564 3.043 2.135 1.205 1.098 0.753 0.571
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Fig. 8. 3D topographical surface analysis of ABS samples manufactured by the APF technique after different exposure times to hot acetone vapors; (A) 0, (B), 5, (C)

15, (D) 25, and (E) 35 s.

acetone vapors is crucial for achieving the desired control over the ABS
surface finish in terms of surface roughness and texture uniformity. In
practice, the presented methodology could be applied to mitigate the
effects of thermal aging of ABS mold inserts, which is associated with
increasing surface roughness [53].

3.5. Dynamics of the smoothing process

In the next phase, we aimed to develop a mathematical model to
describe the dynamics of the smoothing process. The initial surface
roughness value was not included in the mathematical model since it
served as a reference point representing the original state of the surface
before any exposure to acetone vapors. Since our study aimed to
examine the dynamics of roughness changes caused by chemical treat-

ment, we focused on the changes occurring after the initiation of the
chemical process, i.e., within the exposure time, t, from 5 to 35 s. It was
found that the dependence of the surface roughness (R,) on the exposure
time in hot acetone vapors followed the power-law equation:

Ro(um) = 74.02 x t(s)""3* 4)

This model exhibited high accuracy with the correlation coefficient, R,
of 0.991, allowing for a precise description of changes in surface
roughness of ABS on the time of exposure to hot acetone vapors
(Fig. 10A). Statistical tests confirmed the significance of all model pa-
rameters, the absence of multicollinearity, the homoscedasticity of the
residuals, the normal distribution of the residuals, and the insignificance
of autocorrelation. Therefore, the power-law model (Eq. (4) can provide
reliable predictions for optimizing exposure time during surface
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Fig. 9. Microscopic surface analysis of ABS samples manufactured by the APF technique after different exposure times to hot acetone vapors; (A) 0, (B) 5, (C) 10, (D)

15, (E) 20, (F) 25, (G) 30, and (H) 35 s.
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Fig. 10. (A) The surface roughness, expressed as R,, (B) the RRP parameter, and (C) the gloss value as a function of the exposure time to hot acetone vapors. (D) The
demonstration of the improved gloss on the complex macroscopic object before/after surface treatment.

finishing of ABS in hot acetone vapors.

Considering the fact that the smoothing mechanism is driven by the
power-law model, the desired surface finish can be achieved very
quickly. To further quantify the improvements, the roughness reduction
parameter, RRP, was calculated according to the following equation:

:1 ~Pa
S

RRP = x 100% )

10

where S, and S, denote the initial and final roughness, respectively [30].
As is obvious from Fig. 10B, the RRP markedly increased throughout the
chemical treatment process, while reaching a value up to almost 90 %
within 35 s. The efficiency of the process was compared with the
chemical treatment of ABS parts in cold vapors of acetone and methyl
ether ketone (MEK). In reported cases, the kinetics of the process were
significantly slower, and the surface roughness decreased nearly linearly
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with the exposure time; thus, the comparable R, values were achieved
after 45 min, despite the comparable initial surface roughness [54].
Therefore, our finding showcases the superior efficiency of the hot vapor
treatment.

3.6. Gloss and aesthetic characterization

Gloss is a defined physical property that, together with color and
texture, gives the impression of the quality of the surface. A high level of
gloss is often associated with good quality, and in some cases, it gives a
more elegant impression to the product [55]. Fig. 10C displays the
average G® values for the ABS parts as a function of the exposure time to
hot acetone vapors. As seen, the sample manufactured by the APF
possessed a low gloss (2.2 GU), most likely due to a relatively high initial
roughness that affected the specular reflectance [56]. A rapid increase in
G was observed after the exposure time between 5 and 15 s, followed
by the stabilization of its value around 45 GU, which is generally
regarded as moderate glossiness. The overall trend showed an inverse
relationship to the surface roughness, which is typical for homogeneous
surfaces [57]. Finally, we demonstrate the remarkable improvement in
gloss on the ABS object with a complex geometry (Fig. 10D). Initially,
the surface was matte with visible lines from the APF printing process.
After the chemical treatment, its texture became uniform with a glossy
appearance, indicating a high level of aesthetic refinement.

4. Conclusions

In this work, the acetone vapor treatment was successfully adopted
and optimized to enhance the surface finish of the ABS parts manufac-
tured by the APF technique. The kinetics of the treatment were moni-
tored, and its effects on mechanical properties, surface morphology,
molecular changes, and optical properties in ABS were systematically
investigated. The SEM analysis revealed the compact structure of the
ABS with minimum air voids, suggesting that the APF process parame-
ters, such as DAR, were optimized, which was also corroborated by the
high UTS of the products (35.60 + 1.13 MPa). Upon the treatment in
vapors, the UTS and Young’s modulus decreased minimally compared to
the immersion methods. The relative elongation increased (from 4.7 %
to 6.1 % after 35 s), while the surface stiffness in terms of the indentation
hardness of the ABS gradually decreased with the treatment time (from
156.1 to 84.9 MPa, after 35 s), which was associated with the efficient
reorganization of the topology and changes in the surface chemistry. A
higher resistance to a brittle fracture was reflected in slightly improved
impact properties. The surface stiffness in terms of the indentation
hardness of the ABS gradually decreased with the treatment time (from
156.1 to 84.9 MPa, after 35 s). The FTIR spectroscopy revealed that the
degradation of the ABS induced by acetone occurred in the SAN phase
(mostly in the polystyrene units) as well as in butadiene, whereas the
acrylonitrile units seemed chemically stable under the imposed experi-
mental conditions. The profilometry revealed that time-dependent
chemical treatment can be divided into three characteristic phases: at
the beginning, the R, roughness increased from 5.302 to 8.564 um,
creating coarse, wavy structures, followed by its gradual decrease and
changeover to a grainy texture; finally, the surface homogenized with
the R, value of 0.571 um. Compared to cold acetone vapor treatment, the
kinetics of the presented approach followed a power-law mechanism
and allowed for achieving the desired surface finish — almost a 90 %
reduction in surface roughness — much faster, within 35 s. The final
product also exhibited an excellent improvement in a G value, from
2.2 to 45 GU. Considering the significant improvements in surface finish,
retained mechanical properties, fast rate, and scalability of the opera-
tion, the presented treatment appears promising for the industrial fin-
ishing of ABS components manufactured by APF. Despite significant
advancements in surface and mechanical properties, the long-term sta-
bility and durability of treated samples under different environmental
conditions (e.g., UV exposure, humidity, and mechanical fatigue) were
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not investigated, which leaves space for future research endeavors.
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