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Abstract: Fused deposition modeling (FDM) is widely applied in various fields due to its afford-
ability and ease of use. However, it faces challenges such as achieving high surface quality, precise
dimensional tolerance, and overcoming anisotropic mechanical properties. This review analyzes and
compares the machinability of 3D-printed PLA, PETG, and carbon-fiber-reinforced PETG, focusing
on surface roughness and burr formation. A Design of Experiments (DoE) with a full-factorial design
was used, considering three factors: rotation speed, feed rate, and depth of cut. Each factor had
different levels: rotational speed at 3000, 5500, and 8000 rpm; feed rate at 400, 600, and 800 mm /min;
and depth of cut at 0.2, 0.4, 0.6, and 0.8 mm. Machinability was evaluated by roughness and burr
height using a profilometer for all the materials under the same milling conditions. To evaluate
the statistical significance of the influence of various processing parameters on surface roughness
and burr formation in 3D-printed components made of three different materials—PLA, PETG, and
check for carbon-fiber-reinforced PETG—an analysis of variance (ANOVA) test was conducted. This analysis
updates investigated whether variations in rotational speed, feed rate, and depth of cut resulted in measur-
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able and significant differences in machinability results. Results showed that milling parameters
significantly affect roughness and burr formation, with optimal conditions for minimizing any mis-

alignment highlighting the trade-offs in parameter selection. These results provide insights into the
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post-processing of FDM-printed materials with milling, indicating the need for a balanced approach
to parameter selection based on application-specific requirements.
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in mass production [9].

The basic principle of Additive Manufacturing is to slice the information contained
in a 3D-virtual model into 2D cross-sections of finite thickness to automatically create a
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applications involving low production volumes, frequent design changes, high design
complexity, and printing of multi-materials [9-11].

Additive Manufacturing includes a range of different techniques, including Fused
Deposition Modeling (FDM), also known as Fused Filament Fabrication (FFF); Direct
Metal Deposition (DMD); Selective Laser Sintering (SLS); Inkjet 3D printing; and stereo-
lithography (SLA), which differ in the employed materials (e.g., metal powders, liquid
resins, and plastic filaments) and both the technology and process of layers creation and
bonding (e.g., binding, fusion, powders, or resin solidification), influencing the dimensional
accuracy of the final part, its surface finish, and its mechanical properties [12].

In the Fused Deposition Modeling (FDM) approach, a raw thermoplastic filament is fed
into a heating reservoir by means of a pinch roller arrangement to be liquefied and subse-
quently extruded through the nozzle. Similar to conventional polymer-extrusion processes,
the nozzle, which controls the shape and size of the extruded filament, moves according to
the tool path generated for each layer so that the deposed semi-solid thermoplastic material
can cool, solidify, and bond to the surrounding filaments. Nowadays, Polylactic Acid (PLA)
and Acrylonitrile Butadiene Styrene (ABS) are among the most widely used thermoplastic
filaments, as their melting temperatures are sufficiently low (the melting temperature
range is usually 150-160 °C for PLA and 200-280 °C for ABS) to be melted and extruded
without a dedicated facility yet also high enough for 3D-printed objects to retain their
shape at average working temperatures [13]. In recent years, PolyEthylene Terephthalate
Glycol (PETG) has received increasing attention due to its high glass transition temperature
(Tg =75 °C) [14] and resistance to crystallization when exposed to high heat levels [15],
good hydrophobic properties, and hygrothermal aging resistance [16,17]. Moreover, as it
combines relatively high-impact resistance and machinability with higher toughness and
ductility than conventional thermoplastics, PETG exhibits increased tensile modulus and
strength [18,19].

Fused Deposition Modeling is a complex process in which several parameters may
affect the product’s quality and properties. The layer-by-layer printing process causes the
interlayer bonding (i.e., the bonding between adjacent filaments) to be inherently weak,
leading to high material anisotropy and relatively poor mechanical properties. Therefore,
extensive research has been aimed at identifying the elastic-constitutive equations of FDM-
printed parts [20-22]. Meanwhile, several parametric studies have focused on the effect
of printing-process variables on the mechanical properties of FMD-printed components
and structures [23-28]. In this regard, the tensile and flexural strength of FDM-printed
samples were explored by Durgashyam and co-workers [29]. Investigating the influence
of three printing parameters (i.e., infill density, feed rate, and layer thickness), the authors
found that tensile properties improve when high infill density is combined with low layer
thickness, while higher flexural performance arises from lower layer thickness and the
feed rate. Similarly, Kumar et al. [30] demonstrated that the infill density and the print
speed individually and simultaneously affect the tensile strength and hardness of FDM-
printed samples, while the height of the printed layer tends to mostly affect the flexural
strength. Later on, Wang et al. [27] focused on the tensile properties of FDM-printed
materials, pointing out that the interlayer bonding strength increases as the layer thickness
lowers. In fact, smaller layer thickness appears to both strengthen the interlayer bonding
and restrain the movement of adjacent polymer chains. In addition, printed filaments
appear to be more tightly bonded when the infill density increases and, thus, as the air
gap inside the printed material decreases. These authors also observed that the sample
fracture mode highly depends on the printing angle: angles lower than 45° trigger the
onset of interlayer fracture, while intralayer fractures appear when the printing angle
exceeds this value. The influence of these parameters was further assessed by Yao and co-
authors [31], who performed a series of experimental tests to demonstrate the ability of the
proposed theoretical model to predict the ultimate tensile strength of 3D-printed materials.
Meanwhile, several authors pointed out that annealing reduces voids and relieves internal
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stresses, considerably improving the mechanical properties of PLA filaments [32] and
carbon fiber-reinforced PETG samples [33].

Besides the mechanical properties, the selection of printing parameters may signifi-
cantly affect the dimensional tolerance of FDM-printed components [34,35] as well as their
surface finish [36-38]. Altan et al. [39] demonstrated that deposition-head velocity and
layer thickness predominantly affect the surface roughness, while Barrios and Romero [40]
pointed out the impact of flow rate and print acceleration on the surface quality of 3D-
printed PETG samples. Similarly, Kadhum et al. [41] investigated the effect of the infill
density, identifying a quarter cubic pattern as the optimal choice to reduce the surface
roughness. Also, the addition of carbon fibers to reinforce PETG filament was observed
to improve the surface properties of FDM-printed samples, reducing the mean roughness
from 6.34 to 4.01 um [42]. Later on, Vidakis and co-workers [43] performed a more compre-
hensive study in which a variance analysis and a reduced-quadratic regression model were
applied to assess both the individual and the combined effect of six printing parameters
(namely, raster deposition angle, infill density, nozzle temperature, bed temperature, print-
ing speed, and layer thickness) on three indicators (i.e., porosity, surface roughness, and
dimensional deviation).

Since the above-mentioned issues may call into question the use of FDM-printed
components in critical load-bearing applications, several post-printing approaches have
been proposed, encompassing applying post-processing heat treatment [32,33], acetone
vapor baths [44,45], hot cutter machining [46], and CNC milling [46—49]. In particular,
the latter has been widely exploited to refine FDM-printed components. In this regard,
Cococcetta et al. [50] focused on the surface finish, the burr formation, and the tool wear
in dry milling of FDM-printed CFRP composites. By varying the fiber orientation, the
infill geometry, and the density, they observed that post-process CNC milling increased the
surface quality of the inspected samples, although tool wear and burr formation may occur
if the feed rate is low enough to lead part of the workpiece to adhere to the milling tool.
Meanwhile, Guo et al. [51] further explored the potential of CNC dry milling to enhance
the surface quality of amorphous PEEK and CF/PEEK components and decrease defects
(e.g., filament accumulation), bringing out the co-dependency between the selected milling
parameters (namely, the cut depth, the feed rate per tooth, and the spindle speed) and the
FDM-printing parameters (i.e., the raster angle and the layer thickness). Table 1 shows the
main milling parameters on 3D-printed samples of different materials that are available in
the literature.

Table 1. Milling parameters on 3D-printed samples of different materials.

Authors FDM-Printed Material Rotation Speed (n) Feed Rate (V)
Pamarac et al. [52] ABS 3500 rpm 35-840 mm /min
Pamarac et al. [52] PLA 3500 rpm 35-1880 mm /min
Lalelgani et al. [47] PLA 3283-10504 rpm 1000 mm/min

El Mehtedi et al. [48] PLA 3500-8000 rpm 400-800 mm /min
Lalegani Dezaki et al. [47] PLA 3500 rpm 1200 mm/min

Guo et al. [51] PEEK and CF-PEEK 3000-12,500 rpm 0.02-0.1 mm/teeth

Cococcetta et al. [34] Onyx and CF-Onyx 6000 rpm 600-1200 mm/min
Vallejo et al. [36] PETG and CF-PETG 3500 rpm 800 mm/min

El Mehtedi et al. [49,53] PETG and CF-PETG 3500-8000 rpm 400-800 mm /min

This paper is an extension and mini-review of results presented at the ISM 2023
international conference [53] and in other articles [48,49] on milling as a method to improve
the surface quality of 3D-printed samples. This research explores how key machining
parameters—rotational speed, feed rate, and depth of cut—affect surface roughness and
burr formation across three different 3D-printed materials: PLA, PETG, and carbon-fiber-
reinforced PETG. The parameters were tested at various levels: rotational speeds of 3000,
5500, and 8000 rpm; feed rates of 400, 600, and 800 mm/min; and depths of cut ranging
from 0.2 to 0.8 mm. Using ANOVA analysis, the study identifies which settings most
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significantly impact the machining process. Furthermore, the mechanical characteristics of
the 3D-printed samples were assessed across three distinct print orientations to study the
anisotropy of the materials. This comparative analysis sheds light on the performance and
characteristics of PETG, CF-PETG, and PLA, offering valuable insights that enhance our
understanding of the surface quality and processability of 3D-printed materials.

2. Materials and Methods

This investigation used three distinct types of printing filaments: CF-PETG, which is
PETG infused with 20% carbon fiber; unreinforced PETG, both supplied by Soitech; and
PLA from Nature-Works. As already mentioned, the choice of PLA, PETG, and CF-PETG
for comparison was driven by their common use in both industrial and research 3D printing
applications. The settings used for printing were an extrusion temperature of 250 °C and
a bed temperature of 70 °C for the PETG and CF-PETG, while the PLA was set to an
extruder temperature of 210 °C and a bed temperature of 48 °C, in accordance with the
manufacturers’ specifications. The design files, specifically the mesh and g-code, were
generated using the open-source software FREECAD.

Printing was performed on a TRONXY 5SA FDM printer with a 0.4 mm nozzle and
the usage of lacquer spray to enhance bed adhesion. The printed items included tensile test
specimens and parts for a milling machine, depicted in Figure 1. The layer thickness was
set to 0.2 mm for all samples. The tensile samples’ geometry is shown in Figure 1a. They
were printed aligned in three different planes, XY, YZ, and ZX (Figure 1b), following the
UNE 116005:2012 standard, chosen for its reliable results [54]. Milling samples were printed
parallel to the XY plane. The tensile samples had an infill density of 100%. In contrast, the
milling samples had a density of 15%, featuring a 5 mm shell thickness at the top edge,
which is 100% density. A Galdabini SUN500 servo-electric tensile tester with a 5 kN load
cell and an HBM DD1 Displacement Transducer with a 50 mm gauge length was used to
evaluate the samples, performing three repetitions for each printing direction.

170 mm
80 mm

20 mn)
3mMETPA skzAA

(@) ®)

Figure 1. (a) dimensions of the samples used for tensile testing and (b) printing directions.

For the milling tests, samples were printed with the geometry shown in Figure 2.
Design of Experiments (DoE) was employed with a full factorial design, considering three
variables: rotational speed (n), feed rate (Vy), and depth of cut (ay) with respectively 3, 3,
and 4 levels, as detailed in Table 2. These experiments were conducted using a CNC3018
machine with a Master 660C tool (6 mm diameter), using Vectric Aspire software as CAD-
CAM and GRBL Control to check the CNC speed. A coolant (mineral oil in water emulsion)
was manually applied during milling to optimize the process. One replicant was conducted
for each combination of parameters.
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Figure 2. Geometric dimensions of samples for machining tests.
Table 2. Design of the Experiment, factors’ summary table.
Factors Levels
Name Type Units Symbols 1 2 3 4
Rotational speed (1) Numeric [rpm] A 3000 5500 8000 -
Feed Rate (V) Numeric [mm /min] B 400 600 800 -
Depth of cut (ap) Numeric [mm] C 0.2 0.4 0.6 0.8

The total milled area for each condition was 6 mm in width and a length of 30 mm, as
described in [48,49,53]. Surface roughness was measured overa 3 x 4 mm? area of each
milled area using a Taylor-Hobson Ultra 2 roughness meter equipped with a 50 mm stylus.
The data collected were analyzed with Talymap silver software, using the Sa parameter
evaluated according to Equation (1) to quantify surface quality.

1
Sa =5[], SCey)ldxdy M

The burr height at the edges of milled surfaces was quantified by taking three per-
pendicular profile measurements spaced 10 mm apart with the same method used in [48].
These measurements were analyzed in Matlab using the least-squares method to define
a baseline using the points without burrs. The height of each burr was then determined
by the difference between the highest point of the burr and the regression line established
from the unmilled surface areas.

3. Results and Discussion
3.1. Mechanical Properties

Figure 3 presents the stress-strain curves for PLA, PETG, and CF-PETG across all
printing orientations. The corresponding mechanical properties of these tests are shown in
the bar charts of Figure 4 and detailed in Table 3.

The results for PLA indicate a notable trend consistent with typical FDM behavior. In
the X direction, the Young’s modulus and ultimate tensile strength (UTS) are relatively high,
suggesting that the material exhibits its greatest stiffness and load-bearing capacity within
this direction. The similar values of E, UTS, and elongation at break (A%) in the X and Y
directions imply that the in-plane mechanical properties are fairly isotropic. However, there
is a notable decrease in these properties in the Z direction, reflecting the weaker inter-layer
adhesion that is characteristic of FDM-printed samples [55]. This is further evidenced
by the low elongation at break in the Z direction, which indicates a propensity for brittle
failure when the material is subjected to tensile stress perpendicular to the layers.
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Figure 3. Stress-strain curves of PLA, PETG, and CF-PETG in all tested conditions. (a) X, (b) Y, and
(c) Z printing direction.
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Figure 4. Bar charts of mechanical properties of all samples in all tested conditions: (a) Young’s
modulus, (b) Ultimate Tensile strength, and (c) elongation at break.

For PETG, the results also reflect a decrease in mechanical properties moving from the
X'to the Z direction, similar to PLA. The relatively close modulus values between the X and
Y directions indicate a good transfer of material properties within the plane of printing,
which is beneficial for applications that require consistent in-plane performance. In the Z
direction, all properties decrease, and even a reduction in Young’s modulus is observed,
which does not occur in PLA.

CF-PETG shows enhanced mechanical properties when compared to non-reinforced
PETG, particularly in the Y direction. The increase in Young’s modulus, in both the X
and Y directions, is indicative of the substantial impact of carbon-fiber reinforcement
on material stiffness. The ultimate tensile strength also shows a slight improvement,
especially in the Y direction. In any case, the reinforcement with short carbon fibers does
not appear to affect the mechanical properties in the Z direction (according to Figure 3c).
Nevertheless, Bhandari et al. [33] found that short-carbon-fiber reinforced 3D-printed
composites exhibit lower interlayer tensile strength and that annealing post-processing
could effectively improve interlayer bonding. However, the elongation at break across all
directions is lower for CF-PETG compared to PETG and PLA. This reduced ductility is a
trade-off with increased stiffness and strength in short-fiber-reinforced composites [56].
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Table 3. Mechanical properties of 3D-printed PETG, CF-PETG, and PLA across all printing orienta-
tions.

Material Printing Direction E [MPa] UTS [MPa] Ag,
X 1661.1 + 30.4 419+ 0.6 51+1.0
PETG Y 1560.8 = 34.1 385+1.2 53+1.6
Z 1233.4 4+ 126.2 15.04+ 1.8 1.3£0.1
X Mahesh et al. [57] 1768.1 +=15.9 51.9 2.3 -
X Bex et al. [58] 2010 + 27 522 +0.8 46 +0.1
Z Bex et al. [58] 1870 4+ 51 23.1+22 19+03
X 47845 £+ 37.2 46.1 +£ 0.7 24+04
CF-PETG Y 5816.8 + 197.9 493+ 1.6 214+0.3
Z 1186.2 4+ 133.7 13.24+1.0 1.3+03
X (10% CF) Mahesh et al. [57] 2757.7 £22.7 504 +£2.9 -
X 3058.1 £ 51.6 48.8 + 0.6 24+0.7
Y 2871.4 £+ 2979 46.0 4.3 32420
PLA z 28128 +£2780 203+ 26 0.8+0.1
X Oksman et al. [59] 3400 53 2
X Vynias et al. [60] 3470 47 1.4

Similar results have been obtained by other authors in the literature on the mechanical
properties of the materials studied, as shown in Table 3. From the table, it is clear that the
mechanical properties of 3D-printed materials vary significantly based on their composition
and printing direction, leading to considerable anisotropy. Similar results were observed
by different authors for the same printing directions, although some differences are related
to printing parameters and slight variations in the material from different manufacturers.

Comparing the three studied materials, different conclusions emerge about mechanical
performance in relation to printing direction. CF-PETG exhibits superior stiffness and
strength compared to PETG and PLA, with the most notable differences in the Y direction.
The similarity of properties between the X and Y directions for PLA and PETG points
towards consistent material behavior within the plane of the print bed. All materials
demonstrate a reduction in mechanical properties in the Z direction, consistent with the
limitations of FDM technology in achieving strong inter-layer bonding. However, PETG
and CF-PETG show less decrease in Young’s modulus and ultimate tensile strength than
PLA, indicating that they may be more suitable for applications where three-dimensional
integrity is crucial.

The elongation at break for all materials is lowest in the Z direction, underscoring the
brittle nature of FDM materials when stressed perpendicular to the layer planes. CE-PETG
has significantly reduced ductility compared to PETG and PLA, which may be disadvanta-
geous in applications that require a higher material deformation before failure. The high
variability in the elongation at break (A%) of 3D samples, even under consistent printing
parameters, can be attributed to several factors. Process-induced defects, such as porosity,
which often vary in distribution and density across different prints, can significantly affect
mechanical performance. Additionally, local shearing and inhomogeneous stretching due
to filament arrangement also contribute to variability in mechanical performance [18].

3.2. Surface Quality of Milled Samples

In Figure 5, the Pareto charts of the standardized effects for the roughness of CF-PETG,
PETG, and PLA are presented. These charts are visual tools that identify the most significant
factors based on the standardized effect and compare them to the defined significance limit,
which is marked by the vertical red line.

The Surface roughness (Sa) values for milled surfaces in CF-PETG range from 3.04 pm
to 7.65 um. The Pareto chart for CF-PETG shows that rotational speed is the most influential
factor of the milling process on roughness, with depth of cut, the combination of rotational
speed and feed rate (AC), and feed rate also playing significant roles (Figure 5a). Notably,
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the interaction between rotational speed and depth of cut (AC) is highlighted as significant
for CF-PETG in contrast to PETG. This indicates a distinctive response to the milling
parameters for CF-PETG, possibly due to the material’s composite nature and the presence
of carbon fibers. For PETG, the Sa values show variability within the range of 3.46 um
to 8.79 um. The Pareto chart analysis reported in Figure 5b indicates that the feed rate
is the most significant factor affecting the milling process, followed by depth of cut and
rotational speed. The interactions between these factors, except the interaction between
rotational speed and depth of cut (AC), are also statistically significant, indicating that the
combination of these machining parameters must be considered during PETG milling to
achieve optimal surface quality.

-

i}
gHﬂt

AB
AB | BC
1
BC_‘:_ Limit=2.179 A_D r«— Limit=2179
AC ' AC :
T T T T T T T T T T T T T T T
2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
Standardized effect (a = 0.05) Standardized effect (a = 0.05) Standardized effect (a = 0.05)
(a) (b) (c)

Figure 5. Pareto charts of the standardized effects for roughness of (a) CF-PETG, (b) PETG, and
(c) PLA.

The Sa values for PLA ranged from 2 to 13 pm, with the Pareto chart highlighting
three main influential factors (Figure 5c). The feed rate is the most impactful, followed by
the depth of cut, and then the interaction between the rotational speed and feed rate. These
factors exceed the significance threshold in the Pareto chart, denoting a p-value of less than
0.05. Other factors or their combinations do not statistically influence the surface quality of
PLA after milling. The Pareto chart clarifies that optimizations in milling operations for
PLA should primarily address the depth of cut and feed rate.

The depth of cut (C) is a consistently significant factor for PLA, PETG, and CF-PETG,
indicating its importance in the milling process across these materials. Feed rate (B) is
significant for all materials, suggesting it consistently affects the surface roughness across
different types of plastics. Rotational speed (A) is significant for PETG and CF-PETG but
not for PLA, highlighting material-specific responses to this milling parameter. Interactions
between factors such as AB are important for PLA and PETG, whereas for CF-PETG,
the only relevant interaction is AC. This demonstrates that the combined effects of these
parameters can be as critical as their individual impacts on the milling outcomes, but
differently for each material.

Figure 6 displays the Pareto charts showing the standardized effects on burr height
for CF-PETG, PETG, and PLA.

In the case of CF-PETG (Figure 6a), four parameters are significant: the depth of cut
(C) shows the most substantial impact, indicative of the material’s sensitivity to the amount
of material being engaged by the milling tool. This is followed by the interaction between
feed rate and rotational speed (AB), rotational speed (A), and feed rate (B). The significance
of these parameters and their interactions underscores the composite nature of CE-PETG
and its complex response to milling operations.

For PETG (Figure 6b), the Pareto chart identifies three parameters with significant
effects on burr height. The feed rate (B) tops the list, followed by the interaction of feed
rate and rotational speed (AB), and then rotational speed (A). This suggests a complex
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interaction between the cutting dynamics and the formation of burrs, where both the speed
of the tool and the speed at which material is fed into the tool play critical roles.

]
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Figure 6. Pareto charts of the standardized effects for burr height of (a) CF-PETG, (b) PETG, and
(c) PLA.

The analysis indicates that the depth of cut (C) is the most influential factor affecting
burr height on PLA (Figure 6c), which aligns with traditional machining experience where
deeper cuts can displace more material, leading to larger burrs. The feed rate (B) also has a
significant impact, followed by the interaction of feed rate and depth of cut (BC) and then
the interaction of rotational speed and depth of cut (AC). Rotational speed (A) alone has
the least impact. Interestingly, the interaction between rotational speed and feed rate (AB)
is not statistically significant, which suggests that, within the range tested, varying these
two factors in unison does not have a synergistic effect on burr formation in PLA.

The obtained results indicate that burr formation is a complex phenomenon influenced
by various factors and their interactions. Although some trends, such as the significance
of feed rate and rotational speed, are consistent across certain materials, their importance
varies. This variation reflects the unique mechanical properties and responses of each
material type. In particular:

e  The depth of cut is more impactful for PLA and CF-PETG, indicating its crucial role in
burr formation;

o  The feed rate is the most critical for burr height in the case of PETG and also significant
for PLA and CF-PETG. The speed of material feed into the cutting tool affects the
material’s deformation and the subsequent burr size;

e  The rotational speed is significant for PETG and CF-PETG; rotational speed affects the
cutting action’s temperature and pressure, influencing burr formation;

e Interaction effects are important for all materials but vary in their order of impact.
For PLA, the combination of feed rate and depth of cut (BC) and the combination of
rotational speed and depth of cut are significant, whereas for PETG and CF-PETG, the
interaction of feed rate and rotational speed (AB) is more critical.

Figure 7a—c shows the main effect plot for roughness against the three factors studied:
rotational speed, feed rate, and depth of cut.

Roughness for PLA increases with the depth of cut and feed rate. This suggests that
as more material is engaged with the tool, either through a deeper cut or a faster feed, the
rougher the resultant surface is. Roughness remains largely consistent across the range of
rotational speeds tested, with a slight minimum at 5500 rpm. This indicates that within the
parameter space considered, the rotational speed of the milling tool is the least impactful
factor on the surface finish of PLA, in accordance with the Pareto chart in Figure 5a.

For PETG, an increase in rotational speed leads to a decrease in surface roughness,
which could imply that higher speeds help to produce a cleaner cut with less material
deformation, improving the finish. In contrast, increases in both feed rate and depth of cut
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result in greater roughness, similar to PLA. This indicates that as the tool engages more
material, either by cutting deeper or moving faster across the material, it tends to leave a
rougher surface.
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Figure 7. Main effect plots for roughness of PLA, PETG, and CF-PETG for (a) rotational speed,
(b) feed rate, and (c) cut depth.

In CF-PETG, there is an optimal medium rotational speed that yields the lowest
roughness. Similar to PETG, CF-PETG shows a linear increase in roughness with higher
feed rates and depths of cut. This linear relationship is more pronounced than in PETG,
suggesting a direct correlation between these parameters and the quality of the finish
in CF-PETG.

In comparing the main effects plots across the materials, they exhibit distinct trends
that reflect the influence of milling parameters on the surface finish. For PLA, the rotational
speed has minimum impact, implying that within the tested range, PLA’s finish is not
sensitive to this parameter. PETG and CF-PETG both show improvements in roughness
with higher speeds, but CF-PETG has an optimal speed for the best surface finish at the
medium level, and in fact, rotational speeds have the highest statistical impact on CF-PETG.
All materials demonstrate increased roughness with higher feed rates and deeper cuts,
corroborating the idea that more aggressive milling conditions can deteriorate surface
finish. The increase in roughness is linear for CF-PETG, whereas for PLA and PETG, while
it has an increasing trend, it does not show such a direct relationship. Even though PLA
and PETG have different thermal properties (PLA has a glass transition temperature of
55 °C, whereas PETG’s is 75 °C), this does not seem to influence the roughness resulting
from the milling process, as the outcomes are comparable. On the other hand, CF-PETG
consistently exhibits lower roughness than PETG and PLA across all conditions. This may
be attributed to the presence of carbon fibers, which makes the material more resistant
during the milling process, resulting in a smoother surface. Furthermore, the presence of
carbon fiber is well known to act as a self-lubricant, reducing not only tool wear but also the
friction coefficient [61]. These effects generally improve the quality of the milling process
compared to unreinforced PETG. Vallejo et al. [62] found that in face-milling operations,
the addition of carbon fiber to PETG enhances machinability primarily in terms of energy
efficiency, leading to lower energy consumption. Face milling was found to be an effective
process for enhancing FDM parts in terms of dimensional accuracy, flatness, and roughness.

Figure 8a—c show the main effect plot for burr height relative to the three factors
studied: rotational speed, feed rate, and depth of cut. Burr height for PLA decreases with
an increase in the feed rate and depth of cut, indicating a tendency for smoother edges
under these conditions. However, there is an observed maximum burr height at a 0.4 mm
level of depth of cut. The optimal burr height for PLA is achieved at a medium rotational
speed (5500 rpm). This specific speed may allow for the best balance between cutting
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efficiency and heat generation, which influences burr formation. To minimize burr height,
high feed rates and depth cuts may be preferable.
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Figure 8. Main effect plots for burr height of PLA, PETG, and CF-PETG for (a) rotational speed,
(b) feed rate, and (c) cut depth.

Increasing the rotational speed, feed rate, and depth of cut generally leads to decreased
burr height in PETG, implying that aggressive cutting parameters can effectively reduce
burr size. However, at the highest levels of feed rate and depth-of-cut parameters, there is
a slight increase in burr height. The slight increase in burr height at elevated feed rates and
depth-of-cut levels could be due to the material’s tendency to stretch and deform rather
than break cleanly, creating more substantial burrs.

CE-PETG generally shows a similar trend to PLA: burr height for CF-PETG decreases
as the feed rate and depth of cut increase, with a maximum burr height observed at a depth
of cut of 0.4 mm. For CE-PETG, the optimal burr height is achieved at a medium rotational
speed of 5500 rpm. CF-PETG has added carbon fibers, which increase the material’s
strength and stiffness but also change the cutting dynamics. The carbon fibers can provide
resistance to deformation during cutting, which can help reduce burr formation at certain
feed rates and depths of cut if compared to unreinforced PETG.

When examining the main effect plots of burr height, distinct trends for each material
are observed. For PLA, it is evident that there is an optimum value for feed and depth of cut
to minimize burr formation at the highest values in the range considered, and a rotational
speed of 5500 rpm should be considered. PETG milling requires careful consideration of
feed rate and depth of cut because, within the range considered, burr height decreases
with increasing depth of cut and feed rate. However, at the highest levels of both, it leads
to slightly increased burr formation. CF-PETG presents a complex interaction between
the milling parameters and burr formation, with a similar trend to PLA. While higher
parameters for feed rate and depth of cut generally reduce burrs, at the medium level of
rotational speed, there is minimum burr formation. Under the same machining conditions,
PLA typically exhibits a taller burr compared to PETG, which can be explained by their
differing thermal properties. As already mentioned, PLA has a glass transition temperature
of 55 °C, whereas PETG’s is 75 °C. This lower threshold makes PLA more vulnerable to
altering its shape and flowing under machining stresses, thus increasing the likelihood
of more pronounced burr development. On the other hand, PETG, with its higher glass
transition temperature, shows greater resilience to these forces, potentially resulting in
lesser burr formation. When compared to unreinforced PETG, CF-PETG offers superior
milling characteristics due to the reinforcement provided by carbon fibers. A decrease in
the friction coefficient between the tool and the material leads to a smoother surface and
reduced heat generation. However, this seems not to affect the burr formation that has
comparable values with unreinforced PETG.
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3.3. Industrial Applications and Future Outlook

The observed trend in surface roughness and burr formation across different mate-
rials underscores the need for industry-specific machining strategies. This integration of
processes can significantly benefit applications where the required roughness of FDM-
printed samples is inefficient. Future research should aim to deepen our understanding of
how unique material properties interact with milling conditions. Developing advanced
machine-learning models could enable the prediction of optimal milling conditions for
various materials, potentially in real-time, thus enhancing adaptive manufacturing pro-
cesses. Additionally, exploring new composite materials or advanced cooling techniques
like cryogenic milling could lead to substantial improvements in the machinability of
3D-printed polymers, especially in precision-demanding industries. Cryogenic milling,
in particular, offers notable advantages, such as reduced thermal degradation of polymer
materials, enhanced surface finish, dimensional accuracy, and extended tool life due to
lower heat generation. This method also reduces the need for chemical coolants, making it
more environmentally friendly.

All materials exhibit their own specific results in optimal milling parameters, but the
following conclusion, in general, can be drawn from the present study results: parameter
levels that improve surface roughness and those that minimize burr height are different,
which presents a machining challenge. Results indicate that a trade-off may be necessary
or that a two-stage milling process could be beneficial—initially using higher feed rates
and depths of cut to minimize burrs, followed by fine milling at lower rates to improve
surface finish. This study could help to establish the ideal milling conditions that not only
enhance surface quality but also help to achieve dimensional precision. Milling is critical
for accurately removing material, which helps in correcting any dimensional errors that
occur during the 3D-printing process. This precision is particularly crucial for components
that require strict tolerance. By milling, excess material and layers on the surface of a
3D-printed part can be removed, thus smoothing out the rough surfaces typical of FDM
printing. This integration of techniques is beneficial for industries, including aerospace
and automotive, providing an economical method for creating functional prototypes or
tailor-made components just when needed. In fact, in sectors where quick repairs and
ongoing maintenance are essential, this method supports the timely production of spare
parts, reducing both downtime and stock-holding costs. 3D printing combined with milling
can be used to create parts that are no longer available or are too costly to stock as inventory.
Customized parts can be rapidly produced with 3D printing and finished with milling to
meet precision requirements.

4. Conclusions

The study has elucidated key insights into the optimal milling parameters for 3D-
printed materials; achieving the dual objectives of low burr formation and high surface
quality necessitates a careful balance of material-specific milling parameters. The following
conclusions can be drawn from the results obtained:

1. In terms of mechanical properties, CF-PETG has better performance in terms of
stiffness and strength compared to PETG and PLA, which is particularly notable in the
Y direction. The consistency of properties between the X and Y directions for PLA and
PETG suggests a uniform material behavior within the print bed plane. Aligning with
the inherent limitations of FDM technology in achieving robust inter-layer bonding,
all materials exhibit poor mechanical properties in the Z direction. Furthermore, the
elongation at break for all materials is notably lower in the Z direction, highlighting
the brittle nature of FDM materials when subjected to stress perpendicular to the
layer planes. It is noteworthy that CF-PETG exhibits significantly reduced ductility
compared to PETG and PLA;

2. CF-PETG demonstrates a lower surface roughness attributed to carbon fiber reinforce-
ment, which enhances material uniformity and structural stability during milling.
Carbon fibers have inherent properties that contribute to reduced friction during the
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milling process. They can act as a self-lubricating agent, which helps in decreasing
the friction coefficient between the tool and the material. Lower friction results in
a smoother surface, reduced heat generation, and, consequently, lesser chances of
material deformation;

3. Generally, PLA and PETG exhibit significantly higher surface roughness among all
considered conditions compared to CE-PETG;

4. The burr heights of PLA and PETG are comparable with those of CF-PETG but
with specific trends for each material, underscoring the need for precise control
during machining to achieve optimal results. According to experimental results, the
presence of carbon fiber does not significantly reduce the burr formation during the
milling process;

5. The relationship between feed rate, depth of cut, and material finish is complex,
with lower feed rate and lower depth of cuts improving surface finish at the cost of
increased burr formation, which requires additional operation to remove;

6.  Milling can refine 3D-printed parts by removing excess material, thus smoothing sur-
faces and correcting dimensional inaccuracies, which is pivotal for parts demanding
tight tolerances. This combined additive and subtractive manufacturing approach is
promising for industries like aerospace and automotive, offering cost-effectiveness in
producing functional prototypes and custom components.
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