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The objective of this paper is the evaluation of dimensional and geometric accuracy and surface topo-
graphy of milled parts from plastic. This evaluation was done on 10 samples from various thermoplastics
made by extrusion and FDM 3D printing. The samples were then milled. One side was milled dry while
the other was milled with cutting fluid, which has improved the texture of the resulting machined surfaces
in most cases, for example with printed PLA, where Ra was reduced by 1.8 pm. For determining the
dimensional and geometric accuracy, two parameters were chosen, those being distance and parallelism.
For evaluating the surface topography, 4 parameters were measured using 2D profile roughness and 3D
surface texture. The surface of the prints was greatly improved by machining. The paper ends with practi-
cal recommendations for choosing different plastic materials for applications, requiring high dimensio-

nal accuracy and low surface roughness.
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1 Introduction

3D printing is becoming an increasingly popular
way of producing plastic parts for both single piece
and small batch production. It is a method of additive
manufacturing, meaning that material is added to the
workpiece to achieve the final shape [1]. This contrasts
with machining, where material is removed from an
oversized blank [2]. There are multiple methods of 3D
printing, that are often divided by the state of the input
material into liquid-based, powder-based and solid-
based [3; 4; 5]. The most common liquid-based 3D
printing process is stereolithography or SLA. With this
process, the print bed is submerged in resin, which
gets selectively cured by a precise UV scanning laser.
The main benefits of SLA printed parts are their
smooth surface and isotropic mechanical propetties
[6; 7]. In powder-based processes, the fine layers of
powder are either bonded by a liquid adhesive or are
sintered or melted together by a laser [6; 8]. By far the
most common process, especially with hobbyists, is
fused deposition modelling (FDM). This process
works by melting a plastic fibre, called filament, into
thin layers [7; 9].

When it comes to 3D printed materials, their me-
chanical properties are usually worse than those made
by injection molding, as shown by Lay et al. [10].

Of note is the finding, that parts made by FDM print-
ing demonstrated higher crystallinity and higher water
absorption. Another challenge of FDM prints is their
anisotropy, causing mechanical properties to vary in
vertical and horizontal orientation. Chacén et al. [11]
thus suggest printing in the hotizontal orientation and
for upright specimens, recommends thicker layers, as
it increased tensile and flexural strength. Isotropy can
be also improved by exposing printed products to ion-
izing radiation to crosslink the polymer chains. This
was successfully attempted by Shaffer et al. [12] and
also showed an increase in resistance to solvents. It is
also important to consider that mechanical properties
of 3D printed parts vary significantly due to different
print parameters including the color of the material, as
demonstrated by Wittbrodt and Peatce [13]. Kuz-
netsov et al. [14] showed that with PLA, layer height
plays the most significant role in the inter-layer cohe-
sion of printed specimens, decreasing cohesion with
increasing thickness. It was also shown that increasing
the size of the nozzle can help improve cohesion. This
was even more evident in thicker layers. Incesu et
al. [15] also observed, that flexural strength of PLA
can be further increased by raising the printing tem-
perature. Similar results were achieved by Hsueh et al.
[16], who also tested specimens made from PETG.
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It is noted that while both materials mechanical prop-
erties improve by increasing the printing temperature,
these two plastics behave differently in reaction to
change in printing speed. PLA’s mechanical properties
improve, while those of PETG tended to degrade.
Tests also showed that compressive strength of both
materials far exceeded their tensile strength. A com-
parison between PLA and ABS was performed by
Rodriguez-Panes et al. [17]. This study showed that
even if both materials react similarly to the changes in
printing conditions, PLA tends to be more rigid, while
ABS showed more ductility and higher sensitivity to
layer orientation in relation to the load direction. Also,
ABS showed less variability in the results. It is con-
cluded that PLA demonstrated an extremely strong in-
ter-layer bond, that makes it highly suitable for FDM
3D printing. A similar comparison was made by
Vinyas et al. [18], who also tested PLA reinforced with
carbon fibres, which increased the specimen’s tensile
strength. Blending PLLA with PETG increased the ma-
terial’s hardness. To determine interlayer cohesion,
vertically printed specimens are usually needed, which
can be challenging and inefficient to manufacture,
Torrado et al. [19] suggest using horizontally printed
specimens with transversal filling, which were proven
to behave equivalently. Mechanical properties of 3D
printed products are also dependent on the internal
geometry of the infill. Different infill structures were
compared by Agrawal et al. [20], who found that con-
centric infill pattern proved best in fracture resistance,
as this structure interrupts crack propagation. This in-
fill pattern also demonstrated the highest ultimate ten-
sile strength and elongation at break. In general, when
machining thermoplastics, Alauddin et al [21] recom-
mends cutting speeds exceed 300 m/min and espe-
cially highlights the necessity for a very sharp cutting
tool to achieve the best surface. When comparing sur-
face quality of cast and 3D printed polyamide, Tezel
[22] recognized, that increasing the feed of the tool
improves the quality of the machined surfaces of both
cast and 3D printed polyamide material, also, that es-
pecially on 3D printed parts, the depth of cut is highly
influential. Mehtedi et al. [23] conducted research
aimed at optimizing cutting parameters in relation to
minimizing surface roughness and burr formation on
FDM 3D printed parts from PLA and PETG.

Tab. 1 Selected materials

Optimal parameters for low surface roughness dif-
fered from those required for minimal burr, as this re-
quired higher cutting parameters. PLA tended to pro-
duce higher burrs, which was attributed to its lower
glass transition temperature. Pdmarac and Petruse [24]
reached similar conclusion from their experiments
with milling PLA and PETG recommending lower
cutting speed for ABS and faster for PLA to avoid
overheating the surface. The quality of the machined
surface is also highly dependent on the orientation of
the print layers. This was examined by Lalegani Dezaki
et al. [25], who tested specimens printed at different
angles and their experiments show that for the best
surface, the tool should be perpendicular to the print
layer. One of the significant risks with machining 3D
prints is delamination, which was studied by Cevik
[26], who recommends using high infill and layer
thickness. Drilling into 3D printed materials is also
especially susceptible to delamination, which was con-
tirmed by Shunmugesh et al. [27] in their experiments.
It was found that drill bits with smaller tip angles per-
formed better than those with larger tip angles.
Martin-Bejar et al. [28] experimented with turning car-
bon-fibre reinforced PLA and found it a suitable sub-
stitute for printing with high vertical resolution.
As mentioned by Khairusshima et al. [29], machining
fibre reinforced composites adds another challenge in
the form of excessive tool wear thanks to the abrasive
nature of the fibres.

This paper compares the most commonly used
materials for extrusion and 3D printing in terms of
their surface parameters after machining on a conven-
tional milling machine. The novelty of this paper lies
in the creation of a comprehensive list of materials, in
extruded and 3D printed form with machining param-
eters and resulting surface parameters. Also, a series of
recommendations are provided to allow for high qual-
ity surface finish and low material distortion.

2 Experimental procedure

For the evaluation, 10 samples from different ther-
moplastics were made. Half of these were made from
an extruded blank while the other half were made by
FDM 3D printing. Some materials were used for two
specimens, but each of those was made by a different
manufacturing process. The tested materials are:

Specimen Material Abbreviation
1 Polypropylene PP
2 Polyamide PA
3 Polyethylene terephthalate PET
4 Polyoxymethylene POM
5 Polyethylene ultra-high-molecular-weight PE-UHMW
6 Polypropylene PP (3D)
7 Polyamide PA (3D)
8 Polyethylene terephthalate glycol PETG (3D)
9 Polylactic acid PLA (3D)
10 Acrylonitrile polybutadiene styrene ABS (3D)
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2.1 Specimen manufacturing and measurement

The size of the specimens was determined as 35 x
35 x 6 mm as a compromise between a large enough
test surface and reduction of waste. To manufacture
these specimens, it is first needed to calculate the al-

lowances for milling:
5L
p=Z+2 (mm) 1)
Where:

p...Machining allowance (mm),
L...Length (mm).

o Allowance for

56
= ﬁ +2=2.3 mm — chosen 3 mm

thickness

e Allowance for length and  width
p= % +2=3.75 mm — chosen 5 mm
With allowances added, the final size of the blank

is determined as 40 x 40 x 9 mm.
2.2 Manufacturing of specimen blanks

Five different materials were chosen. Thickness of
the supplied sheets was between 9 and 12 mm, in or-
der to fit the specimen with all machining allowances.
From these sheets, the blanks were cut to the required
size on a Bomar STG 220 G gravity bandsaw. For the
cutting itself, coolant was applied to prevent overheat-
ing and degradation of the material. A total of five dif-
ferent blanks were cut, one from each material.

Tab. 2 Test specimens; The “(BD)” in abbreviation is to distinguish 3D printed specimens from extruded ones

Specimen Material Abbreviation
1 Polypropylene PP
2 Polyamide PA
3 Polyethylene terephthalate PET
4 Polyoxymethylene POM
5 Polyethylene ultra-high-molecular-weight PE-UHMW
6 Polypropylene PP (3D)
7 Polyamide PA (3D)
8 Polyethylene terephthalate glycol PETG (3D)
9 Polylactic acid PLA (3D)
10 Actrylonitrile polybutadiene styrene ABS (3D)

For 3D printed specimens, the FDM process was
chosen. It is the most commonly used and readily
available 3D printing process, as prices of simple
FDM printers start as low as 4000 CZK. The speci-
mens were first modeled in SolidWorks CAD software
and saved as a STL file. The program for the 3D
printer was created using PrusaSlicer, a software by
Prusa Research a.s. When the programs were ready,
the specimen blanks were printed on the Prusa i3
MK3 printer, made by the aforementioned manufac-
turer. The used printer was also fitted with an acces-
soty, enabling an automatic selection of up to 5 differ-
ent filaments. The diameter of the filament used is
1.75 mm and the nozzle diameter is 0.4 mm. It is very
important to set the print infill to 100% as the printed
material must be void free. Finally, the generated code
was transferred to a memory card and uploaded to the
printer. After each specimen finished printing, it was
gently removed from the bed, which was then clean a
prepared for the next part.

2.3 Machining of specimens

After all the blanks were cut from sheets and
printed, the next step is machining, in this case milling.
For this, a tool has to be chosen. The selected tool was
a 12-tooth cylindrical milling cutter from high-speed

steel. The wear of the tool was not taken into consid-
eration. The milling machine used in this paper is the
TOS FNK 25 A, a light-duty belt-driven gearhead
knee mill. Cutting parameters, namely feeds and
speeds, were determined according to recommenda-
tions of the supplier [30]. The spindle speed was cal-
culated using the following formula and rounded
down to the nearest available speed setting of the mill-
ing machine:
_1000-v,

n=— (min) @

Where:

n...Spindle speed (min),

ve...Cutting speed (m.min1),

D... Tool diameter (mm).

First, the sides of the blanks were milled square to
ensure they can be securely clamped to the milling ma-
chine. Then, the two large surfaces were machined.
From each of these, 1.5 mm of material was removed.
These surfaces were used for evaluation. On each spe-
cimen, one surface was machined with cutting fluid,
while the other was cut dry. The sides that were cut
with cutting fluid were marked with permanent
marker to distinguish them from the dry ones. In total,
this created 20 individual surfaces to be measured.
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Tab. 3 Cutting parameters for the individual materials

Speci- . . . Calculated spindle Depth of cut Feed
Material Cutting speed (m*min-') speed .
men . (mm) (mm-min-1)
(min-1)

1,6 PP, PP (3D) 230 915 1.5 315
2,7 PA, PA (3D) 230 915 1.5 315
3 PET 150 637 1.5 224
4 POM 230 915 1.5 315
5 PE-UHMW 230 915 1.5 315

8 PETG (3D) 150 637 1.5 224

9 PLA (3D) 150 637 1.5 224
10 ABS (3D) 230 915 1.5 315

Fig. 1 Finished specimens, ready to be measured

35 —~ 35

Fig. 2 Dimensions of finished specimens

2.4 Measurement

First, the surface quality of the specimens was
measured. For the evaluation, the most commonly
used parameters of surface topography were used.
In 2D, those were:

e Ra— Arithmetic average profile height devia-
tion,

e Rz — Maximum peak to valley height over as-
sessment length.
For 3D, these parameters were:
e  Sa— Arithmetic average of absolute values of

texture height,

e Sz — Average difference between highest and
lowest points.

These values were measured using optical meas-
urement device Talysurf CCI with the included soft-
ware package TalyMap Platinum. This machine works
on the principle of coherence correlation interferom-
etry and offers 0.01 nm of vertical resolution. For this
test, a 20x lens was used. The size of the evaluated
surface was 0.825 x 0.825 mm and it was sampled at
1024 x 1024 points. The same measurement condi-
tions were used for all specimens and to get relevant
results, the measurement was repeated three times for
each specimen.

After measuring the surface, the specimens were
carefully moved to a Werth ScopeCheck CMM for the
measurement of dimensional and geometric accuracy,
namely distance between the opposing surfaces, and
their parallelism. Before each measurement, the spec-
imen was securely clamped to a small vise. The meas-
urement was realized with a touch probe with a 21 mm
long shaft and 3 mm ruby tip. On each surface, a grid
of 16 points was created, which were then evaluated.
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3 Results and discussion
3.1 Dimensional and geometric accuracy

To obtain more accurate results, three measure-
ments of both distance and parallelism were per-
formed. The results from these measurements were
compiled in graph 1, standard deviation being shown
in red. The (3D) suffix denotes the specimens made
by 3D printing. As seen in the graph, the highest de-
viation of distance was measured on the PET speci-
men. This could have been caused by many reasons,

most of which include the human factor. Such high
deviation with the PET specimen also could have
been caused by improper fastening in the vise or im-
purity on the milling cutter. Although the deviation
was high compared to the other specimens, it is im-
portant to note that in machining plastics, it is still not
extraordinarily large. For example, in the case of steel
the lower surface roughness was achieved [31, 32].
Not only in case of the steel machining but also when
machining hard to machine material such as UMCo50
Cobalt Superalloy [33].
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Graph 1 Deviation from nominal distances and parallelism between evaluated surfaces

3.2 Sutface topography

Of the 10 specimens, each was machined from two
opposing sides. One with cutting fluid and one with-
out, resulting in 20 total evaluated surfaces. Due to the
large number of resulting values, only some were high-
lighted. All measured parameters were described in
chapter 2.5. Graph 2 shows the resulting values of Ra.
Itis noticeable that Ra remains consistent between the
specimens made by extrusion. Also, the use of cutting
fluid improved the quality of the machined surface in

80% of cases. In the graph, suffixes + and — represent,
whether cutting fluid was used or not respectively.
A disproportional increase in Rz is noted for the 3D
printed materials cut with fluid. This is a critical find-
ing, implying that for additively manufactured poly-
mer structures, the use of cutting fluid (as opposed to
dry cutting) may be detrimental to the extreme peak-
to-valley height, possibly due to chip adhesion or in-
teraction with the material's layered microstructure,
again causing high Rz values that are not fully reflected
by the Ra metric.
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Graph 2 Arithmetic average surface ronghness Ra of evaluated surfaces

In graph 3 are shown the resulting values of the
maximum imperfection height Rz. The measured
roughness is similar to the Ra graph with few differ-
ences such as the increase in dry cut polyamide (PA-)

or 3D printed PLA and PETG cut with cutting fluid
(PLA+ (3D) and PETG+ (3D)). The smoothest and
the roughest surface profiles are shown in figure 3 and
tigure 4 respectively.
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Graph 3 Maxinmum average surface roughness Rz, of evaluated surfaces
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Fig. 3 The achieved surface roughness on specimen PA+ (3D)
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Fig. 4 The measured surface roughness on specimen PP+ (3D)

3D surface texture roughness Sa and Sz were meas-
ured with similar outcomes as presented in graphs 4
and 5 respectively, again showing PA+ (3D) being the
best and PP+ (3D), PP- (3D) and PLA- (3D) being
the worst. On PLA, the achieved surface roughness
was also in agreement with what was measured by

6

Martin-Bejar et al. [28] when turning PLA on a lathe.
In general, machining seems to improve the surface
roughness compared to printing alone, as was also
presented by [23] et al. on PLA and PETG and Lale-
gani Dezaki et al. [25] on PETG.
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Graph 4 Average texture height Sa of evaluated surfaces
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Graph 5 Maxinum average texture height S of evalunated surfaces

PETG proved to be the best material in regard to
its dimensional and geometric accuracy, but it is im-
portant to keep in mind that these values are more a
result of the skills of the machinist and condition of
the machine and clamping. Generally, extruded mate-
rials were able to achieve better surface quality than
3D printed ones, but best surface quality was achieved
with 3D printed PA, cut with cutting fluid. The use of
cutting fluid is recommended as it almost always im-
proved the finish of the machined surface.

4 Conclusion

In this paper, two geometric parameters were as-
sessed: dimensional accuracy of distance and parallel-
ism. The smallest deviation in distance was recorded
on a specimen made from polypropylene by extrusion.
Other two highly accurate specimens were made from
polyamide (PA) and polyethylene terephthalate glycol
(PETG), both FDM 3D printed. This is a very im-
portant result, as PETG is one of the most commonly
used materials for FDM printing. The highest devia-
tion from nominal distance was found on the PET
specimen. In comparison to the others, the value was
so high that it was likely caused by an error during
manufacturing. It is suspected to have been improp-
erly clamped in the vise. When it comes to measuring
parallelism, the best performing material was PETG
made by 3D printing. Combined with its excellent di-
mensional accuracy, it is highly suitable for printing
parts that will then be milled. On the other hand, the
worst accuracy was recorded on the specimen, that
was 3D printed from polypropylene.

When evaluating the surface quality, a total of 4 pa-
rameters were measured. On the 10 specimens, 20 sur-
faces were evaluated in total, as on each, one surface
was cut dry and the other with cutting fluid. The pa-
rameters were divided into 2D profile roughness pa-
rameters and those related to 3D surface texture.
According to the data on record, the lowest values of
surface irregularities were measured on the surface
that was machined using cutting fluid on the specimen
made by 3D printing form polyamide (PA). On this
surface, the lowest values were recorded on most of
the evaluated parameters. The highest roughness val-
ues were measured on both surfaces on the 3D printed
polypropylene specimen and on the dry cut surface on
the part made from polylactic acid (PLA). The results
of the surface quality assessment vary by a large mar-
gin, so choosing the right material for the application
is crucial.

All things considered, the best combination of di-
mensional and geometric accuracy together with the
smoothest machined surface was achieved with 3D
printed polyamide machined with cutting fluid. It can
thus be said that this material is most suited for milling
post FDM 3D printing. It is also notable that using
cutting fluid improved the achieved surface quality in
80% of cases.
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