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Abstract. Fused Filament Fabrication (FFF) is an additive manufacturing (AM) process bringing
many advantages over conventional processes such as allowing to obtain complex geometries and
personalized designs at a lower cost. However, this process does not allow to reach tight surface
roughness nor dimensional tolerances. To overcome these limits, post-production finishing
techniques are required, such as finish milling. Yet, due to their intrinsic properties, thermoplastics
tend to melt and form burr during cutting preventing the reach of fine surface quality. Therefore,
this paper proves the relevance and necessity of using lubrication and shortening the machining
time to reduce burr formation and allow to reach better final surface roughness.

Introduction

Context. The Material Extrusion (MEX) process is an Additive Manufacturing (AM) technique
consisting of building a part by adding successive layers of melted material. MEX has developed
quickly since its invention in 1988 [1], overcoming the limitations of traditional manufacturing
processes such as machining. 3D-printed parts with complex geometries can therefore be built
more rapidly and at a lower cost [1]. Fused Filament Fabrication (FFF) is one of the derivatives of
MEX. This process uses polymeric filament as feedstock, therefore providing easy use for private
users and industries [2]. With the continuous progress of this production process, applications go
from prototyping to production of small series and personalized products [1].

However, limitations persist because of the process nature. Achieving tight dimensional
tolerances and fine surface roughness remain a challenge due to the layer by layer building strategy
[2]. Consequently, post-processing operations must be studied. Among other post-processes, finish
milling appears to be promising. So far, this technique has shown the best dimensional accuracy
improvement [3] as well as the best surface finish improvement obtained by a mechanical method
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[4]. Moreover, while keeping the advantages provided by the MEX process, machining could be
combined inside of a hybrid structure allowing to benefit from the precision of machining [5-8].

Different polymers can be used with the MEX process. However, polymer use could raise
ecological concerns as this technology grows, if the materials used cannot be produced and
recycled in a responsible manner. To this end, Polylactide or Polylactic acid (PLA) is a bio-sourced
candidate of interest, which can be produced from corn, sugar cane, sugar beet, etc. [9]. This
polymer can also be recycled in different ways or composted using micro-organisms [10,11].

Regarding its chemical structure, PLA is linear aliphatic polyester based on lactic acid. Its
chains contain both hydroxyl and carboxyl groups [11]. This polymer can be produced via two
different processes. The first one, conventional polycondensation, produces low molecular weight
molecules. The term Polylactic acid will be used to designate PLA produced in this way. The
second one is produced by catalytic ring-opening and leads to higher molecular weight polymer,
which will be named Polylactide. PLA is constituted of three stereoisomers making it
semicrystalline. Molecular weight and polymer architecture (proportion of crystalline and
amorphous sterecoisomers) define the thermal and mechanical properties of PLA as well as its
crystallinity [11].

Literature review and motivation of the study. Because of the interesting characteristics of PLA,
several research groups have started to investigate drilling [12] and milling of PLA [3,13-17].
Different milling approaches were studied. While some focus on slot milling [13—15], others have
considered pocket [16], profile [3] and shoulder milling [17]. The main points of interest also vary,
going from the cutting forces during milling [13] to burr formation [15,16] and, most frequently,
to the arithmetic surface roughness (R,) that can be achieved by machining [3,13-15,17].

Regarding surface roughness, Lalegani Dezaki et al. [3] achieved the best results with an R, of
0.358 pm. However, the specific milling tools used to achieve this surface quality on complex
surfaces are not clearly identified. Pamarac and Petruse [17] also reported low surface roughness,
achieving an R, of 0.6 pm in shoulder milling.

All studies, except for Cloéz et al. [13], used a lubricant during machining to ensure proper chip
removal and provide a cooling effect on the material. When specified, pressurized air was used as
the lubricant. Cooling liquids are generally avoided due to the lack of information on their
interaction with the material and their environmental impact [16]. However, no studies have
compared the results of machining with and without lubrication.

Moreover, Dilberoglu et al. [18] emphasize the influence of heat generation during machining
of polymeric materials. Unlike metals which are natural conductors, polymers such as PLA are
insulators (thermal conductivity A of 0.12 W/(m.K) for PLA [19] against 237 W/(m.K) for
aluminum [20]) and have a high thermal expansion coefficient (between 50 and 200 pm/mK) [21].
Therefore, heat generated during the machining process may not dissipate effectively from the
machined zone, potentially causing thermal deformation and/or degradation of the workpiece [21],
especially if the glass transition temperature is reached [18]. In addition, Mehtedi et al. [15] draw
the conclusion that higher burr formation and heat generation during machining are linked, since
the latter can soften the material.

In summary, questions remain about the impact of lubrication on heat management during the
machining of PLA. The potential effects of heat rise on surface quality and cutting forces also need
to be determined and no study has investigated the potential impact using a milling pattern identical
to the printing pattern on the final surface quality. Therefore, the aim of this study is to determine
the relevance of using similar printing and machining patterns as well as lubrication (compressed
air) to guarantee effective heat dissipation during finish milling of FFF-obtained parts, to ensure
low surface roughness of the machined areas and process stability in terms of cutting forces.
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Material and Method

Part design and printing. Samples were designed to optimize material consumption and printing
time while being able to study and machine their top face. The parts (Fig. 1a) were 10 mm thick
with a 30 mm by 30 mm square face.

The samples were printed using a 2.85 mm-diameter filament of Native Nanovia EF 3D850
Polylactide (PLA). Material drying was performed using a SUNLU FilaDryer S2 set to 50°C
during 16 hours before printing, reaching a 20% humidity level inside of the drying device.

Thermal properties of the material were determined by Differential Scanning Calorimetry
(DSC) using a TA Instruments DSC Q2000. For this test, heating and cooling rates of 10°C/min
between -20°C and 210°C were operated. To avoid any thermal history effect, a second scan was
performed. Phases transition temperatures were computed as follow and confirmed the values
given by the manufacturer [22]:

e (lass transition temperature 7g: 61°C
e Crystallization temperature 7.: 104°C
e Melting temperature 7,: 176°C

An Ultimaker S3 with AA 0.4 mm print cores was used to print the samples. A light mist of
3DLAC adhesive spray was applied on the built plate before each print to avoid samples warping.
A modified version of the Balanced Fast printing strategy proposed by the Ultimaker Cura 5.6.0
slicer was chosen. The parameters selected allowed to both match the manufacturer
recommendation [22] and reduce printing time since the parts are meant to be finished by milling
(Table 1). As one of this study focuses resides on the link between printing patterns and machining
trajectories, the number of walls was set to zero to avoid creating a shell effect around the desired
pattern on the top and bottom layers (Fig. 1b). Therefore, extra infill walls were added around the
infill in the middle layers of the parts (Fig. 1c). These extra infill walls aim to ensure the part
rigidity and proper holding during machining.

Table 1 — Printing parameters

Materials Research Forum LLC

Layer height 0.2 mm
Wall thickness 0 mm
Top/Bottom thickness 2 mm
Top/Bottom pattern Concentric/Lines
Infill density 10%
Infill pattern Grid
Extra infill wall count 10
Printing temperature 200°C
Build plate temperature 60°C
Print speed 50 mm/s
Fan speed 100%
(a) 30 (b) Wall thickness > 0 (©) Wall thickness = 0

(=]
on
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Figure I — Design of the parts (in mm) (a), Shell effect (b), and Extra infill walls (c)

Finish milling. Surface finish milling operations were performed on a Mikron VCE 600 Pro.
When used, lubrication was in the form of compressed air flow at a 6-bar pressure.



Material Forming - ESAFORM 2025 Materials Research Forum LLC

Materials Research Proceedings 54 (2025) 1747-1756 https://doi.org/10.21741/9781644903599-188

For this study, the 93060-F solid mill from Seco Tools was selected since this tool is specifically
designed for thermoplastics. It is characterized by a 6-mm diameter (D), two teeth (Z), and a
maximal axial depth of cut ap max of 20 mm.

The whole surface of the sample was machined using consecutive passes, each of which had an
axial depth of cut a, of 0.5 mm and a radial depth of cut a. of 3 mm. According to Boschetto et al.
[23] recommendation, depths of cut were set to cut through layers rather than between layers. In
fact, according to the cited study, depths of cut should be large enough to erase the original
morphology of the surface but should not be interfering with the interlayer zone where internal
defects and voids can be found. The tool did not show any sign of wear regarding ISO 8688-2 [24]
at the end of the experimental tests.

The full experimental set up described in the following sections is presented in Fig. 2.

— L O
= F ) / i
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- Lubrication system

Milling tool Thermal camera

Sample T Force sensor

Support

Figure 2 — Experimental setup

Cutting conditions. Machining conditions for this study were selected from literature. The
parameters chosen correspond to the ones giving the best results in terms of surface roughness
after machining in dry conditions [13]. Therefore, the cutting speed v. and the feed per tooth £
were respectively set to 75.4 m/min and 0.1 mm/tooth.

Different cutting patterns were performed (Fig. 3) depending on the printing pattern of the
sample. For each printing pattern, a conventional zig machining pattern was used as well as a
machining pattern following the printed one. The experimental plan, including three repetitions of
the four presented combinations, was carried out twice: once in dry conditions (without any kind
of lubrication) and once under pressurized air.

Printing pattern

Concentric Lines
AAVANAVAVANAN

A XA A XA

y  Concentric Zig Lines Zig

Machining pattern

Z
X

Figure 3 — Printing and machining patterns

Surface roughness. Values of arithmetic surface roughness R, were assessed following the
guidance of ISO 4288 [25] and using a Diavite DH-06 surface roughness meter. Surface roughness
was measured before and after machining on the top face of the samples. To best represent the
surface quality of the whole face, surface roughness was determined in eight zones of the samples
top face. These zones are designated by letters from A to H according to Fig. 4.
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Figure 4 — Zones of surface roughness measurements

Cutting forces. A 3D-printed support was used as a clamping system to hold the parts during
machining. The support itself was then attached to a Type 9256C2 Kistler force sensor (Fig. 2).
Recordings of the cutting forces signals were acquired using a Kistler 5070A charge amplifier and
Kistler 5697A2 data acquisition system, both interfaced with a computer running the DynoWare
software. The data was sampled at a frequency of 20 kHz.

Raw data was processed using a Butterworth low pass filter of order 4 with a cutoff frequency
of 2500 Hz, which corresponds to half of the natural frequency of the Kistler force sensor. The
resulting cutting force F- RMS value of each pass was then computed from F and F, measured by
the force sensor and filtered as described.

As for the machining tests using lubrication, the compressed air contribution on the measured
forces was determined by running the machining program three times after a run of effective
machining. The average force RMS due to the compressed airflow itself was therefore computed
and subtracted from the resulting cutting force /- RMS.

Temperature monitoring. Temperatures were monitored during milling using an IQ-AAA Seek
Thermal camera with a range from 10°C to 300°C. The camera shows a temperature accuracy of
5% within this range according to the manufacturer. The considered emissivity & for this study was
set to 0.78 according to Ferraris et al. [26].

Two forms of the same data were recorded during machining: colored images such as Fig. 5
and CSV files showing numerical values of the recorded temperatures for each pixel of the images.
Therefore, the maximum temperature reached for each test could be extracted from the series of
CSV files as a first indicator of temperature during the machining tests.

feny s Temperature [°C]
. T 70
Milling tool 60
Sample
50
. Chips 40
Hot spot
'/ 30
(X Feed direction 20

Figure 5 — Thermal camera image

Results and Discussion

Samples visual assessment. A visual examination of the samples was conducted to assess the
presence of burrs in different zones of the samples. The affected zones include the entry zone
where the tool first enters the sample, the exit zone, and the face of the sample (Fig. 6).
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Figure 6 — Burr formation zones (e.g. lines printing pattern and zig strategy)

Exit burr appears almost systematically no matter the cutting conditions. However, when
machined under compressed air, the burr is small and very brittle. Unlike exit burr appearing
almost consistently, face burr and entry burr is only visible in non-lubricated conditions. In these
conditions only, burr formation on the face of the samples prevented from taking roughness
measurements after machining. The formation of burr on the samples face may be due to two
combined factors: the lack of chip elimination and the temperature increase [18].

Temperature monitoring. The temperature increase, and particularly the reach of temperatures
above the glass transition temperature 7, is mentioned by Dilberoglu et al. [18] as a possible cause
for inferior surface quality. The maximum temperatures recorded during machining in this study
are shown in Table 2. These temperatures do not vary significantly between the cutting strategies
following the printing pattern and the ones not following it.

Table 2 — Maximum machining temperatures

Printing pattern | Machining pattern | With lubrification [°C] | Without lubrification [°C]
Concentric Zig 75 141
Concentric Concentric 73 138
Lines Zig 76 144
Lines Lines 75 145

On the contrary, maximum machining temperatures decrease notably with the use of
compressed air. Although temperatures still reach above the glass transition temperature 7, of PLA
(61°C) in the lubricated cases, lubrication can help to lower the potential heat impact and
degradation on the polymer. Moreover, in the non-lubricated cases, temperatures recorded during
machining rise largely above 7, and 7. (104°C). In other terms, the amorphous phases of PLA
reached a high enough temperature to transition from a glassy (rigid and brittle) state to a viscous
state. Chains of crystalline stereoisomers were therefore allowed to rearrange into a crystalline and
more ordered form increasing the crystallinity of the impacted zones. As for the amorphous
stereoisomers chains, they stayed in their viscous state which may be the cause of the poor surface
quality obtained in non-lubricated cases. These amorphous phases can no longer be properly cut
because of their viscosity and are rather pulled by the tool [27]. However, thanks to the low depth
of cut used in this study, cases of permanent chip fusion and wrapping around the tool [16] were
avoided despite the high temperatures reached. It should however be noted that material did wrap
around the tool briefly on multiple occasions during the machining process in non-lubricated cases.
Lastly, because machining temperatures stayed under 75, (176°C), the crystalline phases did not
melt, allowing the polymer to remain in solid state and the part to keep its integrity.

Surface roughness analysis. Surface roughness could only be assessed on the samples machined
using lubrication. Indeed, as expressed in the visual assessment section, burr formed on the face
of the sample when lubrication was not used (Fig. 6). The burr formed during the finishing process
was too high to be able to take relevant measurements in terms of arithmetic roughness.

Average surface roughness R, (over three samples and over the eight zones defined on Fig. 4
for each sample) of parts machined in lubricated conditions decreases significantly compared with
the average surface roughness before machining (Fig. 7). For instance, surface roughness goes
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from 10.34 um and 4.55 um for the concentric and the lines printing patterns respectively to 2.64
pum and 2.50 um for the same respective printing patterns machined with a zig strategy.
Furthermore, machining seems to also significantly decrease dispersion in terms of surface
roughness.

S N B o

Surface roughnes R, [um]

I

Before Concentric Zig Before Lines Zig
machining machining

Concentric printing pattern Lines printing pattern

Figure 7 — Mean R, before and after machining with lubrication

Regarding dispersion before machining, surface roughness of the parts top face is highly
dependent on the pattern and the orientation of the surface roughness R, measure. For instance,
the surface roughness measures were compared to the surface roughness classification of ISO 1302
[28], as showed on Fig. 8.

For the concentric pattern faces before machining, R, is higher than 6.3 um all over the face
and more than doubles on the diagonals F, G, and H. For these parts, although Fig. 8 only
showcases two different classes of ISO 1302 [28], the limits between the classes do not follow a
linear progression and R, needs to increase by 6.2 um to fall into the highest presented class.

Regarding the lines printing pattern, dispersion between the zones is more limited and is mostly
due to the fact that measures in F and H zones are taken in the same direction as the lines of the
pattern. Surface roughness measurements values are therefore very low, reaching as low as 0.45
um. These values are, however, not representative of the actual surface quality of the face and this
category of low surface roughness could not be reached, even after the finishing operations.

After machining, three different surface roughness classes are reached (Fig. 8). However, these
classes cover a smaller interval of values than the ones covered before machining. Surface
roughness stays between 1.42 um and 4.44 um after machining.

Similarly to the temperature trends, there are no significant differences between surface
roughness obtained using a zig strategy or following the printing pattern. Therefore, the strategy
requiring less machining time should be preferred, which corresponds to the concentric strategy
for this study. Limiting milling time allows to increase productivity while ensuring that the
material stays at high temperatures for the least amount of time.

Concentric printing pattern Lines printing pattern Surface
roughness

% % % % -
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machining >0.8
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Figure 8 — Comparison of measured surface roughness Ry to the classes of ISO 1302
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Cutting forces analysis. Values of the cutting force F- RMS follow the same trend as the surface
roughness and the machining temperatures (Fig. 9). The cutting forces decrease with the use of
pressurized air as lubricant. This phenomenon could be linked to the fact that, in lubricated cases,
PLA is properly cut and evacuated. Therefore, it does not cause any additional friction by wrapping
around the tool or fusing with the parts surface.

The cutting pattern does not seem to have a significant influence on the cutting forces nor on
the dispersion. Values of F: RMS vary between 4.83 and 5.40 N in non-lubricated conditions and
between 3.17 and 3.51 N when lubrication is used.

7
Z6
2]
=5
-7
&4 I
g 3 1 i @ Without lubrication
2 & With lubrication
21
O
0
Concentric Zig Lines Zig
Concentric printing pattern Lines printing pattern

Figure 9 — Cutting force F. RMS depending on the machining strategy

Conclusion and Prospects
This study has demonstrated the importance of lubrication on the surface finish milling of PLA
parts obtained by FFF. Thermal properties of polymers, including low thermal conductivity and
low melting temperature, remain a challenge while using milling as a finishing process. Key
findings of this study are:
e Lubrication must be used to reach fine surface quality in surface finish milling of PLA
parts.
e Lubrication led to decrease temperatures by almost 50% during machining allowing to
lower the cutting forces and to avoid potential polymer degradation.
¢ Finish milling using lubrication allowed to reach more uniform surfaces with arithmetic
surface roughness values between 1.42 and 4.44 um with easily removable exit burr.
e Matching the printing and machining patterns does not have a significant influence on
the final surface quality, nor the cutting forces, nor the machining temperature.
e Since the machining pattern does not have a consequential impact on the final surface
roughness, the fastest machining strategy, which is the concentric strategy in this study,
should be chosen to limit the heat rise and increase productivity.
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