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1. Introduction

1.1. Context

Since its invention in 1988, the Material Extrusion (MEX) 
process, an Additive Manufacturing (AM) technology, has 
developed quickly, enabling the manufacturing of complex 
geometries at a lower cost [1]. This process consists in 
building a part by adding melted material layer by layer.
Fused Filament Fabrication (FFF), a MEX derivative, is 

particularly friendly for both private users and industries due 
to its filament feedstock [2]. Furthermore, applications have 
expanded from modeling and prototyping to small series and 
personalized production [1].

However, some limitations remain in terms of achieving 
tight dimensional tolerances and fine surface roughness [2]. 
Post-processing, like finish milling, is a promising approach 
to solve these limitations as it shows the best surface finish 
improvement among mechanical methods [3] as well as
improvement in terms of dimensional accuracy [4]. 
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Fused Filament Fabrication (FFF) is an additive manufacturing process based on Material Extrusion (MEX) of polymeric filament. This 
manufacturing technology is commonly used for personalized production applications and prototyping, allowing to obtain customized parts 
with complex geometries at a low cost. However, this production technique has its limitations regarding dimensional accuracy and surface 
roughness of the final parts. To overcome these limitations, finish milling is considered to be a promising technique as it is widely used for 
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melting during milling. Therefore, this paper proposes to compare the impact of using a compressed air flow to dry conditions on the cutting 
forces and the surface quality obtained on 3D-printed polylactide (PLA) parts. The qualification test of the tool-material couple standard (NF E 
66-520-6) will be used as a guideline to determine the relevance of cutting fluid use for cutting conditions varying around an operating point.
Moreover, simulated cutting forces using a mechanistic model will be compared to experimental data to evaluate the applicability of the model.
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Furthermore, it could later be implemented inside of a hybrid 
structure combining the MEX process and machining [5].

Many polymers can be employed with the MEX process.
Yet, few of them are bio sourced and recyclable, which 
inevitably leads to ecological concerns as the technology is 
growing. Polylactide or Polylactic acid (PLA) is, to this end,
an interesting material as it can be produced from corn, sugar 
beet or cane, etc. [6] and recycled in different ways as well as 
composted in the presence of micro-organisms [7,8].

PLA is a semicrystalline thermoplastic constituted of three 
stereoisomers. Thermal and mechanical properties as well as 
crystallinity of PLA depend on molecular weight and polymer 
architecture (proportion of crystalline and amorphous 
stereoisomers) [8]. It can be produced in two ways leading to 
different molecular weight. In this study, the name Polylactide 
is used for PLA since it is produced by catalytic ring-opening 
and showing a higher molecular weight [8].

1.2. Literature review and motivation of the study

Multiple groups have started to study drilling [9] and 
milling of PLA [4,10–14]. Different milling operations are 
studied such as slot milling [10–12], pocket milling [13], 
profile milling [4] and shoulder milling [14]. Furthermore, 
studies focus on different aspects of the machining process: 
cutting forces during milling [10], burr formation [12,13] and 
arithmetic surface roughness Ra after machining [4,10–12,14].

Regarding surface roughness, the best results are obtained 
by Lalegani Dezaki et al. [4] reaching a Ra of 0.358 µm. 
However, different tools are used to machine a complex 
surface, and it is unclear where this surface quality is 
obtained. Pămărac and Petruse [14] also reach low surface 
roughness by achieving a Ra of 0.6 µm in shoulder milling. 
Overall, the cutting conditions leading to the best surface 
roughness for each of the previously mentioned studies are 
synthesized in Table 1, giving the tool diameter D, its number 
of teeth Z in addition to the cutting speed vc, the feed per tooth 
fz and the axial and radial depth of cut ap and ae.

Table 1. Summary of cutting parameters in previous studies.

Study D
[mm]

Z vc

[m/min]
fz

[mm/tooth]
ap

[mm]
ae 

[mm]
CF

[4] 12 4 165 0.057 1 5/12 Air

[10] 6 2 75.4 0.1 2 6 No

[11] 12 4 132 0.086 20 5 Air

[12] 6 2 103.7 0.036 0.2 6 Yes

[13] 10 4 471.2 0.008 0.5 10 Air

[14] 6 2 66 0.155 3 6 Air

Except for Cloëz et al. [10], all studies choose to use a
cutting fluid (CF) during machining to ensure proper chip 
removal and provide a cooling effect on the material. When 
the CF is specified, pressurized air is mentioned. Indeed, there 
are different kinds of CF, but cooling liquids are rather 
avoided due to the lack of information on the interaction 
between the CF and the material as well as their impact on the 
environment [13]. However, no studies have been comparing 
results of machining with or without CF use.

Further studies, such as Dilberoglu et al. [15], insist on the 
influence of heat generation during machining of polymeric 
materials. Polymers such as PLA have high thermal expansion 
coefficients (between 50 and 2000 µm/mK) [16] and, unlike 
metals, are natural insulators (thermal conductivity  of 0.12
W/(m.K) for PLA [17] against 237 W/(m.K) for aluminum 
[18]). Therefore, heat induced by the machining process may 
be unable to dissipate from the machined zone and may cause 
the workpiece thermal deformation and/or degradation [16], 
especially if the glass transition temperature is reached [15].

Regarding burr formation, Mehtedi et al. [12] concludes 
that higher burr formation is linked to heat generation during 
machining which can soften material. Therefore, monitoring 
temperature during milling can be relevant.

Machining of 3D-printed parts requires special 
considerations regarding the depths of cut. Boschetto et al. 
[19] recommend setting them to cut through the layers rather 
than cutting between layers. In this manner, depths of cut are
large enough to erase the original morphology of the surface 
but are not leading to cut into the interlayer zone where 
internal voids and defects can appear.

As for modeling of cutting forces, literature studies the 
topic extensively regarding machining of metallic materials
[20]. Cutting forces models also exist in literature regarding 
fiber-reinforced polymeric matrix composites [21] but there 
are, however, no references for the specific case of polymers, 
such as PLA, alone. Therefore, using a usual mechanistic 
model designed for metallic materials such as the one 
developed by Rivière-Lorphèvre and Filippi [22] seems to be 
the first approach to investigate.

In summary, some questions are, so far, left unanswered 
about modeling of PLA machining as well as the impact of 
CF use on heat generation and dissipation during the 
machining process. Potential effects of heat rise on surface 
quality and cutting forces are also to be determined. 
Therefore, this study aims to determine the relevance of using 
compressed air as a CF to ensure effective heat dissipation 
during finish milling of FFF-obtained parts to guarantee low 
surface roughness of the machined areas and process stability 
in terms of cutting forces, as well as to evaluate the 
applicability of a mechanistic model for PLA machining.

2. Material and Method

2.1. Part design and printing

To optimize samples, the parts were cross-shaped to allow 
shoulder milling operations on each of the cross sides without 
interfering with other sides. The parts are described in Fig. 1. 
A fillet of 0.4 mm, equivalent to the nozzle diameter, ensures 
ease of printing [1].

The parts were printed from 2.85 mm-diameter filament of 
Native Nanovia EF 3D850 Polylactic Acid (PLA). The 
material was dried using a SUNLU FilaDryer S2 during 16 
hours before printing, reaching a 20% humidity level inside of
the drying device. The material thermal properties were 
determined using Differential Scanning Calorimetry (DSC) on 
a TA Instruments DSC Q2000. Testing was performed at 
heating and cooling rates of 10°C/min (according to ISO 
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11357) between -20°C and 210°C; a second scan was used to 
avoid any thermal history effects. Transition temperatures 
were calculated as follows:
• Glass transition temperature Tg: 61°C
• Crystallization temperature Tc: 104°C
• Melting temperature Tm: 176°C

Fig. 1. Design of the parts (in mm) and definition of strips and zones.

The printer used was an Ultimaker S3 with AA 0.4 mm 
print cores. A light mist of 3DLAC adhesive spray was 
applied on the build plate before each print to avoid samples 
warping. Since the parts are meant to be finished by milling, 
printing parameters were chosen using a modified version 
(Table 2) of the Balanced Fast printing strategy proposed by 
the slicer, namely Ultimaker Cura 5.6.0, to match the material 
manufacturer’s recommendation [23].

Table 2. Modified printing parameters.

Printing parameter Value

Wall thickness 5 mm

Top/Bottom thickness 1 mm

Top/Bottom pattern Concentric

Infill density 10%

Infill pattern Grid

Printing temperature 200°C

Print speed 50 mm/s

2.2. Finish milling and cutting conditions

Finish milling operations, with a shoulder milling
approach, were performed on a Mikron VCE 600 Pro. When 
used, the CF was a compressed air flow at a pressure of 6 bar.

The selected tool for this study was the 93060-F solid end 
mill from Seco Tools specifically designed for thermoplastics. 
The mill showed a 6 mm-diameter (D) with 2 teeth (Z) and a 
maximal axial depth of cut ap,max of 20 mm. A total of three 
consecutive passes were performed on the sample’s sides, 
each of which had an axial depth of cut ap of 3 mm and a 
radial depth of cut ae of 1 mm. At the end of the experimental 
tests, the tool did not show any sign of wear regarding ISO 
8688-2.

For ductile materials such as metal, milling parameters can 
be experimentally determined using the Couple Tool-Material 
(CTM) standard NF E 66-520-6. Similarly, the CTM 
methodology was used to ensure that the tool is compatible 
with this polymeric material with or without CF use. In this 
work, the qualification test alone was performed since 

machining parameters for PLA are not known with this tool. 
To achieve this objective, starting parameters were selected 
from literature [10], picked to give the best results in terms of 
surface roughness after machining in dry conditions.
Parameters were then increased and decreased by 20% around 
the starting value. Table 3 shows the experimental plan which 
was carried out twice: once in dry conditions (without using 
any CF) and once under pressurized air. A minimum of four 
repetitions were performed for each set of cutting conditions.

Table 3. Experimental plan.

Conditions category vc [m/min] fz [mm/tooth]

vc- 60.3 0.1

fz- 75.4 0.08

Baseline 75.4 0.1

fz+ 75.4 0.12

vc+ 90.5 0.1

2.3. Surface roughness and dimensions assessment

A Diavite DH-06 surface roughness meter was used to 
evaluate the arithmetic surface roughness Ra of the sample’s
exterior faces before and after machining. These values were 
assessed following the guidance of ISO 4288. After 
machining, surface roughness was assessed for three 
horizontal strips corresponding to the three passes performed 
while machining. In this study, the strips are referred to as 1 
to 3, strip 1 being the first one machined. Along these strips, 
surface roughness was measured in three different zones to
best cover the whole length of the strip (Fig. 1).

The samples width was measured before and after 
machining using a Wenzel LH54 Coordinate Measuring 
Machine (CMM) with a PH10M head and a spherical probe of 
1.5 mm-diameter from Renishaw. The difference between 
width before and after machining operations was used to 
determine effective radial depth of cut ae,eff, which differs 
from the theoretical value of ae because of the inability to 
reach tight tolerances in MEX. Each measured length L (in 
mm) by the CMM had a measurement uncertainty (in µm) of 
3 + L/300 for the X and Y axes and 3.5 + L/300 for the Z axis.

2.4. Cutting forces

The parts were clamped into a 3D-printed support, itself 
attached to a Type 9256C2 Kistler force sensor. The cutting 
forces signals were recorded thanks to a Kistler 5070A charge 
amplifier and Kistler 5697A2 data acquisition system linked 
to a computer executing the DynoWare software. The 
sampling frequency was set to 20 kHz.

Results were processed using a Butterworth low pass filter 
of order 4 with a cutoff frequency of 2500 Hz corresponding 
to half of the natural frequency of the Kistler force sensor.
The Root Mean Square (RMS) value of the total cutting force
Ftot of each pass was then computed from Fx,, Fy and Fz

components (equation 1) measured by the force sensor, which 
are proportional in classical models. Therefore, Ftot is
proportional to the cutting force Fc in the vc direction and is
used as an image of the cutting power Pc as cutting forces in
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the cutting and radial directions are proportional. Following 
the guidance of NF E 66-520-6 standard, the specific cutting 
energy Wc was determined using the total cutting force Ftot

and the cutting cross section AD following equation 1
involving the effective radial depth of cut ae,eff defined earlier:

𝑊𝑊𝑐𝑐 = 𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡
𝐴𝐴𝐷𝐷

with 𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡 = √𝐹𝐹𝑥𝑥2 + 𝐹𝐹𝑦𝑦2 + 𝐹𝐹𝑧𝑧2 and 𝐴𝐴𝐷𝐷 = 𝑎𝑎𝑝𝑝 × 𝑎𝑎𝑒𝑒,𝑒𝑒𝑒𝑒𝑒𝑒 (1)

Regarding the tests where compressed air was used as CF, 
the force contribution to recorded forces of the airflow itself 
has been determined. The machining program was run five 
times on each machined side after a run of effective 
machining. The average contribution was then computed and 
subtracted from the recorded cutting forces in the cases for 
which CF was used, before computing the specific cutting 
energy Wc.

2.5. Temperature monitoring

During milling, temperatures were measured using an IQ-
AAA Seek Thermal camera (Fig. 2) with a temperature 
accuracy of 5%. The temperature range of the camera went 
from 10°C to 300°C. The emissivity  considered for this 
work was set to 0.78 according to Ferraris et al. [24]. The 
temperatures recorded in this study must therefore be 
considered as estimations.

Fig. 2. Thermal camera image.

3. Results and Discussion

3.1. Samples visual assessment

Before measuring Ra, a visual examination of the samples 
was made to assess the presence of burr and torn areas. 
Indeed, in some conditions, areas can appear on the machined 
face, where material seems to have been pulled and torn rather 
than cut (Fig. 3).

Unlike the tearing phenomenon appearing only in certain 
cutting conditions, burr tends to form almost systematically 
during machining. No trend could be identified between burr 
formation and cutting conditions nor cutting temperatures. 
Burr forms in two zones: on the top face where chips seem to 
remain because they were not entirely cut, and on the side of 
the sample where the tool exits the material (Fig. 3). The latter 
should not cause an issue since, in the case of a continuous cut 
around a workpiece, the machining program can be 
lengthened to ensure that no exit burr remains. Regarding burr 
formation on the top face, the remaining chips that are not 
fully cut are fragile. Some of them can be cleared out by the 
pressurized air used as CF. However, more investigations 
should be conducted on how to prevent their formation.

Fig. 3. Two types of burr formation.

3.2. Temperature monitoring

As mentioned by Dilberoglu et al. [15], reaching above 
glass transition temperature can result in inferior surface 
quality. Therefore, Table 4 shows the maximum recorded 
temperature for each of the cutting conditions which does not 
vary significantly between the different cutting parameters.

Table 4. Maximum cutting temperatures.

Conditions category Without CF use [°C] With CF use [°C]

vc- 92.1 70.4

fz- 93.9 70.9

Baseline 93.6 73.3

fz+ 90.1 74.9

vc+ 92.9 75.7

On the other hand, the maximum temperature during 
cutting decreases significantly with the use of CF, although 
temperatures still reach above the material glass transition 
temperature Tg (61°C). CF use can therefore help restrain 
potential heat damage.

Given the low depth of cut used in this study, there was not 
any case of chip fusion and wrapping around the tool, even 
with the reached temperatures.

3.3. Surface roughness analysis

Overall, surface roughness tends to vary considerably, 
going from 0.19 µm to over 10 µm. The best surface quality is 
obtained for the baseline case in dry conditions (Fig. 4): the 
mean surface roughness Ra reaches 1.24 µm and the 
dispersion over all the passes strips and zones is at its lowest
compared to other cutting conditions. Furthermore, surfaces 
machined in these conditions do not show any sign of torn
areas.

Fig. 4. Mean Ra depending on cutting conditions.
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For dry conditions, variations around baseline parameters 
systematically increase surface roughness and dispersion. 
Thus, it suggests that these baseline conditions are an 
optimized operating point for this tool and material with the 
depths of cut defined previously.

The worst surface quality, showing the highest dispersion
( = 4.06 µm) as well as the highest mean surface roughness 
value (Ra = 3.52 µm), is obtained in the fz- conditions using 
CF. For these cutting conditions, torn areas are almost 
systematically present on strips 1 and 3 but not on strip 2.
Surface roughness of these torn areas vary considerably 
reaching values as low as 0.32 µm and as high as 13.93 µm, 
explaining such a high dispersion. Thanks to the absence of 
torn areas, the surface roughness of the second pass (Strip 2) 
reaches a low mean surface roughness Ra of 1.40 µm with low 
dispersion while it is not the case for strips 1 and 3 (Fig. 5).

Fig. 5. Mean Ra depending on the pass strip and the cutting conditions.

For the case for which CF is used, surface roughness Ra

and dispersion decrease from fz- conditions to vc+ conditions. 
The optimized operating point seems to be moved towards 
higher cutting speeds. This is beneficial regarding 
productivity since higher cutting speed means less machining 
time. However, CF use does not seem to allow lower surface 
roughness than the values already achieved in dry conditions.

3.4. Cutting forces analysis

Overall, values of the specific cutting energy Wc and its 
dispersion (Fig. 6) follow the opposite trend of surface 
roughness values Ra and its dispersion. For instance, for the 
dry conditions case, baseline conditions show high values of 
Wc then decreases for other cutting conditions where Ra

reached low values for baseline conditions and increased for 
the others. Furthermore, in the case of CF use, for fz+ and vc+
conditions, the surface roughness values Ra decreased which 
corresponds to increasing values of Wc.

Dispersion of Wc being an image of the cutting conditions 
stability, the machining process seems less stable while 
increasing the cutting speed vc.

Finally, values of Wc are overall higher using CF than not 
using it. One explanation for this phenomenon is that the 
material softens more in dry conditions as the temperatures 

reached during machining are higher by around 20°C. In fact, 
for semicrystalline polymers such as PLA, crystalline 
domains slowly become amorphous around the glass 
transition temperature. Therefore, crystalline domains may 
still be present when CF is used.

Fig. 6. Specific cutting energy Wc depending on the cutting conditions.

3.5. Cutting coefficients modeling

To tackle the lack of existing models for PLA machining, a 
usual cutting force model for metallic materials, developed by 
Rivière-Lorphèvre and Filippi [22], has been selected. To 
implement it, an inverse analysis is first performed on the 
measured data. The linear model is then used, which considers
that the cutting forces along three directions of space dFi (i
being r, t, and a, for radial, tangential and the axial direction, 
respectively) are modeled as the product of the specific
cutting pressure Ki by the undeformed chip thickness h and 
the axial depth of cut dA [22]. The equation linking the
cutting forces and coefficient is therefore as follows:

𝑑𝑑𝑑𝑑𝑖𝑖 = 𝐾𝐾𝑖𝑖 ∙ ℎ ∙ 𝑑𝑑𝑑𝑑 with 𝑖𝑖 = 𝑟𝑟, 𝑡𝑡, 𝑜𝑜𝑜𝑜 𝑎𝑎 (2)

On Fig. 7, the graph shows the simulated cutting forces 
compared to the measured ones over two revolutions of the 
cutting tool for the baseline case in dry conditions.

Fig. 7. Simulated cutting forces compared to measured ones for the baseline 
case in dry conditions.
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The identified specific cutting pressures are as follows: Kt

= 208 MPa, Kr = 57 MPa, and Ka = 95 MPa. The comparison 
between modeled and simulated forces shows a very good 
agreement, so much that the experimental and simulated 
curves cannot be easily distinguished in Fig. 7. This suggests 
that, using optimized cutting parameters, the linear model is 
relevant to model cutting forces in PLA machining.

4. Conclusions and Prospects

This study has demonstrated the impact of CF use on the 
finish milling of PLA FFF-obtained parts. Thermal properties 
of PLA, such as low thermal conductivity and low melting 
temperature, are a major challenge in the milling process. Key 
findings include:
• Best surface quality is achieved under baseline cutting 

conditions in dry conditions (Ra.= 1.24 µm).
• Burr formation was observed both using and not using CF

with no clear trend linking to cutting conditions. Further 
research could be carried out on burr formation specifically 
as it is part of the final workpiece surface quality.

• Maximum cutting temperatures are decreased by the use of 
CF by approximately 20°C in this work configuration, 
helping to bring the material closer to its glass transition 
temperature but still exceeding it.

• The use of CF does not improve surface quality for the 
same cutting parameters as in dry conditions. Another 
operating point with increased cutting speed should exist 
for conditions with CF use which can help increase 
productivity. 

• Dispersion of cutting forces follows an opposite trend to 
the surface roughness values leading to less stable process 
(higher dispersion) for a better surface quality reached.

• A mechanistic model designed for metallic materials has 
been implemented and shows very good agreement to the 
experimental data when using optimizing cutting 
parameters, therefore proving the relevance of the model.
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