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Abstract: Additive manufacturing (AM) opens new possibilities of obtaining ceramic green parts
with a tailored complex design at low cost. Meeting the requirements of highly demanding indus-
tries (aeronautical and biomedical, for example) is still challenging, even for machining. Hybrid
machines can solve this problem by combining the advantages of both additive and subtractive
processes. However, little information is currently available to determine the milling parameters
of additively fabricated ceramic green parts. This article proposes a systematic approach to experi-
mentally determine the cutting parameters of green AM zirconia parts. Three tools, one dedicated
to thermoplastics, one to composites, and a universal tool, were tested. The tool–material couple
standard (NF E 66-520-5) was followed. The lower cost and repeatable generation of smooth surfaces
(Ra < 1.6 µm) without material pull-out were the main goals of the study. The universal tool showed
few repeatable working points without material pull-out, while the two other tools gave satisfying
results. The thermoplastic tool ensured repeatable results of Ra < 0.8 µm at a four times lower cost
than the composite tool. Moreover, it exhibited a larger chip thickness range (from 0.003 mm to
0.036 mm). Nevertheless, it generated an uncut zone that must be considered when planning the
milling operations.

Keywords: hybrid machine; green ceramic; milling; additive manufacturing; material extrusion;
finishing operations

1. Introduction
1.1. Context

Ceramics and advanced ceramics, such as zirconia, are key materials in a wide range of
sectors, such as the electrical, mechanical, chemical, and biomedical industries [1,2]. From
the large choice offered by the ceramic materials, 3Y-TZP (Yttrium Tetragonal Zirconia
Polycrystal) exhibits very interesting mechanical properties. Indeed, its fracture toughness
(4–12 MPa

√
m) and flexural strength (500–1800 MPa) are among the highest available in

commercial ceramics [3]. These properties, added to its high chemical resistance, make
zirconia very attractive for the oil and gas, biomedical and tooling sectors [1,3,4].

The conventional processing route to manufacture ceramics is usually made of four
main steps: the powder synthesis, the shaping of the part (obtention of a green body),
and its debinding (obtention of a brown body) and sintering (obtention of a white body)
operations. However, for demanding applications (such as contact, for example), a very
good surface topography (Ra < 1.6 µm) can be required, and this leads to additional
finishing operations performed after sintering (usually consisting of polishing, grinding, or
lapping) [3]. However, these operations can represent up to 80% of the total production
costs of the part [3]. Indeed, when the finishing operation is performed on the sintered part,
it has already acquired the final material properties and requires dedicated tools and careful
operators. Moreover, machining operations can lead to micro-cracks and surface defects
that decrease the final part’s properties [4]. Machining the part at the green stage (just after
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its shaping) is, consequently, an interesting solution. Indeed, at the green state, the part
mostly exhibits the mechanical properties of its binder, which is usually a thermoplastic
polymer [5]. Consequently, green machining operations are less expensive and easier to
perform while reducing the risk of generating macro defects like cracks, which can lead to
the premature failure of the part during its service [4,5].

One of the major drawbacks of the conventional ceramic production route is the
impossibility of generating complex designs with, for example, dedicated pore size and
interconnectivity or a very fine structure [2,6]. Moreover, the costs to produce a single part
with a non-standard design are too high [7], discounting the possibility of serial and person-
alized production as in Industry 4.0 [8]. Conventional processes are then only economically
viable for intermediate, and large series production [3]. Such characteristics (complex
tailored design) are required for specific applications, such as in the biomedical sector [7,9].
Non-conventional processes, such as additive manufacturing (AM), are bringing an an-
swer to these problems and offer great hopes and promises [2,10]. Additive processes, in
opposition to subtractive processes, enable the production of geometrically complex parts
in near-net shapes [11]. Moreover, these processes allow the generation of parts with less
material than conventional processes (than in machining, for example) [11] and without
the need to invest in costly pieces of equipment specific to a single part design, such as
moulds for Ceramic Injection Moulding (CIM) and Metal Injection Moulding (MIM) [2,6].

In the seven families of AM processes classified by the ISO/ASTM 52900 standard,
material extrusion is one of the most promising in a ten-year horizon, according to a
SmarTech Analysis of 2018 [12]. Indeed, this technology allows the relatively low-cost
fabrication of ceramics and metal parts through the use of highly-filled polymer filaments
containing ceramic or metal particles [2,8]. The material extrusion method using a fused
filament is named Fused Deposition Modelling (FDM) [7]. One of the major limitations
of the AM processes is their feedstock availability, and cost [8]. The pellets of the Powder
Injection Moulding (PIM) processes can solve this issue since they have been used since
the 1970s in the industry [13]. The processes using the FDM method with pellets are
named Pellet Additive Manufacturing (PAM). This kind of process does not require high
capital expenditure investment (CAPEX), is compatible with every material used in the
conventional injection processes (even metals and ceramics), and can be inserted inside an
existing workshop using already available MIM or CIM machines [14]. The PAM process
produces parts in a green state. Indeed, the ceramic powder in the pellets is mixed with an
organic or inorganic binder [9]. The PAM process is referred to as indirect since the shaping
and sintering operations are decoupled [9]. The part shaped by the PAM process will then
require debinding and sintering steps to achieve its final density and mechanical properties.

Even if the PAM process allows the generation of complex designs impossible to obtain
using the conventional ceramic forming processes, these exhibit rough surfaces compared
to the other AM processes due to the inherent staircase effect [8,15]. The high arithmetic
roughness (from 9 µm to 40 µm [16]) reduces the fatigue resistance of the parts, and their
tribological properties [17,18]. Some conventional machining operations (such as turning
and milling) can solve the problem but require simple designs [5,19]. Indeed, complex parts
exhibiting an internal lattice structure cannot be machined even with 5-axis machining
since the inner surfaces of the part are unattainable by the cutting tool. Moreover, when
applied to fully dense parts obtained after sintering, the machining operations are difficult
and very expensive, as explained earlier [19].

All these reasons motivate the development of methods combining the advantages of
the AM processes and machining. Such machines are called hybrid [5,20] and are currently
subject to a strong industrial interest [21]. Commercial hybrid machines combining additive
and subtractive processes already exist. They allow the generation of metal parts with
Direct Energy Deposition (DED) or Selective Laser Sintering (SLS) [5,20]. However, their
price is very high since the machining operations are made in a dense part, then requiring
a robust and complex construction while dealing with low material removal rates and
challenging tool wear. A solution to this problem is to machine the part when it is in a
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green state [5,22]. Indeed, the part in the green state requires less energy to be machined
than dense parts since it behaves as a pseudo-plastic material [5,22]. This effect, added to
lower thermal stresses, allow the reduction of tool wear and consequently avoids the need
for expensive tools [5].

In the case of ceramic parts, hybrid machines are not yet commercialised. Moreover,
as announced in a recent review [19], there is a lack of data for the machining of materials
shaped by additive manufacturing, except for highly used alloys, such as Ti6Al4V. The
determination of the most suitable cutting parameters in green ceramics obtained using the
PAM process will then allow the fabrication of a hybrid machine able to produce ceramic
parts with tight tolerances and smooth surface topography to be foreseen.

1.2. NF E 66-520-5 Standard

The cutting parameters of ductile materials can be experimentally determined using
the tool–material couple standard NF E 66-520-5 [23]. This standard provides a method
using mainly the specific cutting energy to quantify the ability of a tool (generation of an
appropriate surface topography while avoiding catastrophic damage mode of the tool) to
realise machining operations on a specific material. The standard also advices to take into
account the surface topography when the tool will be used for finishing operations, as in
this work.

Green ceramics do not behave as ductile materials. Consequently, the standard cannot
be directly applied. However, recent papers [4,22] have already used the standard to obtain
ranges of cutting parameters and to compare the behaviour of a dedicated material to
ductile materials. This paper uses the tool–material couple standard as a general guide
to determine the suitable cutting parameters for a determined tool. As described in the
standard dedicated to milling operations, four cutting parameters were used: the cutting
speed (vc), the feed per tooth ( fz), the depth of cut (ap), and the radial depth of cut (ae).

The standard proposes to perform six different experiments [23]:

• Selection of a stable operating point (qualification test);
• Determination of vc,min;
• Determination of minimal and maximal chip thickness (hmin – hmax);
• Determination of limiting data;
• Wear tests;
• Tests to determine the auxiliary parameters.

The experiments of the standard allow the determination of the working range for
vc,min, fz, ap, and ae. When machining is performed with a tool within its working range, it
is repeatable, i.e., two different machining operations conducted with the same parameters
lead to the same results in terms of specific cutting energy (the power needed to remove a
given volume of material) and surface topography. Achieving this repeatability is required
to foresee reliable finishing operations.

1.3. Motivation and Objective of the Paper

Even though green ceramic machining has been performed for decades [3], no stan-
dardised methods exist to determine the appropriate cutting conditions for such a material.
The tool–material couple standard can be a relevant guide, even though it was designed
for ductile materials as demonstrated in the literature [4,22]. Moreover, the PAM process
opens new possibilities in terms of geometrical complexity for ceramic parts thanks to its
flexibility of feedstock [7,14]. However, the surface topographies, as well as dimensional
and geometrical tolerances generated by this process, still exhibit high arithmetic roughness
(Ra > 1.6 µm), which makes them not suitable for contact applications. Finishing the parts
using conventional processes, such as milling, is then mandatory.

In this context, the objective of this paper is the determination of suitable cutting
parameters for the finishing of green ceramic parts obtained with the PAM process. To
guarantee low costs of processing, three standard milling tools were selected. One is
dedicated to thermoplastics, another to composites, and the last is suitable for a large set of
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materials (universal tool). The tool–material couple standard [23] was used as a guide to
establishing the different cutting conditions. This paper is the first to apply a systematic
and objective method to determine the cutting parameters of AM green ceramics. The main
objectives in terms of surface topography are to ensure Ra < 1.6 µm and a surface without
material pull-out.

2. Materials and Methods
2.1. Manufacturing of Parts

The geometry of the parts is a cube on top of a cylinder. The cylinder has a diameter of
15 mm and a height of 15 mm while the cube exhibits dimensions of 20 mm× 20 mm× 20 mm.
Machining is performed on the cube while the part’s fixture is ensured by the cylinder. A
fillet of 3 mm links both geometrical entities and decreases the risk of deformation after
printing. Figure 1 shows the part’s geometry as well as its reference axes. The Z axis was
set along the cylinder’s main axis direction, and the X and Y axes were aligned with two
edges of the cube.

20

2
0

15

3
5

R3

Y

Z

X

Figure 1. Design of the parts (in mm).

The printing of the parts was performed on a Pollen AM Series MC (Ivry-sur-Seine,
France). This PAM printer was fed with K2015 pellets from Inmatec (Rheinbach, Germany).
This feedstock is composed of a mix of polyamide binder (15% in mass) and zirconium
oxide (85% in mass) partially stabilised with 3 mol% of yttrium oxide (Y2O3). The resulting
material exhibits a density of 6000 kg/m3. The zirconium oxide used in the feedstock has
a d50 of 0.5 µm and comes from the Tosoh Corporation (Tokyo, Japan). This feedstock is
developed for the CIM industry and requires a temperature of injection between 110 ◦C
and 150 ◦C while ensuring a back pressure above 50 bar. After its shaping, the part will
require a two-stage debinding before its sintering operation. The first stage is chemical
with acetone, while the second is thermal (temperature up to 325 ◦C). The final sintering
operation should be performed at 1400 ◦C in air. The resulting material has a black colour
after its sintering operation.

The printer was used with a 1 mm nozzle diameter. The layer thickness was set at
0.35 mm while the first layer thickness was set at 0.17 mm. The extrusion temperature
stood at 165 ◦C while the build platform temperature was set at 35 ◦C. An amount of 100%
of the infill was selected with a concentric strategy deposition. The build direction was set
along the part’s Z axis, and the cubic base was the first to be printed. This avoided the use
of support. The printing of a part took about 25 min. SolidWorks version 2021 was used to
create the CAD file, while Cura version 4.1 generated the sliced file. The STL format was
selected to transfer the CAD from SolidWorks to Cura. Figure 2 shows a part after its fabri-
cation, while Figure 3 gives the surface topography obtained. As can be seen in the pictures,
the part exhibits a very rough surface topography. Its arithmetic roughness was estimated
to be higher than 12.5 µm using a viso-tactile roughness comparator, demonstrating the
need for finishing to achieve the required arithmetic roughness.
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Figure 2. As built part before milling.

Y

Z

X

1 mm

Figure 3. Surface topography of the as built part before milling.

2.2. Milling and Data Acquisition

The milling operations were performed on a Stäubli TX200 (Pfäffikon, Switzerland)
fitted with a Teknomotor ATC71 electrospindle (Quero, Italy). The spindle exhibits a
maximal power of 7.8 kW and a maximal rotational speed (N) of 24,000 rpm. Figure 4 gives
an overview of the cutting configuration.

Staubli TX200

Teknomotor

ATC71

Three jaw

chuck

Kistler 9256C2

Y

Z

X

Part

Figure 4. Cutting configuration.

Three different tools with a 6-mm diameter were selected. Their diameter was chosen
to ensure a high enough cutting speed since the maximal spindle speed was 24,000 rpm.
Table 1 gives the main characteristics of the selected tools, such as their diameter (D),
number of teeth (z), maximal axial depth of cut (ap,max), supplier reference and relative



J. Compos. Sci. 2023, 7, 112 6 of 22

price compared to the tool dedicated to the thermoplastics (reference price). In the rest of
the paper, and for the sake of simplicity, each tool is called by the material for which it was
designed (e.g., thermoplastic tool). The geometry of each tool is shown in Figure 5.

Table 1. Main characteristics of the selected tools.

Type of Tool D (mm) z ap,max (mm) Price Supplier/Reference

Thermoplastics 6 3 19 1.00 Hoffmann/209425 6
Composites 6 10 18 3.64 SECO/871060.0-DURA
Universal 6 3 14 1.63 SECO/553060SZ3.0-SIRON

Universal

Thermoplastics

Composites

3 mm

Figure 5. Geometry of the thermoplastic, composite, and universal tools.

The desired cutting parameters were related to the finishing of AM parts. As a conse-
quence, 3 mm axial depth (ap) and 0.5 mm radial depth of cut (ae) were selected. Indeed, in
finishing operations, only the external layer had to be removed. Straight shoulders were
milled on the part along its X axis.

The part was clamped into a three-jaw chuck, itself rigidly attached to a Kistler 9256C2
force sensor (see Figure 4, Winterthur, Switzerland). The cutting forced signals in the
X (feed direction), Y, and Z directions were recorded using a Kistler charge amplifier
5070A (Winterthur, Switzerland). A data acquisition system Kistler 5697A2 (Winterthur,
Switzerland) and a computer executing the DynoWare software completed the acquisition
chain. The sampling frequency was set at 40 kHz, and no filter was applied to the data.
The clamping of the parts left visible marks on their cylinders without inducing cracks.
Indeed, the binder weight percentage was high enough to allow the part to be deformed
without breaking.

The surface topography was evaluated using a DH-6 roughness measurement instru-
ment from Diavite (Bülach, Switzerland). The resulting arithmetic and total roughness (Ra
and Rt, respectively) were computed. A qualitative evaluation of the surface topography
was also performed using a digital microscope AM7013MZT from Dino-lite (Torrance, CA,
USA). The images were acquired using the DinoCapture software version 2.0 and allowed
the identification of the generation of material pull-out.

Each selected cutting condition was tested with three different repetitions. During
each repetition, three passes were realised. The surface topography was evaluated after the
third pass of each repetition while the cutting forces were recorded continuously for each
individual pass. In total, 287 tests of three passes were conducted in this study.

The ceramic oxide composing the feedstock was very abrasive and can lead to acceler-
ated wear of the cutting tool. As a consequence, the wear of each tool was monitored after



J. Compos. Sci. 2023, 7, 112 7 of 22

each pass using the digital microscope AM7013MZT from Dino-lite (Torrance, CA, USA).
The presence of uniform or localised wear was assessed using the ISO 8688-2 criteria. No
significant flank wear was observed during the tests. This ensured there was no influence
of tool wear on the results.

2.3. Tool–Material Couple Standard Application

The tool–material couple standard [23] was used to organise the experiments. The
qualification test, determination of vc,min and the range hmin–hmax were performed. How-
ever, the other tests (determination of limiting data (AD,max, and Qmax), wear tests, and the
determination of auxiliary parameters) were not conducted since this paper aims to find
the operating condition for the finishing of parts. Indeed, the goal of this kind of operation
is to obtain the required surface topography and tolerances. In this framework, AD,max and
Qmax are of little interest. The wear tests were not followed as in the standard, but the wear
of the tool was qualitatively monitored.

2.3.1. Starting Cutting Parameters

Since the selected tools were not directly dedicated to the material milled in this article,
no data was available in the supplier catalogues. For each tool, several tests were conducted
before beginning the experiments to find a suitable starting cutting speed. Variations of the
spindle speed from 3500 rpm to 22,000 rpm by steps of 3500 rpm were conducted (resulting
in cutting speed from 66 m/min to 415 m/min). The other cutting parameters ae, ap and fz
were set at 0.5 mm, 3 mm and 0.03 mm/tooth, respectively. The criteria to select the cutting
speed were: the repeatability of the cutting forces and a surface topography below 1.6 µm
Ra without pull-out. Table 2 gives the starting cutting parameters used for each tool.

Table 2. Starting parameters for each tool.

Tool vc (m/min) fz (mm/tooth) ap (mm) ae (mm)

Thermoplastics 383
Composites 324 0.030 3 0.5
Universal 270

2.3.2. Qualification Test

The qualification test consisted of using the starting conditions and modifying them
slightly (between 15% and 20% for this paper) to check if the result of the cutting operation
was still acceptable. Table 3 gives the experimental plan that was followed for this test. As
for the other tests, each set of parameters was tested with three repetitions, each made of
three passes.

Table 3. Experimental plan of the qualification test.

Tool vc (m/min) fz (mm/tooth) ap (mm) ae (mm)

Thermoplastics 383 0.030 3 0.5
443 0.030 3 0.5
306 0.030 3 0.5
383 0.036 3 0.5
383 0.024 3 0.5
383 0.030 3.6 0.5
383 0.030 2.4 0.5
383 0.030 3 0.6
383 0.030 3 0.4
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Table 3. Cont.

Tool vc (m/min) fz (mm/tooth) ap (mm) ae (mm)

Composites 324 0.030 3 0.5
389 0.030 3 0.5
259 0.030 3 0.5
324 0.036 3 0.5
324 0.024 3 0.5
324 0.030 3.6 0.5
324 0.030 2.4 0.5
324 0.030 3 0.6
324 0.030 3 0.4
324 0.030 3 0.5

Universal 270 0.030 3 0.5
309 0.030 3 0.5
228 0.030 3 0.5
270 0.036 3 0.5
270 0.024 3 0.5
270 0.030 3.6 0.5
270 0.030 2.4 0.5
270 0.030 3 0.6
270 0.030 3 0.4

2.3.3. Minimal Cutting Speed

The determination of the minimal cutting speed vc,min required varying the cutting
speed while keeping the other parameters ( fz, ap and ae) constant. In this paper, the choice
was made to scan most of the possible range of the spindle speed (from 3500 rpm to
22,000 rpm). Table 4 gives the different spindle and cutting speeds considered for the
determination of vc,min. The same range was considered for all the tools.

Table 4. Range of N (in rpm) and vc (in m/min) considered for the determination of vc,min.

N (rpm) vc (m/min)

3500 66
7000 132

11,000 207
14,300 270
16,400 309
17,200 324
18,600 351
20,300 383
22,000 415

2.3.4. Mean Chip Thickness Range

Finally, the determination of the mean chip thickness (hm) range was explored by
modifying the feed per tooth ( fz) while keeping the other parameters (vc, ap and ae)
constant. The range of variation of fz, as well as the resulting chip thickness hm, is given in
Table 5.

Table 5. Range of fz (in mm/tooth) and hm (in mm) considered for the determination of the mean
chip thickness range.

fz (mm/tooth) hm (mm)

0.003 0.001
0.005 0.003
0.010 0.006
0.015 0.008
0.021 0.012
0.030 0.017
0.039 0.022
0.051 0.028
0.066 0.036
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2.4. Computation of the Specific Cutting Energy

All the conducted tests required the computation of the specific cutting energy. This
specific energy is the ratio between the cutting power and the material removal rate. As
the cutting forces were low during the tests (mainly lower than 20 N), it was not possible
to record the cutting power during the experiments with an acceptable signal-to-noise
ratio. Moreover, the reference frame of the dynamometer was not the same as the tool.
Consequently, the total cutting forces along the X, Y, and Z axis of the dynamometer
were used to determine the specific cutting energy instead of using the results of the feed
and tangential cutting forces. Indeed, there is a proportional link between the tangential
component of the force and its radial and axial components, as demonstrated in the recent
paper of Demarbaix et al. [22]. The RMS value of the total resulting force for each pass was
then used as a representative value.

The total resulting force (in N) was computed as follows:

Ftot =
√

F2
x + F2

y + F2
z (1)

Finally, as finishing operations were conducted by milling straight shoulders, the
radial depth of cut was always less than half of the tool diameter. The mean chip thickness
hm (in mm) can then be computed as:

hm = 2 · fz ·
√
(

ae

D
) · (1− ae

D
) (2)

The resulting specific cutting energy (in W·min
cm3 ) can be expressed as:

Wc = β · Ftot

60 · ap · hm
(3)

where β is a real number. For the sake of simplicity, the right-hand side of the equation
divided by β will be called specific cutting energy in the present paper since it is directly
proportional to it.

3. Results and Discussion
3.1. Qualification Test

For the three tools, the results of the surface topography and specific cutting energy for
the qualification test are given in Figures 6–15. In Figures 6, 10, and 13, two red lines give
the domain of the 1.6 µm Ra class (from 0.8 µm to 1.6 µm). Each point of data was given±σ
error bars. Indeed, each point on the graph shows the mean value of three measurements
carried out with the same cutting parameters. The considered cutting parameters are
given with vc (m/min), fz (mm/tooth), ap (mm), and ae (mm). Figures 8, 9, 12, and 15
show qualitatively the surface topography generated with the milling operations for the
qualification point of each tool. In these Figures, only the vertical surface (according to the
X and Z axes) generated by the tool is shown. Indeed, in a finishing context, the horizontal
surface (according to the X and Y axes) will not exist.

For the thermoplastic tool (Figure 6), all the results are below the 0.8 µm threshold bar.
Indeed, all the results belong to the 0.8 µm instead of the 1.6 µm Ra class. The results range
from 0.48 µm to 0.71 µm. The repeatability of results is good, with a dispersion of about
15% around the mean for all experiments. In terms of specific cutting energy (Figure 7),
the results vary between 2.67 W·min/cm3 and 6.98 W·min/cm3. There are variations up
to 100% between the different cutting conditions. The high variation of results can be
explained by the relatively high variation in cutting conditions imposed on the tool. Indeed,
vc (m/min), fz (mm/tooth), ap (mm), and ae (mm) were modified by 20%. Even though
there were significant variations between the different cutting conditions, the repeatability
of results for a given set of cutting parameters was very good (about 4% of the mean).

All the different tests produced a surface topography without material pull-out, as
shown in Figure 8 for the parameters vc = 383 m/min, fz = 0.030 mm/tooth, ap = 3 mm, and
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ae = 0.5 mm. The milled surface is shown with the red arrow. As depicted in the picture,
the surface topography was shiny and without pull-out as required.

However, there is a zone of approximatively 0.85 mm where the material was not
completely cut (see the blue arrow in Figure 8). Figure 9 depicts a side view of the milled
straight shoulder. The uncut material is shown again with a blue arrow. All passes
performed with the tool dedicated to thermoplastics exhibited the same uncut zone. This,
therefore, has to be taken into account when performing the milling of parts. Indeed, by
shifting the tool further down, this uncut material can be removed. Consequently, as the
goals to achieve were ensuring repeatable results while respecting a Ra class of 1.6 µm
without material pull-out, the selected cutting conditions were validated.
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Figure 6. Qualification test of the thermoplastic tool, the evolution of Ra (µm) for different vc (m/min),
fz (mm/tooth), ap (mm), and ae (mm). No material pull-out was observed.
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Figure 7. Qualification test of the thermoplastic tool, evolution of Wc (W·min/cm3) for different vc

(m/min), fz (mm/tooth), ap (mm), and ae (mm). No material pull-out was observed.
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Figure 8. Surface topography of the qualification point for the tool dedicated to thermoplastics,
vc = 383 m/min, fz = 0.030 mm/tooth, ap = 3 mm, and ae = 0.5 mm. No material pull-out was observed.
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Figure 9. Side view of the milled straight shoulder for the thermoplastic tool.

The qualification test of the composite tool is depicted in Figure 10 for the surface
topography results. As can be seen in the graph, all the results of Ra are strictly inside the
1.6 µm Ra class delimited by the red lines. The results go from 0.88 µm to 1.22 µm with a
dispersion for each condition representing, on average, 10% of the mean value. As shown
in Figure 11, the specific cutting energy ranges from 1.75 W·min/cm3 and 2.96 W·min/cm3.
The variations between different cutting conditions reached a maximum of 70% and were
lower than for the thermoplastic tool. On average, the dispersion of measurements for
a given set of cutting parameters reached 5%. This means again that repeatable results
were obtained.

All the different tests produced a smooth surface topography without material pull-
out, as depicted in Figure 12, for vc = 324 m/min, fz = 0.030 mm/tooth, ap = 3 mm, and
ae = 0.5 mm. Again, the milled surface is shown with the red arrow. As depicted in the
picture, there was an absence of pull-out, but there was a shiny finish. In contrast with the
tool dedicated to the thermoplastics, all the desired material to remove was cut. Again, the
working point selected was validated.
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Figure 10. Qualification test of the composite tool, the evolution of Ra (µm) for different vc (m/min),
fz (mm/tooth), ap (mm), and ae (mm). No material pull-out was observed.
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Figure 11. Qualification test of the composite tool, the evolution of Wc (W·min/cm3) for different
vc (m/min), fz (mm/tooth), ap (mm), and ae (mm). No material pull-out was observed.
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Figure 12. Surface topography of the qualification point for the tool dedicated to composites,
vc = 324 m/min, fz = 0.030 mm/tooth, ap = 3 mm, and ae = 0.5 mm. No material pull-out was observed.

The working point of the universal tool was evaluated as exhibited in Figure 13.
For this tool, the results of surface topography were between 0.68 µm and 0.86 µm. The
dispersion of each cutting condition represents, as for the other tools, about 13% of the
measured Ra. Some of the results were included in the 1.6 µm Ra class, while others were
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inside the 0.8 µm Ra class. The specific cutting energy of the universal tool, as depicted
in Figure 14, went from 3.49 W·min/cm3 to 5.35 W·min/cm3. As for the thermoplastic
tool, high variations were measured for different cutting conditions. Again, their origin
probably comes from the high variations imposed on the cutting parameters. However, the
repeatability of the measurements was the best among the three tools, with variations of
only 1% around the mean value for a given set of cutting parameters.

The surface topography of the qualification point for the universal tool is depicted in
Figure 15 (vc = 270 m/min, fz = 0.030 mm/tooth, ap = 3 mm, and ae = 0.5 mm). As can be
seen in the Figure, material pull-out occurred during the pass (circled in yellow). It should
be noted that only a few tests were free from these defects. The absence of material pull-out
was a requirement for the tool to be selected. This means that the universal tool cannot be
used for the finishing of green ceramics obtained using the PAM process. Even with this
information, the other tests of the method were performed.
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Figure 13. Qualification test of the universal tool, the evolution of Ra (µm) for different vc (m/min),
fz (mm/tooth), ap (mm), and ae (mm).
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Figure 14. Qualification test of the universal tool, the evolution of Wc (W·min/cm3) for different
vc (m/min), fz (mm/tooth), ap (mm), and ae (mm).
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Material pull-out

Figure 15. Surface topography of the qualification point for the universal tool, vc = 270 m/min,
fz = 0.030 mm/tooth, ap = 3 mm, and ae = 0.5 mm.

The reference points of the thermoplastic and composite tools were validated since
they allowed a smooth surface finish to be obtained while respecting a Ra class of 1.6 µm
and producing repeatable results. Conversely, even though the universal tool exhibited the
best repeatability results of specific cutting energy, it produced material pull-out for almost
all tested cutting conditions. Consequently, the universal tool cannot be qualified for the
green zirconia used in this study.

3.2. Determination of the Minimal Cutting Speed

Figure 16 give the arithmetic roughness for different values of vc, for the thermoplastic
tool. All the other cutting parameters were constant ( fz = 0.030 mm/tooth, ap = 3 mm,
and ae = 0.5 mm). Two red lines delimit the domain of the 1.6 µm Ra class. The specific
cutting energy is also depicted in Figure 17 for the same tool. As before, each point of
measurement is the average of three measurements and is depicted on the graph with a ±σ
error bar. Figures 18 and 19 give the arithmetic roughness and specific cutting energy for
the composite tool, respectively. So do Figures 20 and 21 for the universal tool.

The tool–material couple standard [23] gives the expected trend of the specific cutting
energy for the minimal cutting speed determination. By increasing the cutting speed and
keeping all other parameters constant, the specific cutting energy should exhibit a sudden
drop and should then continue to decrease at a lower rate. In some cases, the specific
energy does not follow this trend and requires taking into account other parameters, such
as the surface topography.

Figure 16 gives the achieved Ra for the thermoplastic tool. As depicted on the graph,
the general trend decreased as required by the tool–material couple standard [23]. All the
results were below the 1.6 µm threshold and even below the 0.8 µm threshold when the
cutting speed was higher than 309 m/min. From 309 m/min to 415 m/min, the results of
Ra tended to reach a plateau. However, at 309 m/min, the repeatability was lower than for
higher cutting speeds. Indeed, at this speed, the dispersion of measurements achieved 31%
around the mean value while it was only 16% on average from 324 m/min to 383 m/min.
All the tested cutting speeds produced a smooth surface topography without pull-out
as required.

The specific cutting energy did not follow the same trend. Indeed, as depicted in
Figure 17, the cutting energy varied between 1.88 W·min/cm3 and 4.04 W·min/cm3 but
without a globally decreasing trend. Consequently, the specific cutting energy could not
be used as the only indicator to determine the minimal cutting speed. As a consequence,
the minimal cutting speed was selected thanks to the arithmetic roughness evolution. The
value selected was 324 m/min since, after this speed, the dispersion was lower than for the
309 m/min cutting speed.
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Figure 16. Determination of the minimal cutting speed of the thermoplastic tool, evolution of the
arithmetic roughness (µm) for different vc (m/min) with fz = 0.030 mm/tooth, ap = 3 mm, and
ae = 0.5 mm. No material pull-out was observed.
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Figure 17. Determination of the minimal cutting speed of the thermoplastic tool, the evolution of the
specific cutting energy (W·min/cm3) for different vc (m/min) with fz = 0.030 mm/tooth, ap = 3 mm,
and ae = 0.5 mm. No material pull-out was observed.

The arithmetic roughness of the composite tool for different cutting speeds is given
in Figure 18. As depicted in the graph, there is a decreasing trend, as expected. All the
values were within the 1.6 µm Ra class. After 351 m/min, the results stabilize and achieve
a plateau. The dispersion of measurements does not decrease dramatically when the
cutting speed increases. Indeed, it represents, on average, 9.5% of the mean value. The
machined surface exhibited pull-out only for the 66 m/min cutting speed. All the other
points produced a smooth surface topography.

As for the thermoplastic tool, the specific cutting energy did not show a decreasing
trend when the cutting speed increased, as presented in Figure 19. Again, the specific
cutting energy could not be used alone to determine the minimal cutting speed. Conse-
quently, 351 m/min was selected as the minimal cutting speed according to the arithmetic
roughness evolution.
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Figure 18. Determination of the minimal cutting speed of the composite tool, evolution of the
arithmetic roughness (µm) for different vc (m/min) with fz = 0.030 mm/tooth, ap = 3 mm, and
ae = 0.5 mm.
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Figure 19. Determination of the minimal cutting speed of the composite tool, evolution of the specific
cutting energy (W·min/cm3) for different vc (m/min) with fz = 0.030 mm/tooth, ap = 3 mm, and
ae = 0.5 mm.

The evolution of the arithmetic roughness of the universal tool for different cutting
speeds is depicted in Figure 20. As can be seen in the graph, high variations of results
were recorded compared to the two other tools. Surprisingly, the results of arithmetic
roughness were better (<0.8 µm) for the lowest cutting speeds (66 m/min and 132 m/min).
However, the repeatability of results was lower than for the other tested tools. Indeed, for
each considered cutting speed, one or two tests produced pull-out. As a consequence, the
universal tool could not be used with this material. Indeed, the repeatability of results was
one of the required conditions for selecting one of the tools.

The specific cutting energy showed the same trend as the arithmetic roughness. High
variations were recorded across the domain of the tested cutting speeds. As for the surface
topography, the lowest tested cutting speeds exhibited the best results of specific energy.
Difficulty in evacuating the chips may explain the higher specific cutting energy at higher
cutting speeds. However, with the evolution of arithmetic roughness, a minimal cutting
speed of 351 m/min can be selected. Indeed, after 324 m/min, the arithmetic roughness
dramatically decreased, as well as the measurement dispersion. For the same cutting
speed as the reference point (vc = 270 m/min), the Ra results of Figure 20 are higher.
Nevertheless, the results of the qualification test are included within the error bars of
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Figure 20. The selected minimal cutting speed is also higher than the cutting speed of the
reference point. This is the result of the standard method, which first tests a reference point
before selecting the minimal cutting speed. However, even with a higher cutting speed
for the qualification test, the universal tool produced a surface topography with material
pull-out. The conclusions are then the same.
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Figure 20. Determination of the minimal cutting speed of the universal tool, the evolution of the
arithmetic roughness (µm) for different vc (m/min) with fz = 0.030 mm/tooth, ap = 3 mm, and
ae = 0.5 mm.
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Figure 21. Determination of the minimal cutting speed of the universal tool, the evolution of the
specific cutting energy (W·min/cm3) for different vc (m/min) with fz = 0.030 mm/tooth, ap = 3 mm,
and ae = 0.5 mm.

As depicted in Figures 16–21, and except for the universal tool, the arithmetic rough-
ness showed the expected decreasing trend when the cutting speed increased. However,
the specific cutting energy did not exhibit the same behaviour. The minimal cutting speed
was, therefore, selected solely based on the arithmetic roughness. The composite tool al-
lowed results within the 1.6 µm Ra class, while the thermoplastic tool reached better results
within the 0.8 µm Ra class. Repeatable results and a surface without material pull-out were
obtained for both tools. Conversely, the universal tool exhibited higher variations of results,
as well as material pull-out on each of the considered cutting conditions. For the specific
energy, again, the thermoplastic and composite tools produced repeatable results while the
universal tool did not. As a result, the universal tool cannot be selected to realize finishing
operations on zirconia green ceramics, while the thermoplastic and composite tools can be
good candidates.
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3.3. Determination of the Minimal and Maximal Chip Thickness

Figures 22–24 show, for the three selected tools, the evolution of Wc (W·min/cm3, in
green) and Ra (µm, in blue) for different average chip thicknesses hm (mm). Each point of
measurement was given a ±σ error bar showing the measurement dispersion.

As described in the tool–material couple standard [23] , by varying the chip thickness
while keeping all other parameters constant, the specific energy should exhibit a decreasing
trend with a sudden drop. The chip thickness at this drop is the lower limit of chip thickness
(hmin). After this value of hm, the specific energy should continue to decrease at a slower
pace. The determination of the high limit (hmax) of the chip thickness requires taking
into account the surface topography and the apparition of interfering phenomena such as
material pull-out or exceeding the maximum allowed arithmetic roughness. Indeed, when
the chip thickness increases, the surface topography degrades progressively and can result
in the apparition of material pull-out.

The evolution of the specific cutting energy and arithmetic roughness of the thermo-
plastic tool is given for different values of hm (mm) in Figure 22. For these tests, the vc
chosen was 324 m/min (equal to vc,min), while ap and ae were set at 3 mm and 0.5 mm,
respectively. As depicted in the graph, the specific cutting energy decreased when the
average chip thickness increased while the arithmetic roughness increased. At 0.048 mm
of hm, the Ra was still below the 1.6 µm threshold, but pull-out appeared in all tests, and
the dispersion of measurements increased dramatically. The previously tested value of hm
(0.036 mm) was then selected as the high limit of chip thickness. The specific cutting energy
showed a sudden decrease for an average chip thickness of 0.003 mm. This value was then
selected as the low limit of chip thickness. For the thermoplastic tool, the chip thickness
range ranged between 0.003 mm and 0.036 mm, as depicted with a grey background in
Figure 22. These two values of hm corresponded to feed rates (v f ) of 263 mm/min and
3401 mm/min, respectively.
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Figure 22. Evolution of the specific cutting energy (W·min/cm3) and Ra (µm) of the thermoplastic
tool for different hm (mm) with vc = 324 m/min, ap = 3 mm, and ae = 0.5 mm.

Figure 23 allows the determination of the low and high limits of chip thickness for the
composite tool. As for the thermoplastic tool, vc was chosen equal to vc,min (351 m/min),
while ap and ae were set at 3 mm and 0.5 mm, respectively. As expected, Wc and its
measurement dispersion decreased when hm increased. In contrast with the thermoplastic
tool, the arithmetic roughness achieved values higher than the 1.6 µm threshold for low
values of hm. The first chip thickness leading to a Ra below the threshold was 0.003 mm.
As for the thermoplastic tool, this value was selected as the low limit for hm. The arithmetic
roughness also allowed the selection of the high value of hm. Indeed, the value of Ra and
its dispersion were higher than the 1.6 µm threshold for 0.028 mm of hm. As a consequence,
0.022 mm of hm was selected as the high value. It should be noted that no pull-out was
generated for all the tested values of hm. The range of hm ranges then from 0.003 mm to
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0.022 mm, as shown in grey in Figure 23. The corresponding feed rates were 957 mm/min
and 9430 mm/min.
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Figure 23. Evolution of the specific cutting energy (W·min/cm3) and Ra (µm) of the composite
tool for different hm (mm) with vc = 351 m/min, ap = 3 mm and ae = 0.5 mm No material pull-out
was observed.

The high and low limits of hm for the universal tool can be obtained from Figure 24. The
cutting speed vc selected was the same as the qualification point (vc = 270 m/min), while
ap and ae were set at 3 mm and 0.5 mm, respectively. As for the two other tools, the specific
cutting energy showed a decreasing trend, while the surface topography deteriorated when
hm increased. At an average chip thickness of 0.017 mm, there was a sudden drop in
specific cutting energy. All the results of Ra were below the 1.6 µm threshold. Nevertheless,
pull-out was produced for all the tested hm, except for the values of 0.048 mm and 0.062 mm.
These two values can be taken as low and high values of chip thickness as shown in grey in
Figure 24. These correspond to feed rates of 3689 mm/min and 4779 mm/min. Again, the
universal tool shows a lower potential for being used to mill green zirconia parts since it
exhibits the lowest range of eligible hm compared to the thermoplastic and composite tools.
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Figure 24. Evolution of the specific cutting energy (W·min/cm3) and Ra (µm) of the universal tool
for different hm (mm) with vc = 270 m/min, ap = 3 mm and ae = 0.5 mm

3.4. Tool Selection

Only a few of the tests carried out with the universal tool were without material pull-
out and with repeatable results. This complicated the use of the tool since only a few cutting
conditions could be used to obtain the desired surface topography. As a consequence, this
tool could not be used to finish the green ceramics obtained using the PAM process.
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The tools dedicated to the machining of composites and thermoplastics allowed the
desired surface topography in terms of arithmetic roughness and the absence of material
pull-out to be obtained. Their minimal and maximal average chip thickness range allowed
their use with different feeds per tooth to be foreseen. However, the maximal average
chip thickness of the thermoplastic tool was higher than for the composite tool (0.036 mm
vs. 0.022 mm) while maintaining the arithmetic roughness at a lower level. Indeed, at an
average chip thickness of 0.036 mm, the tool dedicated to the thermoplastics achieved a Ra
of 0.75 µm on average, while the tool for composites reached a Ra of 1.25 µm for an average
chip thickness of 0.022 mm.

Nevertheless, the material removal rate of the thermoplastic tool is two times lower than
for the composite tool at the maximal average thickness (5.06 cm3/min vs. 10.96 cm3/min).
Indeed, the composite tool has ten teeth, while the thermoplastic tool has only three. In terms
of cost, the thermoplastic tool is about four times more affordable than the composite tool.

The lower cost, achievable Ra, absence of pull-out and larger chip thickness range of
the thermoplastic tool make it the best compromise to ensure the finishing of additively
manufactured green zirconia. Nevertheless, the uncut zone generated must be taken into
account when planning the milling operations.

Table 6 gives the main cutting parameter limits of the thermoplastic and composite
tools. Both can be used for the low-cost finishing of additively manufactured zirconia green
parts. Though, the thermoplastic tool appears to be the best compromise between price
and performance.

Table 6. Main cutting parameter limits of the thermoplastic and composite tools.

Thermoplastic Tool Composite Tool

vc,min (m/min) 324 351
hm,min (mm)/ fz,min (mm) 0.003/0.005 0.003 /0.005
hm,max (mm)/ fz,max (mm) 0.036/0.066 0.022 /0.039

4. Conclusions

Even though the PAM process is bringing new possibilities in terms of feedstock, it still
suffers from rough surface topography and large geometrical and dimensional tolerances.
Finishing operations are then required to obtain a part with a smooth surface and tight
tolerances. Three standard tools (dedicated to thermoplastics, composites, and a universal
tool) were tested according to the tool–material couple standard. The allowed cutting
conditions were determined with the goal of ensuring the finishing operation (repeatable
results of Ra < 1.6 µm and absence of material pull-out) of green zirconia parts obtained by
the PAM process at a lower cost.

The main findings are the following:

• Even though the tool–material couple standard is dedicated to ductile materials, its
systematic approach and objective methodology allow us to determine experimentally
the cutting parameters in additively manufactured zirconia. This methodology can be
used to determine the finishing cutting parameters of other additively manufactured
materials using a thermoplastic binder system. Indeed, a wide variety of materials
(Ti6Al4V, AISI 316L, Al2O3, etc.) are already available as injection moulding feedstocks
using a thermoplastic binder and can be shaped with the PAM process, as the green
zirconia used in this study.

• The thermoplastic tool is the most affordable while exhibiting the largest chip thickness
range and the best achievable surface topography (Ra < 0.8 µm).

• The tool dedicated to composites is four times more expensive than the thermoplastic
tool. However, it cannot achieve a surface topography as low as the thermoplastic tool
(minimal Ra standing at 0.8 µm while the thermoplastic tool can achieve a minimal Ra
of 0.47 µm).

• Repeatable results of surface topography and specific cutting energy were obtained
for the thermoplastic and composite tools.
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• Only a few tests were without material pull-out for the universal tool, while a large
dispersion of measurements was observed. This tool cannot be selected since the
absence of material pull-out was a requirement, as well as repeatable results. The
other tools only exhibited material pull-out at the extreme limits of their usage domain
(maximal average chip thickness, for example).

The recommended cutting conditions for the finishing of AM green zirconia parts
using the thermoplastic tool are vc,min > 324 m/min, fz between 0.005 mm/tooth and
0.066 mm/tooth, while the composite tool should be used with vc,min > 351 m/min, fz
between 0.005 mm/tooth and 0.039 mm/tooth.
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