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Abstract

This study establishes a systematic and reproducible workflow for topology optimization
(TO) of indexable face milling cutter bodies with integrated internal coolant channels,
designed for Additive Manufacturing (AM) of metallic parts. Grounded in Design for Ad-
ditive Manufacturing (DfAM) principles, the workflow combines displacement-based TO
and computational fluid dynamics analysis to generate simulation-driven tool geometries
tailored to the constraints of AM. By leveraging iterative design knowledge, the proposed
methodology enhances the scalability and repeatability of the design process, reducing
development time and supporting rapid adaptation across various tool geometries. AM is
explicitly exploited to integrate support-free internal coolant channels directed toward the
insert cutting edge, thereby achieving a 20% mass reduction relative to the initial milling
tool designs, and improving material usage efficiency at the design stage. The workflow
yields numerically optimized geometries that maintain simulated global stiffness under
the considered loading conditions and exhibit coolant flow distributions that effectively
target the exposed cutting edges. These simulation results demonstrate the feasibility of
an AM oriented, workflow-based approach for the numerical design of milling tools with
internal cooling, mass reduction and provide a focused basis for subsequent experimental
validation and comparison with conventionally manufactured counterparts.

Keywords: additive manufacturing; design for additive manufacturing; milling tools;
sustainable manufacturing; topology optimization; workflow development

1. Introduction

The continuous evolution of the manufacturing industry places increasing demands
on machining processes to achieve higher efficiency, precision, and sustainability [1,2]. In
this context, the concept of workflow has evolved from simple manual task coordination to
complex, digitally integrated systems that manage the entire lifecycle of a product, from
conceptual design to physical realization [3—-6]. Within the specific domain of subtractive
manufacturing, this evolution is critically manifested in the development of cutting tools
that can withstand extreme operational conditions [7].

Modern machining operations, particularly in the aerospace, automotive, and
die/mold sectors, are increasingly characterized by the use of “difficult to cut” materials [8].
Advanced alloys, such as hardened steels, titanium alloys (e.g., Ti6Al4V), and nickel-based
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superalloys (e.g., Inconel 718), offer superior mechanical and thermal properties but pose
significant challenges to machinability [9,10]. These materials typically exhibit high yield
strength and low thermal conductivity, a combination that prevents heat from dissipating
through the chip [11]. Consequently, during high-speed machining, a significant portion
of the mechanical energy consumed is converted into thermal energy, leading to extreme
temperature accumulation at the primary and secondary shear zones [12-15].

The management of this thermal energy is paramount. Excessive heat generation at the
tool—chip interface accelerates various wear mechanisms, including adhesion, abrasion, and
chemically induced diffusion wear [16-19]. Furthermore, cyclic thermal loads can lead to
thermal fatigue, causing comb cracks and premature catastrophic failure of the cutting edge.
Beyond tool life, high temperatures compromise the integrity of the workpiece, inducing
tensile residual stress and microstructural alterations that may render the component
unusable [20-22]. Therefore, the effective removal of heat is not merely an auxiliary
function but a critical requirement for process stability.

Traditionally, heat dissipation has been managed through flood cooling, where large
volumes of cutting fluid are pumped into the machining zone to dissipate heat. However,
this approach has significant drawbacks. From a functional perspective, the “vapor barrier”
(the effect created by the evaporation of fluid at high temperatures) often prevents the
coolant from effectively reaching the cutting edge, limiting its cooling capacity [23,24].
From an environmental and economic standpoint, flood cooling is increasingly scrutinized
due to the health hazards associated with petroleum-based fluids and the high costs of
disposal and maintenance [25,26]. These limitations have influenced the shift toward
internal cooling strategies, where fluid is delivered through channels within the tool body
directly to the heat source [27-29].

Despite the proven benefits of internal cooling, its implementation has been histori-
cally hindered by the geometric limitations of conventional manufacturing technologies.
The production of tool bodies via subtractive methods, such as drilling and milling, typi-
cally restricts the design of the cooling channels to straight, cylindrical geometries. The
intersection of these drilled holes inevitably creates sharp corners and “dead zones” where
fluid velocity drops and turbulence increases. According to fluid dynamics principles, these
geometric discontinuities cause flow separation and significant pressure losses, reducing
the hydraulic efficiency of the system [30,31]. Moreover, drilled channels cannot conform
to the complex external profiles of modern cutting tools, leading to uneven cooling and
thermal gradients within the tool body [32].

The emergence of Additive Manufacturing (AM) has provided a solution to these
geometric constraints, enabling the fabrication of “conformal cooling” channels. These
channels are designed to follow the tool’s topology, maintaining a constant distance from
the cutting surface to ensure uniform heat extraction. AM allows for the creation of
optimized cross-sections (such as elliptical or teardrop shapes) and complex trajectories
like helices, which are impossible to manufacture via drilling [33,34].

While Laser Powder Bed Fusion (LPBF) has been the dominant AM technology for
metallic components, it is associated with high capital costs, complex safety requirements
for handling reactive powders, and significant post-processing needs [35]. Recently, metal
fused filament fabrication (Metal FFF) has gained attention as a cost-effective and accessible
alternative [36]. Metal FFF utilizes a filament composed of metal powder bound by a poly-
mer matrix, which is extruded layer by layer to form a “green part”. This part subsequently
undergoes a debinding process to remove the polymer and a high-temperature sintering
process to fuse the metal particles [37-39].

However, the application of Metal FFF for producing high-precision functional com-
ponents, such as milling heads, presents a unique set of challenges that have not been
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adequately addressed in the literature. Unlike LPBF, where the powder bed mostly provides
passive support, Metal FFF requires physical support structures for overhanging features.
In the context of internal cooling channels, removing these supports is often impossible,
necessitating a rigorous Design for Additive Manufacturing (DfAM) approach to create
self-supporting internal geometries. Furthermore, the sintering process involves significant
volumetric shrinkage (often around 20%), which aggravates the achievement of the tight
dimensional tolerances required for tool holder interfaces and insert pockets [40-43].

A comprehensive review of the state of the art reveals a distinct gap: while the benefits
of conformal cooling are well theorized, and the Metal FFF process is well-documented
for general parts, there is a lack of integrated research combining these fields. There are
virtually no studies that propose a validated workflow for designing, optimizing, and manu-
facturing cutting tool bodies using Metal FFE. Existing literature often treats fluid dynamics
and structural integrity as separate problems, failing to address the multi-physical nature
of cutting tools, where mass reduction (for lower inertia) must not compromise stiffness,
and where channel geometry must be optimized for both fluid flow and printability.

To bridge this gap, this study proposes a novel, reproducible workflow that integrates
two parallel optimization methodologies. The first methodology employs topology op-
timization (TO) and finite element analysis (FEA) to design a lightweight yet rigid tool
structure capable of withstanding cutting forces. The second methodology utilizes compu-
tational fluid dynamics (CFD) to design conformal cooling channels that maximize flow
velocity and cooling uniformity while adhering to the self-supporting constraints of the
FFF process. These parallel tracks converge in the fabrication of the tool utilizing 17-4 PH
stainless steel, a material selected for its favorable balance of mechanical properties and
corrosion resistance.

Therefore, the primary objective of this work is to develop and numerically demon-
strate an integrated CAD-TO-CFD workflow tailored to Metal FFF milling heads with
conformal coolant channels. Specifically, considering an industrial eight (8) insert milling
cutter body. The workflow is then applied to two additional cutter bodies with seven (7)
and six (6) inserts, respectively, to assess their robustness and scalability across a family of
geometrically related tools.

2. Materials and Methods
2.1. Materials

To ensure the reproducibility of the proposed workflow, three distinct milling tool
geometries were selected. The primary case study for workflow development was an
8 teeth milling tool (Ref: 063A20190-08 08-022040). Subsequently, two additional tools with
7 and 6 inserts were utilized to validate the versatility, scalability, and robustness of the
workflow. All tools use the same indexable inserts (Ref: XPET 100304 PDSR-MP). Both
the milling tool and indexable inserts are commercial products from PALBIT S.A. (Aveiro,
Portugal). A summary of each tool’s specifications and their respective roles in this study
is presented in Table 1.

A suite of software tools was integrated to support the design and simulation phases.
Siemens NX (v. 2406, Siemens Digital Industries Software, Plano, TX, USA) was utilized for
CAD modeling, channel design, simulation, and TO via the “Simcenter Nastran” (default)
package. Material properties were sourced from Granta EduPack 2024 R2 (ANSYS, Inc.,
Canonsburg, PA, USA). Computational fluid dynamics (CFD) simulations were conducted
using Ansys Fluent (ANSYS, Inc.). For AM, the Eiger slicing software (Version 3.20.110)
was used to understand the support needed for the Metal X system (Markforged, Waltham,
MA, USA). The primary case study, following workflow development, was then sliced
and fabricated using 17-4 PH stainless steel V2 filament (Markforged). This material was
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chosen considering the necessary mechanical properties for milling tool bodies, which are
well aligned with this stainless steel alloy, and among the possibilities of materials for FFF.

Table 1. Summary of milling tools used for workflow development and validation.

Tool Reference Diameter (mm) Number of Inserts Role in Study
063 A 201 90-08-08-022040 63 8 Development
050 A 201 90-07-08-022040 50 7 Validation
040 A 201 90-06-08-022040 40 6 Validation
2.2. Methods

The developed workflow comprises two parallel methodologies (TO and channel
design), which are integrated into a final union step as presented on Figure 1.

Topology Optimization i

i I Base Tool i
\ Not acceptable :
H Tool Material : | | T !
| Define [ . I
| i TO Model | AM Constraints )
:I Critical Surfaces Mass An:mes S to Inte‘:seect i ; | |
| - Parameter ' Supports | :
| IFEA Movement Restrains . ]
i L Orientation | !
i | Calculate Cutting Force L = !
el _____ o Machining Allowance I i
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ti | i - N AM Printing |Acceptable| Modelready | |
Boundary conditions | ;| Base Tool | Diferent |~ Preperation || simulation for printing_ | |
| Print Preparation [M‘ |
Base Tool

Insert Size & Position

Design N Design Channel | Slice Channel N Need [ No | CFD Acceptable, | Coolant Channel

Channel Path Geometry Model supports Analyses Model To Subtract
t Yes |
Not acceptable Coolant Channel Design

Figure 1. Workflow diagram.

Before applying each methodology, specific geometric constraints (Figure 1, Critical
Surfaces) were defined to preserve compatibility. Surfaces in contact with the CNC machine
arbor fixing were set to “keep in” on the “construction body” feature, and the insert pockets
received an even distribution of the applied force to ensure the relative positions and
tolerances remained unaltered. To avoid the formation of empty voids inside the geometry,
a “shape constraint” feature named “fill the void” was used.

To ensure repeatability and printability without support structures, the conventionally
drilled internal coolant channels were redesigned using a rationalized approach. The path
was constrained to a 45-degree tilt relative to the build plate. Unlike previous semicircu-
lar cross-sections that required internal supports, a new “stretched teardrop” geometry
was implemented [44]. This self-supporting shape leverages the tilted path to maximize
printability while maintaining flow efficiency.

The CFD simulations were performed by INEGI (Porto, Portugal) to validate the flow
within the channel and the direction of the flow toward the cutting edge. The simulation
assumed a steady-state laminar flow regime, using water (for easier simulations and quicker
results) at 25 °C as the fluid medium. The inlet velocity was set to 1 m/s. To avoid local
back-pressure effects, a relative pressure of 0 Pa was applied at the outlet, positioned at
a sufficient distance from the exit of the flow path.
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The whole optimization was executed within the Siemens NX TO module. The primary
objective was defined as maximizing stiffness, subject to a mass constraint that retained 80%
of the original design mass. The material properties for 17-4 PH stainless steel used in the
simulation had a Young’s Modulus of 202 GPa and a Poisson’s ratio of 0.275. The boundary
conditions applied to the surfaces contacting the machine arbor fixing were defined as
fixed constraints.

The cutting forces were calculated based on a theoretical model calculator [45].
A safety factor of 1.5 was applied to the calculated values, resulting in total forces ap-
plied to each insert of 13.5 kN (8 inserts tool), 10.5 kN (7 inserts tool), and 9 kN (6 inserts
tool). This translates to the cutting force being applied perpendicularly to the surfaces that
support the back of the insert, thus leading to a certain displacement of this surface.

The workflow concludes with a Boolean integration of each methodology, resulting
in the “final union” operation. The TO body intersects with the base tool geometry, fol-
lowed by the subtraction of the coolant channels. A shelling operation is applied to the
exposed sections of the channels to ensure the integrity of the wall thickness. Finally,
machining allowances (material addition) are added to insert pocket surfaces to allow for
post-production rectification and grinding. The goal of this approach is to keep the work-
flow methodology-agnostic: the different methodologies are developed in parallel rather
than as sequential dependencies. Consequently, new methods (e.g., lattice design) can be
incorporated at the final union stage without requiring changes to the existing workflow.

3. Results and Discussion
3.1. Topology Optimization

The mass reduction performed on the TO, 20%, is clearly significant, and it is important
to evaluate its impact on the tool body. An approach is to compare the FEA of the TO
body with that of one of the original tools, thereby evaluating the displacement that occurs
during tool operation under a specific cutting force.

For the TO milling body, an FEA simulation of the optimized result is available in the
Siemens NX module for TO. For the original model, the same solver method (Simcenter
Nastran) and the same material properties were utilized, with a precision of 0.3 mm on the
tetrahedral mesh.

Figure 2 presents the original eight insert milling tool FEA result, where the maximum
displacement obtained by the simulation was 0.0991 mm. Compared to the original tool,
the topology-optimized version, as shown in Figure 3, exhibits a lower displacement of
0.0922 mm. These differences, despite being of a small order of magnitude (—0.069 mm),
highlight the possibility of removing material from the milling tool body without affecting
its mechanical behavior during the cutting process. This enhanced performance can be
attributed to the shape optimization performed by the TO module on Siemens NX.

Analyzing the milling body shape of the optimized tool (Figure 3) The curves and
contours present a slimmer organic shape compared to the original model. The “fill the
void” feature contributed to a continuous, smooth surface on the tool body. The TO achieves
a good equilibrium between the functional parts and design freedom, thanks to the mass
available for optimization.

This simulation cannot predict potential defects created by material anisotropy, a well-
known challenge of AM technology, as well as porosity, and several other possible problems
in the AM manufacturing process. However, it is still an interesting result, as the tests
on the workflow can provide a more comprehensive analysis of its performance, thereby
enhancing the understanding of its applicability and robustness to different tool designs.
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Figure 3. Topology-optimized eight teeth milling tool, and displacement analyses (mm).
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(a)

3.2. Coolant Channel Design

The coolant channel design was developed under the constraints of material extrusion
(MEX). In this study, MEX is implemented via metal fused filament fabrication (Metal FFF),
which imposes requirements such as minimum wall thickness, avoidance of unsupported
overhangs, and fully support-free internal features (since internal supports cannot be
removed from enclosed channels). Accordingly, the channel geometry was defined in
accordance with DfAM principles, which motivated the use of a tilted channel trajectory
and a self-supporting, teardrop-like cross-section to ensure printability while maintaining
functional flow delivery to the cutting edge.

To create the channels path, first, a plane (represented on Figure 4a) that had the
center point of the tool and an inclination of 45 degrees in the print direction is aligned (by
rotation) to intersect the desired target position on the insert.

(b)

Figure 4. (a) Plane position for sketch. (b) Sketch design of coolant channel trajectory.

The coolant channels began at the intersection between the plane and the surface
where the fluid would be located. Smooth curves have been shown on Figure 4b; to keep
a laminar flow, the path joins the entry to the desired exit.

The dimensions were defined arbitrarily using the insert size to determine a con-
struction line tangent to the fluid surface edge and another line at the desired exit. The
intersection of the two circles then defines the distance between these two lines. The entry
and exit lines were described as half the insert size, as well as the smaller circle, whose
intent was to smooth the transition between the entry line and the first big circle.

After defining the path, a feature in NX was utilized to create a plane where the
normal of the plane is tangent to a line at a user-defined point. In this case, the point
chosen was the last point of the path, therefore creating a plane, as seen in Figure 5a,
which has the perspective of the channel exit, facilitates the positioning and design of the
channels’” geometry.

To further enhance the supportless design, a geometry close to a teardrop shape was
utilized, as shown in Figure 5b, also with a 45-degree angle on the top side (in relation to
the print direction). These two sketches were then utilized on the function sweep to be
subtracted from the original tool model.

To test the supportless premise, as defined in the workflow diagram (Figure 1),
a slice simulation was performed on the Eiger software, as seen in Figure 6, confirming
the self-supporting channel design. Figure 6a presents the tool in white, and the support
material in purple, with no visible support material on the channels” exit. It is only possible
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to view support material in the insert pocket, where it will be added during the machining
allowance in the model preparation for printing step. Looking at Figure 6b, the tool material
is now transparent, and it is possible to visualize the absence of support material inside the
coolant channels, which is confirmed by the closeup on Figure 6c.

(a) (b)

Figure 5. Coolant channel: (a) sketch plane; (b) geometry.

Figure 6. Coolant channels slice on Eiger software: (a) solid tool (white) view and support material
(purple); (b) transparent tool view and support material; (c) channel geometry closeup.

The next step involves testing the channel design using a CFD simulation to evaluate
the fluid direction to the cutting edge and the fluid behavior within the channels. As
depicted in Figure 7, the fluid successfully targets the cutting edge, and it is also noticeable
that the fluid in the upper channel is not as fast as in the other two, which is not detrimental
to the performance of the tool because all three channels act together during the cutting
process, therefore distributing the fluid. Moreover, inside the channel, the fluid is in laminar
flow, which is beneficial for the performance of these coolant channels.
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9.690e-01

0.000e+00
[m s-1]

Figure 7. CFD result of coolant channel on eight teeth milling tool. (a—c) utilize the same scale.

3.3. Print Preparation

Lastly, on the workflow, the integration of the TO and coolant channel into a single
CAD body. Figure 8 presents this integration, as well as the machining allowances added
for the AM process and post-processing machining operations.

(A) (B)

Figure 8. Workflow result of eight teeth milling tool: (A) CAD model. (B) 17-4 PH stainless steel
produced by Metal FFF X system.

The final model required channel reconstruction on the inner section of the tool body,
with a 0.5 mm shell thickness added around the channels. The addition of material in the
pocket inserts was made by rotating the central axis from —1.15 to 6 degrees. A sketch of
the insert’s outer pocket shape was created with a 0.1 mm excess, through which a circular
pattern was made to apply to all insert pockets.
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3.4. Post-Processing

In post-processing, the machining allowance must be removed from the printed part
through machining processes. This approach enables achieving the final specific dimensions
with precise tolerances, as well as ensuring a smooth surface finish on the critical surfaces
(surfaces in contact with the machine arbor and the cutting inserts). Also, post-processing
is responsible for creating the threads for the screws that attach to the inserts.

3.5. Workflow Validation

The workflow developed presents two independent methodologies that are processed
in parallel and can integrate different features into an enhanced milling tool. Therefore, the
possibility of adding more methodologies remains.

Considering the developed workflow, two milling tools with seven and six inserts
were used to apply and validate the developed solution.

The repeatability of the workflow is evidenced by the milling body shape shown
in Figure 9, which is similar to the shape presented by the original tool. Examining the
displacements, the seven and six inserts milling tools had displacements of 0.128 mm and
0.116 mm, respectively, which remain close to the displacement of the original tool.

0.0971
0.106
0.0874
0.096
0.0777
0.085
0.0680
0.074
. 0.0583
0.064
0053 l e
=
ooss 0.0389
0032 0.0291
0.021 00194
0011 0.0097
0.000 0.0000
(A) (B)

Figure 9. TO CAD and displacement analyses of: (A) seven insert milling tool; (B) six insert
milling tool.

The fluid simulations of the seven and six insert milling tools, as depicted in Figure 10,
were performed in the same conditions as the development tool (eight insert milling tool).
The results show a less smother exit compared to the eight insert tool. Nevertheless, in
all cases, the fluid is well distributed between the different channels targeting the insert’s
cutting edges.
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Figure 10. CFD result of coolant channel on: (A) seven insert milling tool; (B) six insert milling tool.

4. Conclusions

As further tools are developed, the channel design methodology may require targeted
refinements to mature and ensure applicability across different milling tool classes. This
adaptability is a deliberate feature of the proposed workflow, which was conceived to
accommodate parallel methodologies that can evolve independently and be integrated at
a final union stage without introducing sequential dependencies.

The developed workflow resulted in a structured framework composed of two par-
allel methodologies—TO and internal coolant channel design—both grounded in DfAM
principles. This structure enables the exploitation of AM capabilities while maintaining con-
trol over geometric quality, mechanical performance, and manufacturability. By avoiding
methodological interdependencies, the workflow supports future extensions, such as lattice
integration or alternative cooling strategies, without compromising existing design steps.

Achieved a 20% mass reduction relative to the baseline milling tool body, contributing
to lower rotational inertia and improved dynamic performance, while promoting material
efficiency and sustainability. Finite element analysis confirmed that the optimized geometry
maintained displacement levels within the same order of magnitude as those of the refer-
ence design, demonstrating that material reduction was achieved without compromising
structural integrity.

The coolant channel design methodology focused on directing fluid flow toward
the cutting edge from the inside outward, preserving consistent insert contact locations
while allowing non-uniform velocity distributions within the channels. This approach
promotes effective cooling and improved chip evacuation, both of which are critical for
tool performance and longevity. Although the methodology proved effective for the
studied case, its modular nature allows future refinement as additional tool geometries and
operating conditions are considered.
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Overall, the proposed workflow demonstrates strong relevance as a scalable and
adaptable design framework for additively manufactured milling tool bodies. By inte-
grating DfAM principles into a modular and parallel structure, the workflow reduces
development time, facilitates design reuse, and enables systematic optimization across dif-
ferent tool configurations. Future work will focus on extending the workflow to a broader
range of tool classes, refining the coolant channel methodology as new tools are intro-
duced, and incorporating in-process monitoring to validate both structural and thermal
performance experimentally.
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