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Abstract

Understanding the finishing behavior of hybrid structures produced by additive manu-
facturing based on FDM is critically important in systems where phases with different
thermal and mechanical properties coexist. In this study, the drilling performance of hybrid
structures with a PLA/17-4 PH/PLA layer arrangement was comprehensively investigated
in terms of thrust force, moment, surface roughness, temperature variation, vibration be-
havior, and surface integrity. For this purpose, a total of 16 drilling tests were performed on
56 x 56 x 15 mm hybrid specimens with 100% infill density, in a full factorial configuration,
at cutting speeds (V) of 80-170 m/min and feed rates (f) of 0.04-0.16 mm/rev. The middle
layer was used in the as-printed green state as a 17-4 PH metal-filled filament containing
metal particles and binder, without any debinding or sintering step. The results showed
that increasing feed rate increased thrust force, moment, and surface roughness in all layers,
whereas increasing cutting speed decreased these values and promoted a more stable
drilling regime. The middle 17-4 PH layer exhibited lower surface roughness than the outer
PLA layers, while thermal measurements indicated limited variation at the hole entrance
and higher temperature accumulation at the hole exit. The most favorable drilling condition
within the studied hybrid configuration was obtained at 170 m/min and 0.04 mm/rev,
whereas the least favorable condition was obtained at 80 m/min and 0.16 mm/rev. Overall,
the combination of high cutting speed and low feed rate provided the most suitable drilling
window for the studied hybrid structure. The findings also indicated that surface quality
was more strongly associated with cutting load and high-frequency vibration components
than with vibration level alone.

Keywords: hybrid additive manufacturing; drilling; vibration; composite material; FDM

1. Introduction

Conventional manufacturing technologies have long played a fundamental role in
engineering production. However, they present several limitations in the fabrication
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of complex geometries, the design of lightweight structural components, and the man-
ufacturing of multi-material systems. These limitations restrict design flexibility and
impose increased cost and time constraints on manufacturing processes. In recent years,
rapidly advancing additive manufacturing (AM) has offered a paradigm shift in pro-
duction by enabling the layer-by-layer fabrication of complex geometries, thereby over-
coming the limitations of conventional subtractive manufacturing methods [1,2]. One of
the most widely used methods of AM is Fused Filament Fabrication (FFF), also known
as Fused Deposition Modeling (FDM). This method is based on the controlled melting
and layer-by-layer deposition of thermoplastic filament. As a result, it offers advan-
tages such as low cost, equipment accessibility, process flexibility, and reduced material
waste during production [3-5]. Owing to its user-friendly nature, wide material range
(PLA—polylactic acid, PETG—polyethylene terephthalate glycol, ABS—acrylonitrile buta-
diene styrene, ASA—acrylonitrile styrene acrylate, PA—polyamide, PC—polycarbonate,
TPE—thermoplastic elastomer, PVA—polyvinyl alcohol, and metal-filled filaments), and
low initial cost, FDM technology has been widely adopted in applications ranging from
industrial production to academic research [6-9]. It is widely used in industrial, biomedical,
and functional prototyping applications due to its versatility, accessibility, and material
efficiency [2,10-14]. In academic studies, FDM materials are commonly evaluated in terms
of mechanical, thermal, structural, and machinability-related properties [15-18]. Within
this broad material ecosystem and academic research landscape, thermoplastic polymers
have gained prominence. Among thermoplastic polymers, polylactic acid (PLA) is one of
the most widely used FDM materials due to its print stability, ease of processing, bio-based
origin, and biodegradable nature, which support its broad use in both prototyping and
engineering applications [19-26]. However, in its pure form, PLA may be mechanically
insufficient for applications requiring high strength [27-29]. This limitation is being ad-
dressed through hybrid manufacturing strategies involving the combined use of different
materials and reinforced filament technologies. Among these approaches, the development
of metal-filled filaments is of particular interest, as it allows FDM systems to go beyond
polymer-based prototyping and enables the production of metallic or metal-reinforced
components. In recent years, the development of metal-filled filaments has significantly
broadened the application range of this field by allowing conventional FDM systems to
be adapted to produce metallic parts [30,31]. BASF Ultrafuse 17-4 PH is a metal-filled fila-
ment based on 17-4 PH precipitation-hardening stainless steel and represents an important
route for extending FDM toward metal-containing components. Its processing concept
is similar to Metal Injection Molding (MIM); however, in the present study, the material
was used only in the green state, without debinding or sintering, and therefore should
not be interpreted as a fully metallic core [32-34]. Therefore, the middle layer should be
interpreted as a green-state metal-filled filament region rather than as a dense metallic
phase. The green-state configuration was intentionally selected in this study because many
FDM-produced metal-filled structures may require secondary machining operations before
debinding or sintering, particularly during prototype development, dimensional correction,
assembly preparation, or hybrid multi-material manufacturing stages. In addition, the
drilling response of green-state structures differs fundamentally from that of fully sintered
metallic parts due to their binder-rich composition, heterogeneous interfacial structure,
reduced stiffness, and anisotropic layer-dependent behavior. These characteristics create a
distinct machining environment involving unstable chip formation, localized deformation,
and complex thermal-mechanical interactions. Despite its practical relevance, the drilling
behavior of green-state hybrid architectures remains insufficiently investigated in the litera-
ture. Therefore, the present study specifically focuses on clarifying the drilling response
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of an as-printed heterogeneous layered structure rather than evaluating the behavior of a
fully densified metallic system.

The combination of different material classes such as PLA and 17-4 PH in the form of
FDM-based hybrid structures brings hybrid manufacturing approaches to the forefront.
In our previous study on the same material system, this layered concept was introduced
primarily to explore the architectural and interfacial behavior of a green-state hybrid config-
uration rather than to surpass monolithic PLA in tensile performance. That study showed
that pure PLA exhibited the highest tensile properties, whereas the hybrid structures dis-
played intermediate behavior depending on layer arrangement and infill architecture [35].
This approach enables the design of functionally differentiated layered structures with
distinct interfacial and machining behavior. Depending on the material configuration,
such systems may offer advantages in terms of weight reduction and functional design
flexibility [36-38]. Beyond serving as a drilling behavior research platform, PLA/17-4
PH/PLA sandwich architectures may also have potential relevance for functional prototyp-
ing applications. Although the green-state 17-4 PH-containing layer should not be regarded
as a fully metallic or mechanically superior core, the presence of metal particles within
the intermediate layer may provide functional benefits such as localized mass increase,
stiffness tailoring, magnetic response, electromagnetic interference shielding, thermal mod-
eration, or functionally graded material behavior. Such polymer/metal-filled /polymer
configurations may therefore be useful in prototype components where functional differ-
entiation between layers is desired. However, these potential application scenarios were
not experimentally evaluated in the present study and should be considered as future
research directions rather than confirmed performance outcomes. In the present study, this
hybrid architecture was selected not to claim superiority over pure PLA, but to create a
heterogeneous drilling path for investigating interfacial machining behavior, cutting-load
fluctuations, temperature accumulation, and vibration response in a green-state multi-
material FDM structure. However, the potential functional benefits of hybrid structures are
not sufficient on their own because surface roughness, dimensional accuracy, and geometric
tolerance limitations inherent to the AM process still require attention. This necessitates
the application of post-processing operations such as drilling in conventional machining to
achieve critical features requiring high precision, such as assembly holes [39,40]. During
conventional drilling operations applied to different materials, issues such as high cutting
forces, elevated temperature generation, and uncontrolled deformation may occur. This
situation leads to more complex machining behavior, particularly in hybrid structures
where materials such as PLA and 17-4 PH, which have different thermal and mechanical
properties, are combined. The mechanical and thermal incompatibility between these
materials results in irregular cutting mechanics, accelerated tool wear, and deterioration
of surface integrity, thereby making drilling performance unpredictable [41-44]. In this
context, drilling parameters play a critical role in minimizing mechanical and thermal
mismatches, optimizing cutting mechanics, limiting tool wear, and preserving surface
integrity. The selection of appropriate drilling parameters results in a substantial reduction
in cutting forces, improved chip formation and fracture behavior, and enhanced surface
quality. These improvements contribute to controlling thermal and mechanical effects
in hybrid structures such as PLA/17-4 PH, thereby enabling the preservation of surface
integrity and providing an effective post-processing approach for achieving more reliable
hole quality.

In the literature, several studies have examined the drilling behavior of PLA-based
and reinforced FDM structures under different machining and material conditions. Sneha
and Balamurugan [45] investigated micro-drilling of PLA-bronze composite filament and
showed that process parameters strongly affected delamination behavior. Vishwadarshan

https:/ /doi.org/10.3390/polym18121434


https://doi.org/10.3390/polym18121434

Polymers 2026, 18, 1434

40f29

etal. [46] evaluated drilled PLA parts produced under different printing and machining con-
ditions and identified parameter combinations that minimized delamination. Shunmugesh
et al. [47] reported that spindle speed, feed rate, and drill diameter significantly influenced
surface roughness and hole quality in PLA filament parts. Esiyok and Ergene [48] showed
that thrust force increased with feed rate and drill diameter, while higher cutting speed
reduced force levels in PLA and PLA /CF structures. Kumar and Jayakumar [49] found that
spindle speed and feed rate were the dominant factors affecting delamination and rough-
ness in reinforced PLA composites, whereas Masannan et al. [50] reported that feed rate
was the most influential parameter on thrust force in kenaf fiber-reinforced PLA. Overall,
the reviewed studies show that drilling performance in PLA-based and reinforced FDM
structures is mainly governed by cutting speed, feed rate, drill geometry, and material
composition. In general, increasing feed rate leads to higher cutting forces, roughness, and
damage formation, whereas higher cutting speed tends to improve hole quality under suit-
able conditions. However, most previous studies focused on monolithic PLA or PLA-based
composites, and the drilling behavior of layered green-state hybrid architectures involving
polymer/metal-filled transitions remains insufficiently addressed.

Nevertheless, the available literature on the drilling performance of FDM-fabricated
PLA/17-4 PH hybrid structures is still limited, particularly for green-state layered archi-
tectures at material transition zones. This issue remains relevant because multi-material
components may still require secondary machining for assembly and functional integration.
Accordingly, there is still a lack of studies that holistically assess drilling performance in
such multi-phase and layered structures by considering interrelated parameters such as
force, torque, temperature, vibration, and surface quality, rather than focusing solely on
individual outputs. However, in hybrid composite structures produced by FDM, factors
such as anisotropy induced by layer-by-layer fabrication, variations in interlayer adhesion,
internal void formation, the distribution of metal particles within the polymer matrix, and
mechanical incompatibilities at the metal-polymer interface can play a decisive role in
cutting resistance, energy consumption, thermal load accumulation, dynamic stability, and
surface integrity during drilling. Therefore, a detailed investigation of the machinability
behavior of such hybrid systems constitutes an important research need, both for under-
standing post-production secondary machining processes and for determining optimal
processing conditions for practical applications. This study aims to comprehensively evalu-
ate the drilling behavior of PLA /17-4 PH hybrid composite structures produced by FDM.
It is intentionally limited to the as-printed green-state hybrid configuration and does not
seek to demonstrate superiority over monolithic PLA; instead, it focuses on identifying the
drilling response and the most suitable machining window within this specific layered ar-
chitecture. In this context, within the scope of this study, the effects of the interlayer bonding
characteristics, anisotropic mechanical response, and metal-polymer phase interactions of
the hybrid structure on drilling performance will be investigated through key performance
outputs such as thrust force, torque, process temperature, vibration level, and surface
roughness. Furthermore, the linear, nonlinear, and interaction effects of drilling parameters,
especially V and f, on the output variables are intended to be investigated. In addition to
conventional single-response analyses, Principal Component Analysis (PCA) is employed
as a multivariate statistical approach to reveal the underlying relationships among the
drilling performance indicators, reduce the dimensionality of the dataset, and identify the
dominant factors governing the overall machining behavior of the hybrid structure.

2. Materials and Methods

This study is based on an experimental methodology aimed at investigating the drilling
behavior of hybrid PLA /17-4 PH/PLA structures produced by the FDM-based AM method.
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The experimental procedure consists of filament preparation, fabrication of specimens with
a hybrid layer architecture using a dual-extruder system, preparation of the drilling setup,
and the measurement and analysis of feed force, temperature variation, vibration, and
surface roughness during drilling. The overall experimental workflow, including specimen
fabrication, drilling tests, and measurement/analysis stages, is schematically presented in
Figure 1.
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Figure 1. Overall experimental workflow, including hybrid specimen fabrication, drilling experiments,
and measurement and analysis stages.

2.1. Materials and FDM Printing Parameters

In this study, PLA (polylactic acid) and 17-4 PH stainless steel-based Ultrafuse®
filaments (Ludwigshafen, Germany) were used as the thermoplastic matrix and metal-filled
material, respectively, in the production of hybrid specimens (Table 1). PLA filaments
were supplied by eSUN (Shenzhen, China) [51], while the 17-4 PH filament was obtained
from BASF Forward AM [52]. Both filaments have a nominal diameter of 1.75 mm. PLA
was preferred as the matrix phase due to its widespread use in FDM processes and its
high print stability and dimensional stability. The 17-4 PH-based filament has a composite
structure containing metal powder and a binder system and constitutes the metal-filled
middle layer of the hybrid structure. It should be emphasized that no debinding or
sintering treatment was applied after printing. Therefore, the middle layer remained in the
green state throughout the experiments and should not be interpreted as a fully metallic
17-4 PH core.

Table 1. Technical properties and printing parameters for the filaments.

17-4 PH Stainless Steel-Based

Property PLA Filament (Ultrafuse®)
Company eSUN BASF Forward AM
Filament diameter (mm) 1.75 1.75
Density (g/cm?) 1.2 7.6
Tensile strength (MPa) 72 990
Elongation to fracture (%) 11.8 4
Printing temperature (°C) 210-260 230-250
Bed temperature (°C) 45-60 90-100
Printing speed (mm/s) 40-100 15-70

Note: The listed nominal properties of the 17-4 PH material are based on supplier information and do not represent
the effective mechanical properties of the as-printed green-state middle layer used in this study.
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The production of hybrid specimens was carried out using a Flashforge Creator 3
desktop FDM printer (Jinhua, China) with an Independent Dual Extruder (IDEX) sys-
tem [53]. This system enabled the controlled formation of the hybrid layer structure by
allowing PLA and 17-4 PH stainless steel-based filaments to be processed through separate
extruders. The printer used in this study has technical specifications suitable for meeting
the thermal and mechanical requirements of the materials used. The system is configured
with extruder units operating up to 300 °C, a closed chamber structure, and a heated build
platform with a capacity of 120 °C. Due to the abrasive nature of the 17-4 PH filament, a
hardened steel nozzle with a diameter of 0.4 mm was used instead of a standard brass
nozzle during the printing process. This selection is crucial for reducing nozzle wear and
preserving geometric stability during the printing process. The printing processes were
carried out under enclosed chamber and heated build plate conditions. In this way, a
controlled printing environment was provided in the hybrid manufacturing process, where
materials with different thermal behaviors are processed together, aiming to reduce cooling
rate-induced thermal stresses and interlayer separation risks. The hybrid specimens were
fabricated with a PLA/17-4 PH/PLA layer arrangement, and the selected hexagonal infill
geometry was stably formed owing to the system'’s precise motion control.

2.2. Experimental Design and Hybrid Sample Manufacture

In this study, hybrid specimens with a sandwich structure were designed and fabri-
cated based on experimental findings and optimization data from reference studies [35].
The hybrid structure was designed as a three-layer system consisting of PLA in the bottom
layer, 17-4 PH stainless steel-based filament in the middle layer, and PLA in the top layer.
The specimens were fabricated with dimensions of 56 x 56 x 15 mm, and each layer was
designed with a thickness of 5 mm. Prior to the fabrication of the final specimens, prelim-
inary trials were conducted to determine the appropriate printing parameters, ensuring
proper interlayer bonding and structural integrity. These parameters were established
based on previous work and repeated trial productions. Following this optimization stage,
a total of two hybrid specimens were fabricated, and all drilling experiments correspond-
ing to the full factorial design were performed on these specimens at different drilling
locations. Each drilling parameter combination was applied once within the full factorial
experimental design. Separate drilling locations were used for each condition in order to
avoid the influence of previous machining operations on subsequent measurements. The
experimental strategy was designed to comparatively evaluate the drilling response trends
of the selected hybrid configuration under controlled machining conditions. Thus, a multi-
layer hybrid structure with a PLA/17-4 PH/PLA configuration was obtained, with a total
part height of 15 mm. The purpose of this configuration was to establish a heterogeneous
drilling path with distinct material transitions and to investigate machining behavior at
polymer/metal-filled interfaces, rather than to propose a mechanically superior alternative
to monolithic PLA. The production parameters were determined to maintain the interlayer
bonding quality and geometric stability of the hybrid structure. In this context, a nozzle
with a diameter of 0.4 mm was used for all specimens. The extrusion temperature was
set to 250 °C for PLA and 270 °C for 17-4 PH. The build plate temperature was defined
as 60 °C for the bottom PLA layer, 90 °C for the middle 17-4 PH layer, and 60 °C for the
top PLA layer. The initial layer height was selected as 0.25 mm, whereas the remaining
layers were set to 0.15 mm. The printing speed was kept constant at 65 mm /s throughout
the entire production process. The specimens were fabricated with a 100% infill ratio and
a hexagonal infill pattern. The hexagonal infill pattern was selected because it provides
a continuous and repetitive internal cell geometry that supports structural stability and
promotes a more uniform load distribution within the printed part. In the present study,

https:/ /doi.org/10.3390/polym18121434


https://doi.org/10.3390/polym18121434

Polymers 2026, 18, 1434

7 of 29

this pattern was used to obtain a consistent internal architecture during drilling and to
reduce geometry-related variability among the hybrid specimens. The literature also re-
ports that a 100% dense hexagonal infill pattern is preferred for this hybrid structure, as
it provides high structural integrity and mechanical strength [35]. During the printing
process, raft, pre-extrusion, and wall generation features were disabled, and the cooling
fan was kept off throughout the entire printing duration. Additionally, the inter-extruder
calibration parameter (Z-offset) was carefully adjusted to enhance bonding quality at the
interlayer transition zones. The slicing of the specimens was performed using FlashPrint
5.6.0 software, and the production process was completed using a desktop FDM-based 3D
printer. Figure 2 specifically illustrates the hybrid specimen fabrication route, including the
layer arrangement and printing strategy used to produce the PLA/17-4 PH/PLA structure.

C
Hybrid 3D Printing Process Flow ©
(PLA-17-4PH - ?LA) Step 1
Dual Extruder Printer Bottom Layer
S(ep 1: Bottom _ (PLA)
Layer Layer height:
Layer Height 0.25 mm
Bottom Layer (0.25 mm)
All Layers (0 15 mm)
= & V Step 2
Middle Layer
(17-4 PH)
Layer Hexg,hl (0.15 mm) # Layer height:
Right 0.15 mm
Extruder
Step 3: Top Layer
Layer Height (0.15 mm) Step 3
Top Layer
______________________________ (PLA)
Layer Structure , Layer height:
17-4 PH (Middle) PLA (Bonom) 4 0.15 mm

Figure 2. Hybrid PLA/17-4 PH/PLA fabrication process and representative printed specimens:
(a) schematic illustration of the dual-extruder printing route and layer architecture; (b) sequential
printing stages of the bottom PLA layer, middle 17-4 PH-containing layer, and top PLA layer during
fabrication; and (c) final printed hybrid specimen showing the interlayer continuity and overall print
quality prior to drilling experiments.

2.3. Drilling Experiments

Drilling tests were performed on hybrid specimens with dimensions of 56 x 56 x 15 mm,
produced using an FDM Flashforge Creator 3 printer, on a CNC router machine specially
manufactured by Da Vinci Engineering (Ankara, Tiirkiye) in accordance with the requested
specifications. During the drilling tests, the specimens were rigidly fixed on the machine
table through the dynamometer setup in order to prevent displacement and vibration-related
positioning errors during machining. The machine, operated using Mach3 3.043.066 CNC
control software, has dimensions of 750 x 950 x 200 mm. The machine, constructed from
aluminum profiles, has a maximum motor speed limit of 18,000 rpm. In the drilling operations,
an uncoated solid carbide drill compliant with ISO 235 [54] (drill diameter: 6 mm, point angle:
118°, helix angle: 30°, cutting length: 25 mm, and total length: 50 mm) was used.

To simultaneously monitor process responses during drilling operations, a measure-
ment system consisting of a thermal camera, dynamometer, and three-axis accelerometer
was employed. In the experimental setup, the dynamometer was positioned beneath the
specimen to measure thrust force and torque during drilling, the thermal camera was
placed in front of the cutting zone to monitor the tool-workpiece interaction region, and
the triaxial accelerometer was attached to the experimental system to record vibration
response during machining. A high-resolution infrared thermal camera system (FLIR
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HM1100, Wilsonville, OR, USA) was used to monitor the thermal loads generated in the
tool-material interaction zone. This system enabled high-accuracy recording of instan-
taneous temperature variations during drilling, with a resolution of 640 x 512 pixels, a
recording rate above 60 Hz, and a measurement accuracy of +2 °C. To enhance measure-
ment accuracy, the emissivity value in the thermal camera system was defined as 0.95, and
the system was calibrated under appropriate measurement conditions before the experi-
ments. In addition, the thermal measurements were performed under constant ambient
laboratory conditions and with a fixed camera position in order to minimize positional
and environmental variability between experiments. The measurement uncertainty of the
thermal camera was considered within the manufacturer-specified accuracy limits, and all
thermal images were evaluated using the same emissivity setting and analysis procedure.
After the preliminary drilling tests, the thermal camera was positioned in front of the
drilling zone on the CNC machine to directly monitor the interaction region between the
cutting tool and the workpiece. Temperature distributions before, during, and after each
drilling operation were recorded, and the acquired images were analyzed using appropriate
analysis software. Within this scope, Tmax, Tavg, and temperature distribution profiles
were determined for each experiment. For consistency, the temperature data were extracted
from the same analysis region for all experiments, and the reported values were compared
on the basis of identical image-processing settings. During the drilling process, thrust force
and torque values were measured with high precision using a Kistler 9257B dynamometer
(Winterthur, Switzerland) (force range: £5 kN, accuracy: £0.5%). Before the experiments,
the dynamometer system was checked and zero-balanced according to the manufacturer’s
recommendations to ensure reliable force acquisition. Possible measurement deviations
were considered within the specified system accuracy, and the same acquisition setup was
maintained throughout all drilling tests. The signals obtained during measurement were
processed via a Kistler 5070A charge amplifier module (torque resolution: 0.01 N-m), and
signal integrity was maintained throughout the data acquisition process. The recorded
force and torque signals were evaluated using the same data acquisition conditions for all
experiments, and the characteristic response levels were determined from the processed
drilling signals obtained during tool-workpiece interaction. In addition, a Dytran 3273A2
triaxial accelerometer (Chatsworth, CA, USA) was used in experiments to evaluate vibra-
tion behavior. The accelerometer was mounted at a fixed location in the experimental setup
to ensure consistent acquisition of vibration signals throughout all drilling tests. Prior to
the tests, the sensor installation and signal response were checked to ensure stable measure-
ment conditions. All vibration measurements were collected using the same sensor position
and acquisition setup in order to maintain comparability among the experiments. Through
this system, acceleration data was obtained in the time domain, and subsequently, Fast
Fourier Transform (FFT) was applied to reveal the frequency components of the vibration
signals. The vibration signals were processed under identical analysis conditions for all
experiments. Time-domain data were first used to determine overall vibration levels, and
then frequency-domain analysis was performed through FFT to evaluate the distribution
of vibration energy in different frequency bands.

In the experimental design, V and f were selected as independent variables. A full
factorial experimental design was applied for these two parameters, and a total of 16 drilling
experiments were conducted. Drilling experiments were conducted under different Vs (80,
110, 140, and 170 m/min), fs (0.04, 0.08, 0.12, and 0.16 mm/rev), and a constant drilling
depth of 15 mm. The cutting parameters used in the study were determined based on
both the appropriate ranges reported in the literature and observations obtained from
preliminary experiments [46,48,55]. In addition, preliminary experiments were conducted
to verify tool stability and to confirm that excessive vibration, chip accumulation, or tool
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breakage did not occur under the selected operating conditions. Based on the obtained
findings, the selected parameter combinations were considered suitable for reliable data
acquisition and comparison with previous studies. The drilling experimental setup is
presented in Figure 3.

Kistler ~Workpiece
Dynamometer Cutting Tool

Figure 3. Drilling test setup.

After the drilling process, to determine the surface roughness characteristics of the
machined hole surfaces, the specimens were sectioned along the hole axis using a precision
cutting method. With this procedure, the inner hole surfaces were made accessible for mea-
surement, and the two opposite cross-sectional surfaces of each specimen were evaluated
separately. Surface roughness measurements were performed according to ISO 4287 [56]
using a MAHR Perthometer stylus-based surface roughness device (Gottingen, Germany).
For each hole surface, measurements were taken at three different points, and the data
obtained from both surfaces were recorded separately, with the arithmetic mean of these
measurements used as the average surface roughness (Ra) value. By selecting measure-
ment points from different regions, it was aimed to characterize local variations in surface
roughness within the inner hole surface. In all measurements, identical experimental and
data-processing procedures were followed in order to reduce systematic error and ensure
comparability among the drilling conditions. The reported results were interpreted within
the accuracy limits of the respective instruments. Within the scope of this study, the main
measured and evaluated quantities were thrust force (Fz), torque (Mz), surface roughness
(Ra), maximum and average temperature values, and vibration response parameters ob-
tained from time- and frequency-domain analyses. These variables were used as the main
indicators of drilling performance for the hybrid structure.

2.4. Hole Inner Surface Quality

A Dino-Lite AM4113ZT digital microscope (New Taipei City, Taiwan) was employed
after drilling to examine the machined surface, edge damage around the holes, chip mor-
phology, and the condition of the drill cutting edges. Following drilling, the inner surfaces
of the holes, the entry and exit regions, and the cross-sectional surfaces of the specimens
were examined in detail. The evaluations considered burr formation, plastic deformation
marks, interlayer delamination, void and porosity structures, filament traces, micro-crack
initiation sites, and crack propagation paths. In addition, the chips generated during
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drilling were collected and evaluated in terms of their shape, fracture characteristics, and
overall structural features. The obtained imaging findings enabled a qualitative compari-
son of the effects of drilling parameters on machined surface quality and surface integrity.
Furthermore, the machinability behavior of the hybrid layered structure was assessed
by correlating the damage mechanisms at the hole entry and exit regions with the mea-
sured thrust force, torque, and vibration characteristics. After drilling, edge damage,
matrix cracking, interlayer separation tendencies, surface irregularities, and chip formation
characteristics were evaluated in correlation with the measured mechanical responses.

2.5. Principal Component Analysis (PCA)

In order to identify the relationships between the drilling performance parameters
and to reduce the dimensionality of the dataset, Principal Component Analysis (PCA) was
performed. The analysis was conducted using thrust force (Fz), torque (Mz), and surface
roughness (Ra) values obtained from the top, middle, and bottom layers, together with
maximum temperature (Tmax) and high-frequency vibration component (E_high). Prior to
the analysis, all variables were standardized, and the PCA was carried out based on the
correlation matrix to eliminate the effect of different measurement units. The analysis was
performed using Minitab 19.0 statistical software. The number of principal components to
be retained was determined according to the Kaiser criterion (eigenvalue > 1). In addition,
scree plot analysis was used to support the selection of significant components. PCA results
were interpreted through loading and score plots to evaluate variable relationships and
clustering behavior of experimental conditions.

3. Results and Discussion
3.1. Drilling Performance Indicators: Thrust Force, Torque, and Surface Roughness

The thrust force (Fz), moment (Mz), surface roughness (Ra), vibration, and temperature
values generated during the drilling process can in general be affected by many factors
reported in the literature, such as material structure, infill characteristics, layer height, tool
geometry, spindle speed, and feed rate. In the present study, however, the experimental
evaluation was specifically focused on the effects of cutting speed (V) and feed rate (f)
within the selected hybrid specimen configuration. These variables play a critical role in
determining the mechanical and thermal response of the PLA /17-4 PH hybrid structure
produced by the FDM method during drilling. The literature also reports that the drilling
outputs in PLA-based structures produced by AM are sensitive to the combined effect of
production and processing parameters [46]. Figure 4 shows the time-dependent variation
in thrust force and moment values during the drilling process. During drilling, the drill
bit contacts the upper PLA layer, the middle 17-4 PH layer, and the lower PLA layer in
sequence; Fz and Mz values increase with material entry, and these values approach zero
again when the tool completely exits the material. The fact that the force and moment
values, which are initially zero, increase with the onset of tool-material interaction and
then decrease again at the exit clearly demonstrates the drilling behavior due to the layered
architecture of the hybrid structure. Before discussing the results, it should be noted that
the present findings describe parameter-dependent trends only within the selected green-
state hybrid architecture. Since no monolithic PLA drilling control was included in the
experimental design, the results should not be interpreted as evidence that the hybrid
configuration provides superior drillability or surface quality relative to pure PLA.
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Figure 4. Changes in the drilling performance indicators of the hybrid PLA/17-4 PH/PLA structure
under different V and f combinations: thrust force (Fz), torque (Mz), and surface roughness (Ra) at
Vs of (a) 80 m/min, (b) 110 m/min, (c¢) 140 m/min, and (d) 170 m/min.

It was determined that increasing the f from 0.04 mm/rev to 0.16 mm/rev at con-
stant Vs (80, 110, 140 and 170 m/min) increased the Fz, Mz and Ra values in all layers
(Figure 4a—d). Figure 4 clearly shows that the Fz values systematically increase in all layers

https://doi.org/10.3390/polym18121434


https://doi.org/10.3390/polym18121434

Polymers 2026, 18, 1434

12 of 29

with increasing f. For consistency, the layer sequence in Figure 4 corresponds to the top PLA
layer, middle 17-4 PH layer, and bottom PLA layer. Although surface roughness (Ra) values
are presented on a secondary axis, the same layer order is preserved and should be inter-
preted accordingly. This trend can be explained by the fact that the increase in f increases
the volume of chips removed by the cutting tool in one revolution, and consequently, the
chip cross-sectional area increases. This increase in chip cross-sectional area increases the
resistance of the material to deformation; consequently, the energy requirement per unit
time increases during the drilling of the hybrid structure, and higher cutting forces are
generated. The literature also reports that increasing the f significantly increases the thrust
force in PLA-based and biocomposite structures produced with FDM [48,50,57]. In contrast,
a general tendency to decrease was observed in all response variables with increasing V.
This can be attributed to the cutting mechanism becoming relatively more stable at higher
Vs, the reduction in tool-workpiece contact time, and the more regular material removal
process. As a result of evaluating the Fz, Mz, and Ra values together, it was determined that
the most favorable drilling condition within the studied hybrid configuration was obtained
in test condition 13 (170 m/min, 0.04 mm/rev), while the least favorable condition was
obtained in test condition 4 (80 m/min, 0.16 mm/rev). This contrasting behavior is also
clearly seen in the time-dependent force and moment signals, with a lower and more stable
loading character observed in test 13, while a higher and more fluctuating signal structure
emerged in test 4 (Figure 5). The prominent peak observed in the Fz signal corresponds
to the transition of the drill into the higher-resistance middle 17-4 PH-containing layer,
where the cutting load temporarily increases due to the change in material response and
interfacial interaction.

At a V of 80 m/min (Figure 4a), Fz values were measured in the range of 10.97 to
12.74 N in the top PLA layer, 14.35 to 17.28 N in the middle 17-4 PH layer, and 2.78 to
4.21 N in the bottom PLA layer. Under the same conditions, Mz values ranged from 6.66
to 9.07 N-cm in the top PLA layer, 12.40 to 16.53 N-cm in the middle 17-4 PH layer, and
8.28 to 10.16 N-cm in the bottom PLA layer. Ra values were determined in the range of
13.872 to 15.4465 um in the top PLA layer, 4.35575 to 4.88675 um in the middle 17-4 PH
layer, and 13.5382 to 14.2962 um in the bottom PLA layer. Ata V of 110 m/min (Figure 4b),
Fz values were measured as 9.78 to 11.99 N in the top PLA layer, 13.69 to 16.98 N in the
middle 17-4 PH layer, and 2.47 to 2.78 N in the bottom PLA layer, respectively. At the same
rate, Mz values were calculated to be in the range of 5.83 to 8.84 N-cm in the top PLA layer,
11.39 to 15.18 N-cm in the middle layer, and 7.88 to 9.59 N-cm in the bottom PLA layer. Ra
values were obtained as 13.7895 to 14.984 pum in the top PLA layer, 4.254 to 4.687 um in the
middle layer, and 13.046 to 14.111 pm in the bottom PLA layer.

Ata V of 140 m/min (Figure 4c), the Fz values for the top PLA, middle 17-4 PH, and
bottom PLA layers ranged from 9.55 to 11.19 N, 12.92 to 15.20 N, and 2.39 to 2.58 N, respec-
tively. Under the same conditions, the Mz values were determined as 4.59 to 7.35 N-cm for
the top PLA layer, 7.44 to 15.44 N-cm for the middle layer, and 6.59 to 9.31 N-cm for the
bottom PLA layer. The Ra values were measured in the range of 13.316 to 14.6258 pum for
the top PLA layer, 3.8452 to 4.063 um for the middle 17-4 PH layer, and 12.7197 to 14.052 pm
for the bottom PLA layer. Ata V of 170 m/min (Figure 4d), Fz values were found to range
from 9.32 to 10.87 N in the top PLA layer, 10.05 to 15.11 N in the middle 17-4 PH layer, and
2.13 to 2.57 N in the bottom PLA layer. Similarly, Mz values were calculated to range from
3.44 to0 4.59 N-cm in the top PLA layer, 7.19 to 13.23 N-cm in the middle layer, and 5.58 to
8.64 N-cm in the bottom PLA layer. At the same rate, Ra values were measured as 12.8754
to 14.571 pm in the top PLA layer, 3.635 to 4.00 um in the middle 17-4 PH layer, and 11.993
to 14.00 um in the bottom PLA layer.
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Figure 5. Time-dependent variation in thrust force (Fz) and torque (Mz) during drilling of the
hybrid PLA/17—4 PH/PLA structure: (a) V = 80 m/min, f = 0.16 mm/rev, and (b) V = 170 m/min,
f=0.04 mm/rev.

It has been observed that the increase in f creates a significant boosting effect not only
on Fz but also on Mz. The increase in the chip cross-sectional area increases the cutting
resistance, leading to an increase in the drilling moment. Furthermore, due to the multilayered
and heterogeneous character of the hybrid structure, the activation of different deformation
mechanisms in different layers during drilling increases the tendency for friction and adhesion
at the tool-workpiece interface, contributing to an increase in rotational resistance. This
trend is consistent with previous studies investigating the drilling behavior in composite and
biodegradable-based structures [49,58]. When comparing the layers, the fact that the highest
Fz and Mz values are mostly obtained in the middle 17-4 PH layer clearly shows that this
region has higher cutting resistance. In contrast, the lower force levels determined in the lower
PLA layer can be explained by the decrease in material support as the drill approaches the
exit zone and the change in effective contact conditions in the cutting zone.

Surface roughness results also increased in parallel with the increase in f. Increased f
negatively affects hole surface quality by causing larger chip formation and more irregular
deformations during cutting. As a result, tearing, microcrack formation, and irregular
topography can develop on hole surfaces. Furthermore, the increase in vibration amplitude
in the system depending on the f is also an important factor that increases surface rough-
ness [59-62]. In the literature, the relationship between surface roughness and f is ideally
expressed by the equation:

2
Ra = % 1)
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(where f is feed rate and r is tool nose radius), which shows that the increase in f increases
surface roughness quadratically. It can be said that the obtained experimental findings
are consistent with this theoretical expectation [63]. However, the fact that Ra values are
higher in the upper and lower PLA layers and lower in the middle 17-4 PH layer shows
that the surface formation mechanisms depending on the layers differ from each other. The
fact that effects such as plastic deformation, material scaling, and surface tearing become
more dominant in polymer-based regions may have led to higher roughness values in
these layers. When the obtained results are compared with previous studies on PLA and
PLA-based composites, it is observed that the increasing trend of thrust force and surface
roughness with feed rate and the decreasing trend with cutting speed are consistent with
the general behavior reported in the literature [48-50,57]. However, the layered hybrid
architecture examined in this study introduces additional complexity due to material
transitions, which leads to more pronounced variations in cutting response compared to
single-material systems. This indicates that interfacial effects and heterogeneous material
behavior play a critical role in machining performance.

In order to better interpret the relationship between drilling loads and surface quality,
a qualitative trend-based assessment was performed among thrust force (Fz), torque (Mz),
and surface roughness (Ra). The results suggest that higher Fz and Mz values generally co-
incided with increased Ra values, indicating that increased cutting loads may contribute to
surface deterioration. However, since no additional Pearson or Spearman correlation analy-
sis was performed, this relationship was interpreted as a qualitative tendency rather than a
statistically confirmed strong correlation. Therefore, this relationship should be interpreted
cautiously as a qualitative tendency rather than as a statistically confirmed correlation.

3.2. Thermal Behavior During Drilling

Thermal images show that the temperature range during drilling of the hybrid PLA /17-
4 PH/PLA structure varies significantly depending on both the cutting parameters and
the hole location (Figure 6a—d). The most striking finding is that while the temperatures
measured at the hole entrance remained within a narrow range under all experimental
conditions, much higher maximum temperatures were observed at the hole exit. Maximum
temperatures at the hole entrance ranged from approximately 19.1 to 21.8 °C, while at
the hole exit these values reached a range of 31.7 to 72.3 °C. The highest exit temperature
was measured at 72.3 °C at a V of 80 m/min and an f of 0.04 mm/rev (Figure 6a), while
the lowest value was determined as 31.7 °C at 170 m/min and 0.16 mm/rev (Figure 6d).
Accordingly, it is observed that the maximum surface temperature recorded at the hole
exit decreases with increasing V and f in the examined experimental range [64-66]. At
a V of 80 m/min, the maximum hole entry temperatures ranged from 19.1 to 20.4 °C,
while the maximum hole exit temperatures ranged from 61.0 to 72.3 °C (Figure 6a). Under
this condition, the highest temperature was measured in the hole exit region at an f of
0.04 mm/rev. Ata V of 110 m/min, the maximum hole entry temperatures ranged from
20.6 to 21.0 °C, and the maximum hole exit temperatures ranged from 47.0 to 60.5 °C
(Figure 6b). Ata V of 140 m/min, the maximum temperatures measured in the entry region
remained between 20.5 and 21.2 °C, while the maximum temperatures recorded in the exit
region ranged from 43.0 to 54.8 °C (Figure 6¢). Ata V of 170 m/min, the maximum hole
entry temperatures ranged from 20.5 to 21.8 °C, while the maximum hole exit temperatures
were measured in the range of 31.7 to 50.7 °C (Figure 6d). Overall, it is observed that the
hole entry temperatures remained quite close to each other in all parameter combinations,
while the hole exit temperatures were more sensitive to both V and f. Furthermore, it was
determined that the maximum temperatures measured at the hole exit decreased regularly
with increasing f at all V. This decrease in hole-exit temperature with increasing cutting
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speed and feed rate can be explained by the combined effects of reduced tool-workpiece
contact time, shorter thermal residence near the exit region, and more rapid chip evacuation.
Although higher material removal rates may locally increase instantaneous heat generation,
the faster passage of the drill through the lower PLA layer limits the time available for
heat accumulation at the exit surface. In addition, the heterogeneous PLA /17-4 PH/PLA
architecture may restrict uniform heat diffusion through the specimen thickness. Therefore,
the observed trend should be interpreted as a contact-time- and heat-residence-controlled
thermal response rather than a simple reduction in heat generation.
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Figure 6. Infrared thermal images recorded at the hole entrance and hole exit during drilling of the
hybrid PLA /17-4 PH/PLA structure under different V and f conditions: (a) 80 m/min, (b) 110 m/min,
(c) 140 m/min, and (d) 170 m/min.

The significant temperature concentration observed at the exit of the hole indicates that
heat is not distributed homogeneously throughout the material during drilling and that the
exit region becomes a critical thermal area. This trend is consistent with findings from drilling
studies conducted using infrared thermography in composite materials. Fu et al. showed
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that exit temperatures are highly sensitive to material-tool interaction and that the location of
maximum temperatures changes with drilling depth [64]. Similarly, Xu et al. reported that
the maximum drilling temperature occurs in most cases when the tool cutting edges fully
interact with the workpiece, and then the temperature rapidly decreases when the tool begins
to exit the end layers [67]. In the present study, it is assessed that the heat generated by friction
and plastic deformation during the drill’s progression from the top PLA layer to the middle
17-4 PH region and then to the bottom PLA layer accumulates, especially in the region near
the exit phase; higher temperatures are recorded at the exit of the hole due to weakening of
support conditions and increased local energy concentration.

The decrease in hole exit temperature as V and f increase, while seemingly different
from the classical metal cutting approach at first glance, is a phenomenon encountered
in composite drilling studies using infrared thermography. Khashaba and Alazwari em-
phasized that the temperature-parameter relationship in drilling is not unidirectional in
the literature; it is closely related to the material system, tool geometry, laminate structure,
and especially the measurement technique. In the same study, it was explicitly stated that
instrumented drills record the tool tip temperature, while IR cameras record the surface
temperature during drilling. Furthermore, it is stated that IR thermography cannot directly
detect the internal thermal field but mainly shows the temperature distribution on the
measured surface [65]. Therefore, the lower temperatures recorded in this study under
high V and high f conditions may reflect not an absolute decrease in total heat generation,
but rather a decrease in heat accumulation on the exit surface due to the shortening of the
tool-workpiece contact time. In other words, although the amount of material removed
per revolution increases with increasing f, the shortening of the time the tool spends in
a particular region seems to have limited the observed thermal accumulation on the sur-
face. This thermal behavior is thought to be related to the material architecture of the
hybrid structure. In polymer-based structures produced by FDM, anisotropy, voids, and
limited thermal conductivity lead to non-homogeneous heat transfer and the formation
of local temperature zones. Shanmugam et al. reported that the thermal performance in
FDM-printed polymeric materials is strongly affected by printing-induced anisotropy, void
structure, and reinforcement type [68]. In this context, the different heat conduction and
energy dissipation characteristics of the outer PLA layers and the central region containing
17-4 PH may have led to the uneven development of the thermal field across the layers
during drilling. The significant temperature difference observed between the entry and exit
regions in the present study is a result not only of the cutting parameters but also of the
heterogeneous and multilayered character of the hybrid PLA /17-4 PH/PLA structure [69].

The maximum exit temperature of 72.3 °C measured under low V and low feed
conditions is also important in terms of material behavior. A recent study reported that
the glass transition temperature for 3D-printed PLA is approximately 65 °C. From this
perspective, it is likely that the temperature value obtained, especially under the 80 m/min-
0.04 mm/rev condition, triggered a local softening tendency in the PLA phase [66]. The
study by Khashaba and Alazwari also showed that the surface temperature approaching
or exceeding the critical temperature ranges of the polymer matrix can increase the risk
of matrix softening and thermal degradation [65]. Therefore, the current thermal findings
reveal that temperature is not only a process output but also a decisive indicator in terms
of hole surface integrity, material smudging, and potential exit damage.

3.3. Vibration Response Under Different Drilling Conditions

The vibrational behavior generated during the drilling process was evaluated not
only as an amplitude-based quantity but also in terms of frequency distribution. For this
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purpose, vibration signals were examined based on energy distribution in the frequency
axis, and the spectral energy approach was adopted using the amplitude equation:

E(k) = |A(k)]? 2

In the study, vibration data were evaluated in their raw form without normalization;
RMS (Root Mean Square) was used for the total vibration level, f,q for the dominant fre-
quency character, and Eys,1, Ejow, Epigdre parameters were interpreted together for energy
distribution. Furthermore, the Ryjon = Epjgn/ Ejon parameter, representing the ratio of
high-frequency components to low-frequency components, was considered as a relative
indicator of the tendency towards unstable cutting. This approach reveals not only the mag-
nitude of the vibration but also its structural and shear-induced dynamic characteristics.

The tooth traverse frequency limits were calculated considering a V range of
80-170 m/min, a drill diameter of 6 mm, and a double-edged tool; accordingly, the range of
approximately 140-300 Hz was accepted as the characteristic cutting region. Based on these
limits, the 0-300 Hz range was defined as the low frequency band, the 300-800 Hz range as
the medium frequency band, and the 800 Hz and above range as the high frequency band.
It was assumed that the low-frequency region is more related to cutting forces, the medium-
frequency region to the overall dynamic response of the system, and the high-frequency
region to unstable cutting, sudden energy concentrations, and local vibration disturbances.
This classification is consistent with frequency-based approaches proposed in chatter and
dynamic stability analyses in metal and composite machining processes [70-74].

As shown in Table 2, there are significant differences in vibration magnitude and en-
ergy distribution among the experiments. RMS values ranged from 0.03524 to 0.15651 m/s?,
while the f},.;x values were approximately between 70.13 and 150.47 Hz. However, it does
not seem possible to make a direct and sufficient interpretation about process stability or
hole quality based solely on RMS levels. Indeed, while surface quality did not improve
to the expected level in some experiments with low RMS values, more stable processing
behavior was obtained in some experiments with medium RMS values. This situation
indicates that vibration behavior should be evaluated not only based on total amplitude
but also in conjunction with the energy distribution in the frequency bands.

Table 2. Vibration values along the drilling axis.

Exp. No. RMS (m/s?) fpear(H2) Etotal Ejow Eniddle Epigh Ryign
1 0.06654 70.13 7.80 x 100 5.82 x 100 1.28 x 100 6.93 x 10° 0.0889
2 0.12113 100.07 3.33 x 107 1.82 x 107 9.80 x 10° 5.20 x 10° 0.1562
3 0.10817 99.97 1.98 x 107 9.57 x 100 6.39 x 10° 3.86 x 100 0.1949
4 0.14034 100.08 1.60 x 107 6.97 x 10° 5.75 X 10° 3.24 x 10° 0.2030
5 0.14761 97.43 9.61 x 107 5.44 x 107 2.03 x 107 2.14 x 107 0.2228
6 0.06055 99.95 2.76 x 107 1.62 x 107 6.41 x 10° 5.03 x 10° 0.1819
7 0.12557 98.49 1.63 x 107 8.68 x 100 3.10 x 10° 451 x 100 0.2766
8 0.15651 79.09 1.58 x 107 1.07 x 107 2.83 x 10° 2.20 x 10° 0.1395
9 0.09236 123.74 1.44 x 107 7.05 x 10° 5.84 x 10° 1.47 x 106 0.1024
10 0.04656 100.04 6.00 x 107 2.34 x 107 2.99 x 107 6.79 x 100 0.1132
11 0.11494 100.10 1.54 x 107 6.83 x 10° 6.44 x 10° 2.14 x 10° 0.1391
12 0.03524 124.11 1.21 x 100 7.74 x 10° 331 x 10° 1.00 x 10° 0.0832
13 0.10195 150.40 1.66 x 107 1.15 x 107 2.76 X 10° 2.29 x 10° 0.1386
14 0.15394 150.42 2.89 x 107 2.20 x 107 4.23 x 100 2.69 x 100 0.0930
15 0.13104 150.46 2.02 x 107 1.58 x 107 2.73 x 10° 1.72 x 106 0.0851
16 0.12646 150.47 498 x 107 3.90 x 107 6.50 x 10° 429 x 100 0.0863

Note: Bold values indicate the minimum and maximum values within the corresponding columns.
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In this context, the most striking comparison emerges between Experiment 4, which
represents the worst results, and Experiment 13, which yields the most balanced results.
According to Table 2, in Experiment 4, the RMS value was calculated as 0.14034 m/ s2, fpmk
100.08 Hz, Ejotar 1.60 x 107, Ejoyy 6.97 X 10°, Eypigare 5.75 X 108, Epig 3.24 x 10° and Ryg,
0.2030. In contrast, in Experiment 13, the RMS value was determined as 0.10195 m/ s2, fpmk
150.40 Hz, Eyyq 1.66 X 107, Ejogy 115 X 107, Epigare 2.76 X 10°, Epigy 2.29 x 106 and Ryig,
0.1386. Remarkably, although the total energy values are close, the distribution of energy
between the bands differs significantly. In Experiment 13, the energy is concentrated more
in the low-frequency band, while in Experiment 4, the relative share of the medium and
especially high-frequency components has increased. This indicates that Experiment 13
exhibits a more stable and predictable dynamic behavior, while Experiment 4 shows a more
irregular and unstable vibrational structure.

Table 3, which evaluates the vibration data in conjunction with surface roughness and
force-moment rankings, also supports this interpretation. Experiment 13 ranked 1st in both
surface roughness and force-moment rankings, while remaining at only the moderate level
in terms of RMS and Ej;¢j,. In contrast, Experiment 4 ranked 16th in both surface roughness
and force-moment rankings; its RMS and Ej;¢;, levels were classified as high. This result
shows that the best drilling performance is obtained not at the minimum vibration level,
but under conditions where high-frequency components are not dominant and the energy
distribution is more balanced. In other words, rather than the absolute vibration amplitude,
the frequency band in which the vibration energy is concentrated seems to be more decisive
in terms of hole quality and drilling stability.

Table 3. Relative values of force, moment, surface roughness, and vibration along the drilling axis.

Exp. No. Surfalc{e;ej1 IIl{l(()ililgghness Force I::I:lkli\:[l(;ment RMS (m/s2) Enigh
1 7 8 Low Very low
2 9 12 Medium Medium
3 13 15 Medium High
4 16 16 High High
5 5 4 High High
6 10 10 Low High
7 14 13 High Very High
8 15 14 High Medium
9 2 3 Medium Low
10 4 6 Low Low
11 8 7 Medium Medium
12 12 11 Very low Very low
13 1 1 Medium Medium
14 3 2 High Low
15 6 5 Medium Low
16 11 9 Medium Medium

Note: Bold values indicate the best and worst-ranked experimental conditions in the table.

When the FFT and signal graphs of Experiment 4 are examined together with the
corresponding spectral and temporal responses of Experiment 13, this difference can
be observed more clearly (Figure 7). In Experiment 4, the signal amplitude shows a
more irregular character with sudden spikes, and the high-frequency contribution is more
pronounced in the FFT distribution. In contrast, in Experiment 13, although the vibration
signal is not entirely low-level, the energy distribution is more controlled, and the relative
dominance of high-frequency components is reduced. This observation is quantitatively
supported by the decrease in the Ry;g, ratio. Therefore, the vibration response obtained
along the drilling axis defines the optimum processing condition not only with the total
amplitude magnitude but also with the limitation of high-frequency instability components.
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Figure 7. Comparison of the spectral and time-domain vibration responses obtained along the drilling
axis for the selected drilling conditions: (a) FFT spectrum of Experiment 4, (b) time-domain vibration
signal of Experiment 4, (c) FFT spectrum of Experiment 13, and (d) time-domain vibration signal of
Experiment 13.
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When evaluated at the parameter level, the most optimal result was obtained ata V
of 170 m/min and an f of 0.04 mm/rev; the most unfavorable result occurred at a V of
80 m/min and an f of 0.16 mm/rev, which is consistent with the trends determined in
previous sections for force, moment, surface roughness, and temperature. The combination
of low V and high f negatively affected drilling quality by creating higher mechanical load
in the cutting zone, more irregular layer transitions, and more pronounced high-frequency
vibration content. Conversely, the combination of high V and low f not only reduced
force and moment levels but also prevented the dominance of high-frequency components,
resulting in more balanced dynamic behavior. In this context, it was concluded that the
optimum condition for drilling hybrid PLA /17-4 PH/PLA structures should be defined
by a dynamic regime with balanced frequency distribution and limited high-frequency
energy, rather than minimum vibration amplitude. In conclusion, while vibration data
alone provides limited information, when interpreted together with force, moment, and
surface roughness results, it becomes a powerful tool in explaining drilling performance. In
particular, the Ej;o, and Ry;g, parameters stand out as distinctive indicators in monitoring
unstable cutting components that can degrade surface quality. Therefore, it can be said
that in evaluating drilling performance in hybrid structures, analyses based solely on total
vibration magnitudes, such as RMS, are insufficient; an energy-based approach divided
into frequency bands provides more explanatory and reliable results. These observations
further support the correlation analysis, indicating that surface quality is more strongly
associated with cutting load parameters (Fz and Mz) than with overall vibration magnitude,
particularly when high-frequency components are not dominant.

3.4. Hole Surface Quality

Through-hole surface images show that the surface integrity of the hybrid PLA/17-4
PH/PLA structure after drilling is significantly sensitive to cutting parameters. When
the images are evaluated generally, differences depending on the experimental conditions
are revealed in terms of the continuity of machining traces along the hole wall, morpho-
logical irregularities in layer transition zones, local void formations, and the distribution
of subsurface damage zones. In particular, the discontinuities observed in the interface
regions between the PLA and 17-4 PH layers indicate that the tool-material interaction
is not homogeneous throughout the drilling process due to the hybrid structure consist-
ing of layers exhibiting different mechanical behaviors. From a mechanistic perspective,
surface formation in the hybrid structure is governed by the combined effects of plastic
deformation in the PLA layers, particle-matrix interaction in the metal-filled middle layer,
and interfacial discontinuities between layers. In polymer regions, increased ductility
and thermal softening promote material smearing and surface tearing, whereas in the
metal-filled layer, the presence of rigid particles alters chip formation and leads to relatively
smoother surfaces. At the layer transition zones, abrupt changes in stiffness and cutting
resistance contribute to local instability, resulting in micro-voids, irregular tool engagement,
and surface discontinuities. It is known that such internal surface irregularities are related
to layered architecture, interstitial discontinuities, and thermal-mechanical loads generated
during machining in additively manufactured polymer-based structures [61,62].

In test condition number 4 (80 m/min, 0.16 mm/rev), representing the worst drilling
performance, more pronounced machining marks, localized void concentrations, and larger
subsurface damage areas were observed in regions near the interface (Figure 8a). This
appearance, when evaluated together with the high thrust force, moment, and surface
roughness values measured under the same condition, suggests that the combination of
low V and high f creates a more aggressive material removal regime in the hole wall.
The literature also reports that increasing the f increases the thrust force, resulting in
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more pronounced deformations around and inside the hole; however, more stable drilling
behavior is obtained under suitable cutting conditions. It has been reported that, especially
in PLA-based parts produced with FFF/FDM, increasing the f increases the force levels,
and high mechanical loads negatively affect hole quality [44,48]. In contrast, under test
condition 13 (170 m/min, 0.04 mm/rev), which represents the best drilling performance, the
inner surface of the hole exhibited a smoother, more homogeneous, and better-preserved
continuity (Figure 8b). Under this condition, it is understood that the machining traces
are more regular, the formation of voids is more limited, and subsurface damage areas are
represented by narrower areas. The combination of higher V and lower f contributed to
a reduction in mechanical loads by making the tool-workpiece contact more stable; this
enabled a more controlled surface formation on the hole wall. Indeed, current studies
report that low fs and high Vs are associated with lower Fz and Mz values and that this
improves the hole surface morphology and overall hole quality. It has also been shown
that lower mechanical loads in PLA and similar additively manufactured thermoplastic
structures improve quality indicators such as surface roughness, delamination, circularity,
and cylindricity [62,75].
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Figure 8. Inner hole surface images of the hybrid PLA /17-4 PH/PLA structure after drilling under
two cutting conditions: (a) 80 m/min, 0.16 mm/rev; (b) 170 m/min, 0.04 mm/rev.

Overall, the through-hole surface morphology findings confirmed the mechanical
drilling performance results. While more pronounced surface irregularities, localized
voids, and damage-affected areas were observed in test condition 4, a more homoge-
neous machined surface and more limited morphological distortions were obtained in
test condition 13. These findings demonstrate that the combination of high V and low f
provides better surface integrity in the hybrid PLA /17-4 PH/PLA structure. Nevertheless,
these observations should be interpreted as internal comparisons among the tested drilling
conditions of the hybrid structure. Since a monolithic PLA control was not drilled in the
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present study, the current surface findings cannot be used to claim superior hole quality
relative to pure PLA.

3.5. Principal Component Analysis of Drilling Responses

To better understand the interrelationships among the measured drilling outputs and
to identify the dominant factors governing the overall machining behavior of the hybrid
PLA/17-4 PH/PLA structure, Principal Component Analysis (PCA) was performed using
the layer-based thrust force (Fz), torque (Mz), and surface roughness (Ra) values together
with Tmax and the high-frequency vibration component (E_high). According to the PCA
results, the first principal component (PC1) had an eigenvalue of 7.63 and explained 69.4%
of the total variance, whereas the second principal component (PC2) had an eigenvalue
of 1.58 and explained an additional 14.3%. Thus, the first two principal components
accounted for 83.7% of the total variance, indicating that the multidimensional dataset
can be effectively interpreted within a two-component PCA space. The eigenvalues and
explained variance ratios of the retained components are summarized in Table 4. Based on
the Kaiser criterion (eigenvalue > 1), only PC1 and PC2 were retained for further analysis.

Table 4. Eigenvalues and explained variance ratios of the retained principal components (PC1 and PC2).

Principal Component Eigenvalue Variance (%) Cumulative (%)
PC1 7.630 69.4 69.4
PC2 1.577 14.3 83.7

The scree plot also supported this selection by showing a sharp decline after the second
component and a clear flattening trend for the remaining components (Figure 9). This
behavior indicates that most of the meaningful variation in the dataset is concentrated in
the first two components, while the contribution of the remaining components is limited.
Therefore, the retained two-component structure can be considered sufficient to interpret
the dominant response patterns of the drilling process in the studied hybrid architecture.

Scree Plot of Fz (top); ...; E_high (x10°)
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Figure 9. Scree plot of the principal components showing that PC1 and PC2 capture most of the variance.

The loading plot revealed that the layer-based Fz, Mz, and Ra variables were grouped
predominantly along PC1 with consistently positive loadings (Figure 10). This indicates
that PC1 mainly represents the mechanical load—surface quality axis of the drilling pro-
cess. In practical terms, this means that the increase in thrust force and torque is directly

https://doi.org/10.3390/polym18121434


https://doi.org/10.3390/polym18121434

Polymers 2026, 18, 1434

23 of 29

accompanied by a deterioration in surface quality across the top, middle, and bottom
layers. This result is fully consistent with the findings presented in Sections 3.1 and 3.4,
where unfavorable cutting conditions were characterized by simultaneously higher force,
moment, and roughness values together with more pronounced internal surface irregu-
larities. Therefore, PCA statistically confirms that the degradation of hole quality in the
studied hybrid structure is governed primarily by mechanical loading conditions. From
a physical viewpoint, the dominance of PC1 suggests that the hybrid structure responds
first and foremost through load-controlled machining behavior. This can be attributed
to the heterogeneous layer architecture of the PLA/17-4 PH/PLA configuration, where
differences in local stiffness, deformation resistance, and interfacial interaction directly
influence cutting resistance. As the drill passes through the layered structure, the resulting
variations in force and torque are reflected almost simultaneously in the generated surface
roughness. The fact that Fz, Mz, and Ra remain strongly grouped within the same principal
component shows that these responses are not independent, but instead form a coupled
mechanical-surface integrity domain.

Loading Plot of Fz (top); ...; E_high (x10°)

0.7 Tpax
0.6 { E_high (x10¢)

= 0.5;

=

=) 04'

=

g 0.3+ Ra (middle)

g 0.2 o

op

§ 0.1

] Fz (middle)

»w»  0.04 F2 (top)
-0.11 (bottom)
-0.2 1 Ra (bottom) o)

0.0 0.1 0.2 0.3 0.4

First Component

Figure 10. Loading plot of PC1 and PC2 showing the relationships among force, torque, surface
roughness, temperature, and vibration variables.

In contrast, PC2 was mainly dominated by Tmax and E_high, indicating that the
second component represents the thermal and dynamic response domain of the drilling
process (Figure 10). The separation of Tmax and E_high from the force-moment-roughness
cluster suggests that thermal accumulation and high-frequency vibration content contribute
to process variability through a secondary but clearly distinguishable mechanism. This
is an important outcome because it shows that temperature rise and unstable vibration
content do not act as the primary determinants of drilling quality on their own but rather
modify the response generated by the main mechanical load domain. In this sense, the
PCA findings support the interpretation made in Sections 3.2 and 3.3 that thermal effects
and vibration behavior should be evaluated as complementary response indicators rather
than isolated governing variables.

The score plot further showed that the experimental conditions were distributed dif-
ferently within the PC1-PC2 space (Figure 11), confirming that different cutting parameter
combinations produced distinct response patterns. Conditions associated with higher
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cutting loads and poorer surface quality tended to shift toward the positive side of PC1,
whereas more favorable drilling conditions were positioned in regions characterized by
lower mechanical loading and more balanced thermal-dynamic behavior. This clustering
behavior demonstrates that the combined evaluation of force, torque, roughness, tempera-
ture, and vibration provides a more comprehensive interpretation of drilling performance
than considering each response separately. It also indicates that the most favorable drilling
condition is not defined by a single minimum response value but by a balanced combination
of reduced mechanical loading and controlled thermal-dynamic effects.
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Figure 11. Score plot of PC1 and PC2 illustrating the distribution of the experimental conditions.

Overall, the PCA results provide multivariate support for the findings obtained from
the individual analyses presented in Sections 3.1-3.4. More importantly, beyond simply
confirming these trends, the PCA clarifies the hierarchical structure of the drilling responses
in the hybrid PLA/17-4 PH/PLA system. The machining behavior is governed primarily by
a dominant mechanical-surface integrity domain, while thermal effects and high-frequency
vibration components act as secondary modifiers of that response. This distinction is
valuable for interpreting hybrid drilling behavior because it shows that optimization of the
process should first focus on reducing mechanical load and preserving surface integrity,
while thermal and dynamic control should be considered as supportive refinements. There-
fore, the PCA not only validates the experimental observations but also strengthens the
overall interpretation of the machinability of the layered hybrid structure.

3.6. Generalized Findings, Practical Recommendations, and Future Perspectives

In order to provide a more integrated interpretation of the drilling behavior of the
hybrid PLA /17-4 PH/PLA structure, the main experimental findings were comparatively
evaluated in terms of mechanical loading, surface quality, thermal response, and vibration
behavior. The obtained results revealed that the drilling performance of the studied green-
state hybrid configuration was strongly governed by the combined influence of cutting
speed and feed rate. In general, increasing the feed rate intensified thrust force, torque, and
surface roughness, whereas increasing the cutting speed promoted a more stable drilling
regime with lower mechanical loading and reduced thermal accumulation. A generalized
summary of the main findings, practical implications, and recommended drilling conditions
is presented in Table 5.
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Table 5. Generalized summary of the main experimental findings and practical drilling recommenda-
tions for the hybrid PLA/17-4 PH/PLA structure.

Performance Indicator

Main Observed Trend

Practical Implication

Recommended Drilling
Condition

Thrust force (Fz)

Increased with feed rate and
decreased with cutting speed

Lower thrust force reduces
mechanical loading and
interfacial instability during
drilling

High cutting speed and low
feed rate

Torque (Mz)

Increased with feed rate,
especially in the 17-4
PH-containing middle layer

Lower torque supports more
stable material removal in the
heterogeneous drilling path

High cutting speed and low
feed rate

Surface roughness (Ra)

Increased with feed rate; PLA
layers showed higher Ra than
the middle layer

Low feed rate is essential for
improving hole-wall quality
and reducing surface tearing

170 m/min and 0.04 mm/rev

Temperature

Hole-entry temperature
remained limited, whereas
hole-exit temperature was

more sensitive to cutting

conditions

Thermal accumulation should
be controlled, especially near
the exit region

Higher cutting speed with
controlled feed

Vibration response

Overall vibration level alone
was insufficient;
high-frequency components
better reflected unstable
cutting behavior

Frequency-domain vibration
analysis should accompany
force and roughness
measurements

Conditions with reduced
high-frequency energy

Overall drilling performance

Best performance was
obtained at 170 m/min and
0.04 mm/rev; worst

performance at 80 m/min and

0.16 mm/rev

Optimal drilling requires
simultaneous control of load,
surface quality, thermal
response, and vibration
stability

170 m/min and 0.04 mm/rev

Based on the overall evaluation of the drilling outputs, the parameter combination

of 170 m/min and 0.04 mm/rev can be recommended as the most favorable drilling
condition within the investigated range, particularly for applications requiring lower
cutting load, improved hole-wall quality, and more stable dynamic behavior. In contrast,
the combination of 80 m/min and 0.16 mm/rev resulted in the least favorable drilling
response due to increased force generation, higher roughness, and less stable cutting
behavior. These findings indicate that the simultaneous control of cutting speed and feed
rate is critically important for preserving the surface integrity and machining stability of
layered hybrid structures produced by FDM.

4. Conclusions
In this study, the drilling behavior of an FDM-printed green-state PLA/17-4 PH

metal-filled /PLA layered structure was evaluated in terms of thrust force, torque, surface

roughness, temperature variation, vibration response, and internal hole surface integrity.

The main conclusions are as follows:

e Drilling performance was strongly governed by cutting speed, feed rate, and the
heterogeneous layered architecture. Increasing the feed rate increased thrust force,
torque, and surface roughness, whereas increasing the cutting speed generally reduced
these responses and promoted a more stable drilling regime.

e  The most favorable drilling condition was obtained at 170 m/min and 0.04 mm/rev,
while the least favorable condition was observed at 80 m/min and 0.16 mm/rev.
Under the best condition, the middle 17-4 PH-containing layer showed reductions of
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approximately 41.8% in thrust force, 56.5% in torque, and 25.6% in surface roughness
compared with the worst condition.

e Layer-based evaluations showed that the middle 17-4 PH-containing layer had the
highest cutting resistance, with Fz values ranging from 10.05 to 17.28 N and Mz values
from 7.19 to 16.53 N-cm. In contrast, the PLA layers exhibited higher surface roughness,
with Ra values of 12.8754-15.4465 pm in the top layer and 11.993-14.2962 um in the
bottom layer.

e  Thermal analysis showed that the hole-exit region was more critical than the hole-entry
region. While maximum temperatures at the hole entry remained within a narrow
range of 19.1-21.8 °C, the hole-exit temperatures varied more widely between 31.7
and 72.3 °C, indicating localized thermal accumulation near the exit zone.

e  Vibration results indicated that total vibration amplitude alone was insufficient to
explain drilling quality. High-frequency vibration components were more useful for
identifying unstable cutting behavior and should therefore be evaluated together with
force, torque, roughness, and temperature responses.

e  From a practical perspective, high cutting speed combined with low feed rate can
be recommended as an effective drilling strategy for green-state PLA /17-4 PH/PLA
hybrid FDM parts. This parameter window can help improve hole quality, reduce
cutting load, limit unstable vibration behavior, and enhance post-processing reliability.

e  The study does not claim that the hybrid structure is mechanically superior to mono-
lithic PLA or that the green-state 17-4 PH-containing layer behaves as a fully metallic
core. Rather, it clarifies the drilling response of a heterogeneous as-printed layered
structure and provides guidance for optimizing secondary machining operations of
multi-material FDM components.

e The focus on the green-state configuration is particularly important because such
structures may undergo secondary machining prior to debinding or sintering during
prototyping and hybrid manufacturing processes. In addition, similar polymer/metal-
filled /polymer sandwich architectures may have potential functional relevance for lo-
calized mass modification, magnetic response, electromagnetic interference shielding,
thermal moderation, and functionally graded prototyping; however, these applications
require dedicated experimental validation in future studies.

Overall, these findings provide practical guidance for selecting drilling parameters
in the post-processing of additively manufactured multi-material structures. In particular,
the results demonstrate that reliable hole quality in green-state PLA /17-4 PH/PLA hybrid
parts requires the simultaneous control of mechanical loading, thermal accumulation, vi-
bration stability, and surface integrity. Future studies should further investigate different
tool geometries, coated drills, cooling or lubrication strategies, alternative layer configura-
tions, and multi-objective optimization approaches to improve the machinability of hybrid
FDM structures.
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