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Abstract

This study investigates the machining challenges of fiber-reinforced composite materials
(FRCMs), focusing on carbon fiber-reinforced polymer (CFRP) plates, which exhibit high
abrasiveness, delamination tendency, and accelerated tool wear. Two solid carbide helical
end mills, designed for composite machining, were evaluated through helical interpolation
drilling. Acoustic emission signals were continuously acquired via a piezoelectric sensor
during standardized cycles, and tool wear was assessed using confocal microscopy and a
digital altimeter. Signal processing played a central role, combining energy-based metrics
and damage indices to identify the onset of wear and early delamination, enhancing the
understanding of tool degradation and improving machining reliability.
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1. Introduction

The growing use of fiber-reinforced composite materials (FRCMs), such as carbon fiber
reinforced polymer (CFRP), is driven by the demand for lightweight, strong, and energy-
efficient solutions in aerospace, automotive, sports, and marine industries. CFRP stands out
for its high strength, low density, and improved environmental impact, making it widely
used in the production of high-performance structural components. However, machining
these materials is considerably more complex than machining traditional metallic materials.
Unlike metals, which produce continuous and well-defined chips, composites generate
powder-like debris, as demonstrated in [1], requiring specific process precautions and the
use of appropriate personal protective equipment (PPE), such as special masks [2].

Thus, the machining of CFRP presents significant challenges, including accelerated
tool wear and delamination, due to the material’s heterogeneous and abrasive properties.
Various studies and current research efforts have prioritized the development of real-time
monitoring systems to mitigate these difficulties and improve manufacturing processes [3].

Tool wear is a critical issue in CFRP machining, mainly due to the abrasive nature
of carbon fibers. This abrasiveness causes edge rounding and wear on the cutting tool,
which increases cutting forces and negatively affects surface finish quality. To avoid direct
inspections, which increase machine downtime, real-time Tool Condition Monitoring (TCM)
systems based on indirect signal analysis have become a recommended industrial practice.
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Acoustic Emission (AE) has been widely applied in TCM systems, as the sound waves
generated by plastic deformation and friction offer valuable information regarding tool
wear. Studies [4,5] have shown that AE signals, particularly root mean square (RMS) values,
are effective for monitoring progressive tool wear and identifying signal anomalies.

In frequency-domain studies, ref. [4] observed that low and intermediate frequency
bands (30-110 kHz) are the most relevant for understanding wear during aluminum milling
using AE sensors, while higher frequencies (110-150 kHz) contribute less to this evaluation.
Moreover, new damage metrics, such as RMS deviation and correlation coefficient deviation,
have been proposed to quantify tool degradation and predict remaining tool life, an
approach that differs from traditional models. Integration with Artificial Intelligence (AI)
has become increasingly common, enabling real-time decisions on tool replacement or
regrinding, thereby extending tool life and enhancing productivity. The use of acoustic
frequency sensors aligns with Industry 4.0 principles, allowing real-time data acquisition,
cloud transmission, retrieval, and computational analysis.

One of the most critical problems in CFRP machining is delamination, particularly
during drilling operations. Delamination may cause cracking, reduce durability, or even
lead to premature failure of components. This defect occurs when cutting forces exceed the
interlaminar strength of the composite layers. There are different types of delamination,
such as peel-up (at the hole entry) and push-down (at the hole exit), typically caused by
drilling pressure and lack of support. As tool wear increases and the cutting edge dulls,
delamination becomes more severe. To mitigate this, alternative machining strategies have
been proposed. Studies demonstrated that drilling via helical interpolation using end
mills significantly reduces delamination and improves surface roughness control when
compared to conventional twist drills [5].

Acoustic Emission (AE) analysis has proven to be an effective method for identifying
damage in composite materials, enabling real-time tracking of damage evolution. Ac-
cording to [6], different failure modes produce AE signals with distinct amplitude and
frequency characteristics: matrix cracking tends to exhibit low amplitude and frequency,
whereas fiber breakage generates high-amplitude and -frequency signals. Delamination
and interfacial debonding fall within intermediate ranges. However, the authors of [7], as
referenced by [6], caution that this relationship is not always linear and recommend the
use of complementary in situ techniques, such as Digital Image Correlation (DIC), to more
accurately determine the signal sources. Advanced signal analysis also plays a crucial role.
Ref. [8] demonstrated a deep learning technique that combines the Wigner—Ville Distri-
bution (WVD) and Convolutional Neural Networks (CNNSs) to automatically distinguish
between delamination and microcracks in CFRP, achieving high classification accuracy.
Wavelet Transform (WT) has also shown promise in identifying damage mechanisms in
composite materials.

Despite the extensive research on machining processes for composite materials, there
are still knowledge gaps regarding tool behavior, particularly in understanding how wear
evolves and how it relates to interlaminar separation within the material. Monitoring
and controlling wear mechanisms such as edge rounding, cracking, and chipping at the
cutting edges are essential for estimating tool life and reducing operational costs and
product defects. In this context, the present study proposes an experimental approach
based on helical interpolation using solid carbide end mills for drilling CFRP plates. In
addition to wear characterization through confocal microscopy and profilometry, the work
investigates the use of acoustic emission signals, captured by a piezoelectric sensor, as a
non-intrusive method for monitoring tool integrity and detecting early signs of delamina-
tion. The results contribute to the advancement of tool condition monitoring and process
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optimization in the machining of composite materials, with significant implications for
advanced manufacturing industries.

2. Material and Methods

For this study, 5 mm-thick plates made of CFRP were used, acquired with funding
from the School of Engineering of Sao Carlos (EESC-USP). These plates consist of an
epoxy resin reinforced with a 3K 2 x 2 twill weave carbon fiber fabric. Their mechanical
properties, measured according to ASTM standards, are as follows: flexural strength of
700 MPa (ASTM D-790) [9], tensile strength of 40 GPa (ASTM D-638) [10], and hardness of
60 Barcol (ASTM D-2583) [11].

Two solid carbide end mills with a helical design and four cutting edges were em-
ployed, both with a diameter of 10 mm:

e Tool 1A: DEMK—titanium carbonitride coated, @10 x 100 L, 4-flute.
o  Tool 2A: B&D—tungsten/steel, 310 x 100 L, 4-flute.

Both tools operated under identical machining conditions, with a fixed spindle speed
of 7000 rpm, a feed rate of 500 mm/min, and an axial depth of cut (ap) of 2 mm per
revolution, applying the climb milling strategy, as recommended for composite materials.
The milling process was performed using helical interpolation on a ROMI D400 machining
center equipped with a GE FANUC Series 08-MATE-MB CNC system. The interpolation
path was defined by a 2.5 mm radius in the X and Y axes, generating holes with a 15 mm
diameter. The feed motion along the Z-axis was set at 1 mm per revolution.

Dry machining was employed, and chip evacuation was achieved through a vacuum
extraction system. Tool wear was evaluated after every 80 holes. The CFRP plates were
mounted on a carbon steel base, designed to allow tool clearance without structural inter-
ference. This base was installed on a polyurethane (PU) support, which was fixed to the
machine table using locknuts and positioning keys. The complete operational diagram is
shown in Figure 1.
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Figure 1. The milling process diagram.

The system records the acoustic signals emitted before, during, and after the onset
of machining, based on a voltage threshold trigger, ensuring accurate detection of events
associated with tool wear or delamination.

Before machining, the cutting tools were measured using a TESA micro-hite M600
digital height gauge and scanned with an Olympus OLS 4100 confocal laser microscope
to obtain the initial geometry of the cutting edges (Figure 2. Tool measurements to check
for wear).
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Figure 2. Tool measurements to check for wear.

During the process, acoustic emission (AE) data were collected at intervals of every
80 drilled holes. After each cycle, the tools were re-evaluated using the confocal microscope
to assess flank wear and edge degradation.

Each CFRP plate allowed for the execution of three machining cycles, totaling
240 holes per plate.

According to tool supplier recommendations, the best results in machining carbon
fiber composite plates are obtained when the cutting orientation is defined in the conven-
tional (up-milling) direction. Therefore, a spindle speed of 7000 rpm was adopted, and
the feed rate was divided into three stages: (i) in the initial stage, corresponding to the
hole entry (first millimeter of plate thickness), the feed rate was set at f = 640 mm/min,
which corresponds to fz = 0.02 mm/tooth; (ii) in the intermediate stage, covering the
central three millimeters of the plate, the feed rate was increased to f = 1680 mm/min
(fz = 0.06 mm/tooth); (iii) and, finally, in the last millimeter of thickness (hole exit), the
same entry feed rate was applied again.

The vertical feed (Z-axis) was set to 1 mm/rev, while the interpolation in the X and Y
axes followed a 2.5 mm radius path, forming a 15 mm diameter at the tool’s periphery.

The cutting path is defined by the following equation:

L nd3  md2

TC =

= = =0 =0. 15 = 0.235 mi 1
V7 = 680 T 610 0.085 + 0.15 = 0.235 min )

Thus, the cutting length per hole is 235.6 mm, and the cutting time per hole is 14.1 s.
Dimensional and acoustic frequency data were collected every 80 holes machined. There-
fore, data acquisition occurs every 18,848 mm of accumulated cutting length, with a total
cutting time of 1128 s (or 18 min and 48 s). The machining process was carried out dry, and
the debris was removed using a vacuum suction system.

Each set of 80 holes defines one machining cycle. Given that each carbon fiber plate
can accommodate 160 holes, it was possible to perform two full cycles per plate. At the end
of the experiment, a total of 240 holes were machined per tool, corresponding to the use of
three CFRP plates per tool.
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3. Results

The results obtained are presented in two sections: hole delamination and acoustic
mapping—for comparative analysis between the tools.

3.1. Hole Delamination

The analysis of tool deterioration was carried out using high-precision equipment.
With the TESA micro-hite M600 digital altimeter, a reduction in tool height was observed,
indicating wear on the frontal face. Additionally, the Olympus OLS 4100 confocal micro-
scope enabled detailed mapping of wear on the lateral flank and cutting edge, revealing
rounding and gradual deterioration of the edges.

It was noted that wear is more pronounced along with the tool periphery, gradually
decreasing toward the center. This pattern aligns with the theoretical relationship between
cutting speed and wear: since tangential velocity is higher at the tool’s edge, wear tends
to be more severe in this region. As the contact point approaches the tool center, cutting
speed decreases, resulting in lower wear rates.

Measurements revealed cutting-edge wear ranging from 0.02 mm to 0.06 mm in the
carbide end mills. Localized chipping was also observed on some tool blades, although the
trend of decreasing wear from the outer to the inner region remained consistent.

Studies conducted reported the occurrence of defects during drilling operations, such
as cracks, delaminations, and fiber displacements, particularly at the tool entry and exit
points [1-8,12]. In comparison, the components produced in the present study exhibited
smaller delaminations and demonstrated improved control during the tool’s entry and exit,
resulting in reduced surface roughness.

Figure 3 below illustrates the preliminary delaminations identified in the present study.

Figure 3. Delaminations resulting from the tool exit during the operations.

3.2. Acoustic Mapping

The acoustic signals were analyzed using the MATLAB 2024b environment, enabling
the construction of acoustic maps that were correlated with the corresponding levels of tool
wear. This methodology involved the visual categorization of spectral data to distinguish
between the two tested tools (Tool 1A and Tool 2A) and to track the evolution of wear across
machining cycles, segmented into intervals of 80, 160, and 240 holes. Figure 4 illustrates the
signal pattern captured during the initial holes with a new tool, while subsequent figures
compare signals obtained with worn tools, evidencing how signal magnitude decreases
for Tool 1A due to edge rounding, while conversely increasing for Tool 2A in response to
process instability and severe friction.
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Acoustic Emission Signals (Tools 1A and 2A)
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Figure 4. Signal pattern captured during the initial holes.

After every set of eighty holes machined with each tool, the tools were re-
characterized, and a new acquisition of acoustic emission signals was performed. The
data were processed and stored for subsequent analysis. Figure 5 demonstrates a com-
parison of the signals. Following each at of 80 holes, additional tests were conducted to
capture acoustic emissions and to measure tool dimensions, to assess flank wear and
cutting-edge degradation.
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Figure 5. Comparison of Acoustic Emission signals from tools 1A vs. 2A.

Figure 6 illustrates that the mills exhibit energy concentrations in specific areas of the
spectrum, particularly below 100 kHz and between 200 and 300 kHz, indicating that the
cutting process produces characteristic frequency responses within these bands. Tool 1A
shows a trend of gradual reduction in the strength of dominant frequencies as the number
of drilled holes increases. This decline in magnitude, especially noticeable after 240 holes,
suggests progressive wear of the drill and a loss of cutting ability, resulting in less intense
acoustic emissions. Such behavior may be associated with the rounding of the cutting
edge and the dulling of the drill tip, leading to smoother cutting and, consequently, lower
acoustic energy generation.
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Figure 6. Energy concentration in specific areas.

In contrast, tool 2A exhibits an opposite trend. As the number of holes increases, the
intensity of the emitted sounds also rises, reaching its peak after 240 holes. This indicates
that tool wear has led to increasing instability in the machining process, possibly due
to microcracks in the cutting edge, heightened friction, or surface irregularities on the
tool. These effects intensify the emission of high-energy sound waves, reflecting a more
aggressive wear behavior.

When comparing the two mills, it is evident that tool 2A produces higher emission
amplitudes within the same frequency ranges compared to tool 1A, particularly in the final
stages of milling. This difference suggests that tool 2A experiences a faster wear rate or
lower wear resistance in comparison to tool 1A.

In Table 1, it can be observed that Tool 1A exhibits a decline in efficiency, evidenced by
areduced generation of acoustic emission signals, which is attributed to tool wear diminish-
ing the cutting aggressiveness. In contrast, Tool 2A demonstrates that tool wear increases
friction or instability during machining, leading to higher magnitude peak responses.

Table 1. Comparison of Acoustic Emission (AE) Results and Wear Trends for Tools 1A and 2A.

Tool N° of Holes Frequency (kHz) Normalized Magnitude
1A 80 100 0.35
1A 160 100 0.28
1A 240 100 0.22
2A 80 100 0.42
2A 160 100 0.58
2A 240 100 0.71
1A 80 250 0.29
1A 160 250 0.21
1A 240 250 0.15
2A 80 250 0.48
2A 160 250 0.63
2A 240 250 0.89

The spectral representation in Figure 7 is an overlay of the Acoustic Emission (AE)
signals from the two tools, where the Blue and Orange/Red colors distinguish the frequency
spectra of Tool 1A and Tool 2A, respectively. Visual analysis demonstrates that the 370 kHz
peak is predominantly associated with Tool 2A (Orange/Red), indicating that this tool is
the primary source of the observed dynamic instability. This behavior corroborates the
wear trend of Tool 2A, which, as previously discussed, results in increased friction and
higher magnitude peak responses, in contrast to Tool 1A, whose frequency spectrum (Blue)
exhibits a more contained magnitude, reflecting the reduction in cutting aggressiveness
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due to edge rounding. The concentration of energy at this specific frequency suggests the
occurrence of a resonance or vibration phenomenon induced by severe wear, which serves
as a critical indicator for tool condition monitoring.
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Figure 7. Indication of instability associated with tool wear.

4. Conclusions

This project concludes with the presentation of findings regarding how tool wear
affects cutting performance, alongside the analysis of acoustic emission and surface quality
in drilling operations on carbon fiber composites using a helical interpolation strategy.

The evaluation of wear in solid tools proved to be both relevant and promising,
addressing gaps highlighted in several recent studies, particularly considering the inherent
peculiarities of machining composite materials, which differ substantially from traditional
metallic alloys. The powder-like chips and the high abrasiveness of the material resulted
in accelerated tool degradation, evidenced by premature polishing and rounding of the
cutting edges, most notably in the peripheral region, where tangential speed reaches its
peak. This wear pattern, concentrated at the edges of the tools, reinforces the established
relationship between cutting speed and wear observed throughout the study.

Acoustic mapping, in turn, demonstrated a strong correlation with the progressive
deterioration of the tools. Frequency patterns associated with increased sound emission
were identified as the tools lost their integrity, providing concrete support for the use of
acoustic emission monitoring as a reliable indicator of tool condition. This approach is
especially useful for predictive maintenance strategies, whether through direct operator in-
tervention or automated systems equipped with artificial intelligence. The time—frequency
transformations employed in signal processing proved effective in detecting behavior
changes related to tool wear and may be integrated into real-time monitoring systems in
the future.

Additionally, the assessment of delamination in machined parts indicated that the heli-
cal interpolation technique is effective in reducing and controlling defects both at the entry
and exit points of the tool. The delaminations observed were significantly less pronounced
than those typically reported in conventional drilling processes, such as those performed
with helical drills. This finding paves the way for further investigations, including the
quantification of delamination using digital scanning and subsequent correlation with wear
data and acoustic emissions.

The project highlights that machining composites using helical interpolation, combined
with acoustic emission monitoring, represents a viable and promising strategy for both
extending tool life and optimizing hole quality. The results provide a solid foundation for
future research aiming to integrate sensors, adaptive control, and artificial intelligence into
the production environment of composite material manufacturing.
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