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impact of coating cutting tools with a TiAlTaN film deposited at two different bias
voltages, =90 V and —135 V, and its relationship with cutting forces, surface
roughness, and overall performance when machining AISI P20 steel. The choice of
AISI P20 steel was deliberate, considering its widespread use in the mould
manufacturing industry and the machining challenges posed by its mechanical
properties. Throughout the study, during the machining process, the cutting forces
in the three axes were measured, as well as the surface roughness of the AISI P20
steel after machining. A correlation was made between the cutting forces obtained
and the roughness of the machined surface, considering the coated tools using bias
of =90 V and —135 V. The results show that increasing bias level during the coating
deposition has a positive effect on the tool machining performance. Also, there was
a correlation between the cutting forces during the machining process and the
surface roughness of the machined AISI P20 steel. The coated tool with =135 V
bias induced lower cutting forces, in line with the lower roughness shown on the
machined surface, when compared to the coated tool with —90 V bias.

Keywords: bias voltage; coated tools; TiAlTaN; tool wear; AISI P20 steel; milling;
hard coatings; surface roughness; sustainable manufacturing

1. Introduction

Despite the continuous developments and innovation of new manufacturing processes, the injection mould
industry remains a fundamental pillar in today’s industry, responsible for more than 30% of plastics produced [1],
ensuring a mass-scale production with high-quality standards. Therefore, to endure a competitive manufacturing
technology and to stay aligned with the developments of the market, the injection moulding industry needs
continuous improvement [2—4], providing solutions that bring sustainability into the process and quality
improvement being appreciated, especially by the modern industry [5,6].

Thus, researchers are trying to develop technologies that enhance the mold manufacturing process, causing
a positive impact on the life cycle of the plastic injection industry. Therefore, in the last years, thin films have been
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studied to be applied by PVD (Physical Vapour Deposition) or CVD (Chemical Vapour Deposition) in end mill
tools as a coating [7,8] to enhance their mechanical properties and the moulds surface quality. TiN, TiCN and
AITiN films are usually characterized for their wide application on tools, configuring properties such as high
hardness, thermal resistance and wear endurance [9—11], similar to other hard surface coating such as boriding
which has recently being studied extensively to improve tribological properties of various additively manufactured
alloys [12-16]. Increasing the tool lifespan and the machining performance, better results in terms of surface
quality of moulds can be achieved, by a reduction on the vibrations faced by the tool during machining [17-19].
Despite the results achieved by TiN, TiCN and AITiN, researchers have taken a step forward by adding doping
agents such as Si, Cr, Ta, Y to obtain coatings capable of providing even better machining performance [20-24].
This is an aspect of extreme relevance since moulds are manufactured with pre-treated steels, like the AIST P20,
which are associated with machining challenges due to their high strength and thermal properties [25].

The bias voltage constitutes a parameter that directly impacts the mechanical properties and morphology of
deposited coatings, driving researchers to thoroughly explore the bias influence on the coating properties and
consequently on the machining performance [26,27].

Dias et al. [28] applied a direct current that increases from —60 V to —100 V, and with a voltage step to 140
V during the deposition process to ensure the adhesion of the substrate on the tool, demonstrating that bias
influence the content of Ta on TiAlTaN coatings and the respective hardness. Pfeiler et al. [29] had researched the
influence of bias voltage on the tribological properties of TiAlTaN coatings. Moreover, tribological properties
improve due to the phase structure transformation pushed by the bias voltage. On TiAIN based coatings, Cao et al.
[30] revealed that with the increment of the bias voltage, the coating atom orientation changes from (200) plane to
(111), achieving better results for 75 V, exhibiting 30.3 GPa hardness. For similar hardness levels, Sui et al. [31]
in their study, demonstrated that for higher values of Ta, the films possess a columnar structure with superior
refinement and higher compactness, influencing the hardness of the coating, achieving values for 31.2 GPa for y
=0.21 Ta content. Sun et al. [32] doped TiAIN substrates with Ta and Si, applying before the deposition process
an Argon-ion-etching method using —170 V bias voltage and then depositing the coating at —40 V, resulting in
Ti0.42Al0.43S10.00Tao 06N better thermal stability and hardness of 37.9 GPa. In other hand, Liu et al. [33] adopted a
different strategy by using two different bias cycles to coat the tools, on the first, the values assume 100 V and in
the second 150 V and 175 V for a different holding time, concluding that different strategies impact the tribological
properties of TiAIN and TiAISiN coatings. Not adopting distinct cycles, but the same cycle for different bias
voltages, Elmkhah et al. [34] reported bias voltage influence in the mechanical properties variation within the
TiAIN coating, achieving better results for —100 V. Zhao et al. [35] studied the bias voltage influence on the
milling performance of Tig33Alo67N coated tools, concluding that —40 V is the film that presents higher toughness,
which makes the film more resilient to crack propagation. In contrast, for higher bias voltages, —120 V, the coating
has superior hardness and plasticity. Comparing the two results, the author demonstrated that resistance to crack
propagation is more effective in achieving better milling performance. Despite the widespread use of TiAlTaN
coatings in machining, few systematic studies have evaluated the influence of bias voltage on the resulting
machining performance during PVD deposition, particularly regarding cutting forces and surface roughness. Most
existing studies focus on composition or general deposition parameters, leaving the specific role of bias voltage
under-explored. As tool lifespan is directly linked to machining quality and sustainability, understanding the effect
of bias voltage is scientifically and industrially significant. The objective of this study is to correlate the
performance of cutting forces and surface roughness under different levels of bias, using milling tools coated with
TiAlTaN.

2. Methodology and Materials

2.1. Machining process, Material and Tooling

In the machining process, a 5-axis DMU 60 eVo CNC machining centre, manufactured by Deckel Maho, was
employed. For the experimental setup, two sets of five tools were used in conjunction with a lubricating fluid,
Alusol SL 51 XBB, comprising 7% oil and 93% water, with the purpose of mitigating adhesive wear phenomena.
The use of this lubricant contributed to reduced tool wear and enhanced the surface finish quality of the AISI P20
steel, leading to a decrease in surface roughness and cutting temperature. Regarding the cutting parameters, the
following conditions were established: 0 metres to 10 metres cutting length with increments of 2 metres, keeping
constant cutting speed (Vc) at 125 m/min, feed rate (Vf) at 716 mm/min, depth of cut (ap) at 0.05 mm, and cutting
width (ae) at 3 mm. Figure 1 shows the CNC setup used in the tool tests, setup of the Kistler® (i) dynamometer
and (ii) stator and the (iii) workpiece AISI P20 material.
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(1) Kistler Stator

(ii) Kistler Load Cell

(iii) AISI P20 Steel

Figure 1. CNC machining set-up during the milling operation in the AIST P20 steel.

During the machining process, the cutting forces were measured using a KISTLER 9171A component
dynamometer coupled to a KISTLER 5697A1 data acquisition system. This setup allowed to measure the forces
in the X, Y, and Z directions, as well as the torque (Mz), to be recorded using dedicated software. The equipment
was mounted on the spindle of the CNC machining center with the appropriate tool clamping system.

This study seeks to help the industry, namely the plastic molding industry. For this reason, AISI P20 steel
supplied by Moldit Industries®, Oliveira de Azeméis, Portugal, was used. This material is widely used in the
manufacture of molds. Thus, this work aims to contribute to the optimization of machining parameters to improve
tool lifespan or improve machining processes, in an industrial context. The AISI P20 Steel, in its chemical
composition, contains 0.45% C, 0.40% Si, 1.60 Mn, 0.030 P, 0.035 S, 2.10 Cr, 0.25 Mo and 1.20 Ni. Also, the
block of steel used measured 150 mm x 200 mm x 200 mm and mechanical properties of Young’s modulus, 205
GPa (T =20 °C); hardness: 290 HB-330 HB. Capable of performing machining operations in high-strength steels,
the WC-Co grade 6110 cemented carbide end mill was used (Figure 2), characterized for possessing four cutting
edges with a 35°/38¢ helix angles, and a corner radius of 0.25 mm. To proceed with the objective of this study, the
tools were coated using a CC800%/9 ML CemCon PVD reactor by Durit Coatings®, Coimbra, Portugal, with the
application of unbalanced magnetron PVD DC sputtering technology for a bias of =90 V and —135 V, together
with targets containing 8% of Ta as dopant, achieving a relation between hardness and Young’s modulus of
0.04452 and 0.046135, for —90 V and —135 V, respectively. The average thickness obtained from the coatings on
the tools was 3.5 pm.

Figure 2. WC-CO grade 6110 carbide milling cutter tool.

Table 1 presents the main dimensions of the tools used during the tests.

Table 1. Main dimensions of the cutting tools [mm].

Shaft

Diameter Diameter Length of Cut Total Length Diameter Release Releasing Length Coner Radius Flutes
Dl D2 L2 L1 D3 L3 ER Z
4.00 6.00 11 57 3.70 21 0.25 4
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2.2. Analysis of Machined Surface Roughness

To identify the cutting parameters that best suit the tools employed in this study, balance process efficiency
and reduced wear, such as scratch of tool surface, a cut-off value of 0.8 mm and a measurement length of 5.6 mm
were used to record the average surface roughness. Measurements were carried out using a Mahr Perthometer M1
profilometer (Mahr, Gottingen, Germany), under the relevant standard ISO 4288:1996 [36], thereby ensuring the
reliability of the results.

2.3. Tool Wear Analysis Using Optical Microscopy

Tool wear analysis, like Flank wear, chipping, and scratch of tool, was conducted using a Dino-Lite® Edge
digital microscope (model WF4915ZT), capable of up to 220x magnification, following the procedures outlined
in the ISO 8688-2 standard [37].

3. Results and Discussion

To assess the tools’ performance during the milling of AISI P20 steel, their deterioration was carefully
examined through the analysis of images obtained via optical microscopy. Table 2 presents top-view images of
both coated tools with =90 V and —135 V bias at various cutting length intervals.

Table 2. Optical microscope images of the tools after milling.

Tool Deterioration
Phenomena

TiAlTaN Bias —90 V Tools TiAlTaN Bias —135 V Tools

Non-machined tools

Cutting length [m]

TiAlTaN Tool, bias —90
V, with 4 m cutting
length:
Localized chipping.

TiAlTaN Tool, bias
—135V, with 6 m cutting
length: Localized flank
wear.

Cutting length [m]

TiAlTaN Tool, bias —90
V:
several chipping.

TiAlTaN Tool, bias
—135V: Localized
chipping.

Cutting length [m]
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Upon analysis of the results obtained, a clear progression of tool wear throughout the machining operation
can be observed. However, this wear does not occur at a constant rate. A detailed examination of the tools across
different cutting length intervals (0—2 m, 0—4 m, 0-6 m, 0—8 m, and 0—10 m) reveals that, for the tool coated at a
=90 V bias, the wear rate is more pronounced within the 0—4 m interval. In contrast, for the tool coated at =135 V,
the wear rate is more significant over a longer range, specifically from 0—6 m.

Comparing the two coatings, higher cutting forces were observed for the coating produced with a bias of =90
V. This phenomenon may be attributed, in the author’s view, to an initial adaptation period between the AISI P20
steel tool and the characteristics of the tool coating. It may be at this stage, when the edges are broken, that the
cutting process becomes more unstable. After this accommodation phase, wear rate becomes more gradual for
both tools. In addition to this factor, as noted by other authors, lubricating oxides tend to form on the tool surface
only at elevated temperatures [24]. This may further explain the variation in wear rates, as the tool gradually heats
up during machining and may eventually reach the temperatures necessary for oxide formation.

Regarding the influence of bias voltage on tool wear, it can be stated that a bias voltage of =135 V results in
lower overall wear. This is supported by the comparative images of tool wear at the end of testing, Table 2, which
show that the cutting edges of the tool coated at —135 V are better preserved compared to those of the —90 V coated
tool. This suggests that higher bias voltages may enhance tool lifespan. The likely reason behind this behaviour
lies in the fact that films deposited at higher bias voltages exhibit a higher hardness/Young’s modulus ratio (as
described in the methodology section), which directly influences wear mechanisms.

When comparing the two tools, abrasive wear of the coating was observed in both cases; however, chipping
was more frequently encountered during the operation of the =90 V coated tool. This aligns with the lower hardness
to Young’s modulus ratio associated with the =90 V coating in comparison to the —135 V. The values related to
cutting forces resulting from the tests are presented in Figure 3. In Figure 3a the cutting forces can be seen with a
coated tool with a bias of =90 V and Figure 3b with a coated tool with a bias of =135 V.

Following the previously outlined methodology, the cutting force values were computed and graphically
represented following the acquisition of cutting forces data from the cutting tool. Preliminary analysis of the
resulting plots suggests that cutting forces are influenced by the extent of tool wear and the type of coating applied.

Figure 3a shows that for the TiAlTaN-coated tool at a bias voltage of —90 V, the evolution of cutting forces
is nonlinear, mirroring the tool’s wear progression. Initially, a cutting force of 16.8 N is recorded, gradually
increasing to around 18 N before reaching a peak value of 21.49 N. A slight decline is then observed, stabilising
at approximately 20.99 N over the subsequent 250 s. This trend can be explained by examining the observed wear
mechanisms. The initial increase in force up to 18 N corresponds to an adaptation phase between the tool coating
and the AISI P20 workpiece material, during which abrasive wear predominates.

After analysing Figure 3a, it can be seen that a more accelerated wear process is initiated, most notably
between 200 and 400 s. However, the mechanical consequences only become apparent after this time. The
cumulative effects of abrasion and coating chipping contribute to the abrupt increase in cutting force as the cutting
edges of the tool become dull and material begins to detach. Following this degradation phase, the cutting force
profile stabilises between 400 and 600 s, which is consistent with a post-critical wear regime in which the tool has
experienced significant degradation.

Regarding the tool coated with TiAlTaN at a bias voltage of =135 V, Figure 3b, the cutting force behaviour
exhibits a broadly similar trend to that of the —90 V tool, albeit with notable differences. Initially, a cutting force
of 14.3 N is recorded, followed by a gradual increase to 14.68 N after 60 s. Over the subsequent 300 s, the cutting
force continues to rise progressively, reaching approximately 15 N. This is followed by a more pronounced
increase, peaking at 16.5 N, preceded by a slight drop of 0.5 N. After this point, the cutting force stabilises.

A direct comparison of the two tools shows clear differences in both the magnitude of the cutting forces and
their rate of evolution over time. Regarding wear progression, the tool coated at —135 V showed a more gradual
increase in cutting forces throughout the test. Furthermore, during the time interval in which both tools experienced
the most significant wear, the —135 V coated tool did not display as sharp a rise in cutting force. This behaviour is
primarily attributed to the dominant wear mechanisms at the tool edges. In the case of the —135 V tool, chipping
was less frequent, and abrasive wear was the predominant mode. Additionally, when comparing the initial and
final cutting force values, the increase observed for the —135 V tool was only 1.7 N. In contrast, the =90 V tool
exhibited a rise of 4.17 N, three times more than the —135 V tool. This finding is consistent with the conclusions
previously outlined in this study, which indicated a higher degree of final tool wear for the —90 V, attributed to the
differences in mechanical strength and hardness of the respective coatings.

The surface roughness of the AISI P20 steel was measured at the end of each 2-metre cutting length interval
to assess the impact of the performance of each end mill on the surface quality of the machined component.
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As can be seen in Figure 4, the surface roughness values were consistently lower for the tool coated at a bias
voltage of —135 V. Examining the roughness evolution throughout the test revealed a similar trend for both tools.
Initially, a roughness value was recorded for the first interval, followed by a decrease in roughness in the second
(2—4 m) interval. In subsequent intervals, roughness values increased progressively, ultimately reaching higher
final values.
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Figure 3. (a) Tool with TiAlTaN coating —90 V bias, 0-10 Cutting lengths [m]; (b) Tool with TiAlTaN coating
—135 V bias, 0-10 Cutting lengths [m].

From a correlation standpoint, a direct relationship between the evolution of surface roughness and cutting
forces is evident. As shown in Table 3, the total increase in roughness occurred predominantly between 0—4 m for
the =90 V tool, and between 0—6 m for the —135 V tool. Furthermore, consistent with the cutting force trends, the
most significant increase in roughness for the 90 V tool was observed between 2—4 m. In contrast, the tool coated

https://doi.org/10.53941/jmem.2025.100007 6 of 10



Pinto et al. J. Mech. Eng. Manuf- 2025, 1(1), 7

at—135 V demonstrated a more gradual increase in surface roughness across the 2—6 m interval, which is consistent
with a more progressive wear mechanism.
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Figure 4. Roughness values during test for TiAlTaN —90 V and TiAlTaN —135 V coatings.

Table 3. Average values of Ra and maximum cutting force regarding the three tools tested for TiAlITaN —90 V and
TiAlTaN —135 V coatings.

. TiAlTaN —90 V TiAlTaN —-135 V
C;lttmg Iiength Maximum Cutting Maximum Cutting
nterval [m] Ra [pm] Force [N] Ra [pm] Force [N]
0-2 0.341 16.82 0.293 14.68
04 0.292 17.98 0.273 14.93
0-6 0.333 20.48 0.309 15.03
0-8 0.357 21.42 0.316 16.07
0-10 0.369 20.99 0.331 16.38

Based on this roughness evaluation, it can be concluded that films deposited at —135 V bias exhibit superior
performance compared to those coated at =90 V. This improves the surface finish of the machined material AISI
P20 and contributes to longer tool lifespan. The results obtained in this study are consistent with previous findings,
particularly those reported by Pinto G. [27] and Baptista [26]. Both studies investigated the influence of bias
voltage on TiATYN and TiAlTaN coatings: Pinto G. used DC sputtering while Baptista used the HiPIMS technique.
In both cases, a bias voltage of —135 V was identified as the optimal parameter, resulting in denser and harder
coatings, improved adhesion, and lower surface roughness. These coatings also exhibited better resistance to
friction and reduced wear, while maintaining the crystalline structure of the thin film. Additionally, Pinto G. also
tested different cutting speeds and found that the highest speed (125 m/min) resulted in improved tool performance.
Andresa Baptista evaluated the influence of feed rate during machining and observed similar trends in tool
performance. These consistent results reinforce the critical role of bias voltage in enhancing coating properties and
machining performance, regardless of the deposition technique employed. Also, the results presented in this study
demonstrate that adding the Ta dopant to the TiAIN base coating improves cutting forces and increases tool
lifespan, according to Tillmann et al. [38].

4. Conclusions

This study allowed the correlation between cutting performance and surface roughness to be investigated
under different preloads using TiAlTaN coated end mills. By acquiring the cutting forces, it was confirmed as
expected, these increases occur throughout the machining cycle. However, it became evident that the tool coated
at —135 V consistently exhibited lower cutting force values compared to the —90 V variant. This finding aligns
with observations made via optical microscopy of the tool cutting edges, which revealed more severe wear and a
greater occurrence of chipping in the —90 V tool. This degradation leads to a reduction in cutting efficiency, as the
worn edges become less sharp and less effective in removing material, particularly critical when machining
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challenging materials such as AISI P20 steel. By correlating the wear rate with cutting force evolution, it can be
concluded that the —135 V coated tool offers a longer lifespan and superior cutting performance.

These mechanical advantages translated directly into surface quality improvements, as shown by the surface
roughness analysis. Specifically, the —135 V coated tool produced a lower final surface roughness of 0.331 pm
Ra, compared to 0.369 pm Ra for the =90 V tool. Therefore, in machining operations where surface finish is a
critical performance parameter, the use of TiAlTaN coated tools deposited at a —135 V bias voltage is strongly
recommended.

For future work, it would be interesting to evaluate a wider range of polarisation voltages. When working
with higher voltages in a module, attention must be paid to the crystalline structure. Amorphous structures should
be avoided because they lose their mechanical properties, which weakens the thin film.
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