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ABSTRACT

This study presents a non-invasive and affordable monitoring system to estimate the electrical current demand
during the milling of acrylic and expanded PVC, with and without the use of cutting fluid. The proposed
system consists of an Arduino® board integrated with an SCT-013-000 electrical current sensor, an RTC-
DS3231 shield, and an SC Card shield, which perform the measurement and storage of the electrical current,
values collected directly from the power cable of the Router Spindle TVS.1ZM3.12. Data were collected in a
machinability test, where different concentrations of cutting fluid and cutting parameters (cutting speed and
feed rate) were evaluated. Outputs included surface roughess, electrical current consumption, chip shape and
tool wear. The results were statistically analyzed using analysis of variance (ANOVA), revealing that the
different factors have individual effects on electrical current consumption. It was observed that tool wear
contributed to an increase in the main motor’s consumption. Additionally, the reduction in electrical current
consumption with the use of cutting fluid indicates a decrease in friction between the tool and the workpiece.

keywords  Arduino, cutting fluid, acrylic, PVC

RESUMO

Este estudo apresenta um sistema de monitoramento nao invasivo e acessivel para estimar a demanda de
corrente elétrica durante o fresamento de topo de acrilico e PVC expandido, com e sem o uso de fluido de corte.
O sistema proposto consiste em uma placa Arduino® integrada a um sensor de corrente elétrica SCT-013-000,
um mdédulo RTC-DS3231 e um médulo SC Card, que realizam a medigdo e o armazenamento dos valores
de corrente elétrica coletados diretamente do cabo de alimentagdo do Router Spindle TVS.1ZM3.12. Os
dados foram coletados em um teste de usinabilidade, onde foram avaliadas diferentes concentrag¢des de fluido
de corte e parametros de corte (velocidade de corte e avango). As saidas incluiram rugosidade superficial,
consumo de corrente elétrica, formato do cavaco e desgaste da ferramenta. Os resultados foram analisados
estatisticamente por meio de andlise de variancia (ANOVA), revelando que os diferentes fatores tem efeito
individual no consumo de corrente elétrica. Observou-se que o desgaste da ferramenta contribuiu para o
aumento no consumo do motor principal. Além disso, a reducdo no consumo de corrente elétrica com o uso
do fluido de corte indica uma diminuicdo no atrito entre a ferramenta e a peca.
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Introduction

Machining of polymers by computer numerical control (CNC) still maintains several advantages compared
to emerging layer-by-layer manufacturing technologies. However, some limitations, especially those related
to intricate geometric details that cannot be easily milled, may pose challenges in tool production (Volpato &
Amorim, 2011). As pointed out by Campos et al. (2015) and Gnatowski et al. (2023), engineering plastics
are generally amenable to milling, cutting, drilling, grinding, and polishing operations, thus possessing the
capability to undergo all common machining steps applied to metallic materials. Campos et al. (2015) further
notes that machining tools used in plastic product manufacturing processes exhibit geometries comparable to
those used in machining non-ferrous materials such as wood, as there have not yet been specific technological
developments directed towards machining tools for plastic materials.

The monitoring of cutting tool condition is crucial in manufacturing systems and intelligent manufacturing
(Prickett & Johns, 1999; Wang et al., 2021). Through a monitoring system, operators can obtain accurate
information about the actual wear state of cutting tools, reducing the economic impacts resulting from
potential tool breakage or the deterioration of product quality due to tool wear.

According to Prickett and Johns (1999) and Hill et al. (2019), in indirect monitoring systems, the measure-
ment of the target parameter is carried out through another parameter that can be measured in real-time and
correlated with the former. Currently, this system has been receiving significant attention both academically
and industrially, as unlike the direct method, it does not require interrupting the machining process, resulting
in relative productivity gains. However, with indirect monitoring, wear ceases to be the sole monitored factor,
being influenced by other variables such as cutting speed, machining depth, feed rate, as well as tool and
workpiece materials.

For Kuntoglu et al. (2021), measuring electrical parameters represents an indirect way of measuring cutting
forces, as the machine tool’s motor generates the mechanical power required to perform a machining operation
through the consumption of electrical current, which is directly proportional to the power and cutting forces.

Electrical current is a highly accurate indicator of cutting tool wear. Although fluctuations in power supply
may occur during data collection, the associated errors are considered insignificant when compared to the
range of application (Kuntoglu et al., 2021).

The monitoring through electrical parameters of the motor presents several significant advantages (Refiones
et al., 2010): it is a non-intrusive technique; it has low cost; its technology and operation are relatively simple;
installation is easy; it does not require much space; it can be applied to most motors (AC and DC); it allows
online process monitoring; and it is an effective system for milling operations, as power values are not very
sensitive to tool entry shocks.

Low and Wong (2011) investigated the polymer machining process and concluded that spindle speed,
cutting speed, and feed rate are parameters that influence the surface integrity of the final workpiece. They
observed that increasing spindle speed leads to a decrease in surface roughness, while increasing feed rate is
associated with an increase in surface roughness.

Xiao and Zhang (2002) analyzed the influence of tool feed rate and cutting speed on the temperature and
finish of machined surfaces of polyamide and polyurethane thermoplastic polymers. The work revealed that
viscous deformation, caused by temperatures in the cutting zone above the glass transition temperature of
the polymers, played a decisive role in the surface finish quality of these materials. Furthermore, the best
conditions noted were for high feed rates and low cutting speeds.

Thus, the objective of this work was to evaluate tool wear in the milling process of polymers using an
open-source, non-invasive monitoring system.

Materials and methods

Material

This study investigated the effect of the electrical current consumed by the Spindle motor on the machinability
of expanded PVC and acrylic polymers during the face milling process.

For the machining tests, a CNC Router Lexno equipped with a Spindle TVS.1ZM3.12 was used. The
main specifications of the Spindle include a maximum speed of 18000 rpm and a nominal power of 1 HP.
The cutting tool used in the process was a Rocast end mill with a cylindrical shank of 6 mm in HSS - 2 cuts.
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The CNC programming of the process was conducted using the G-code language, with only one machining
pass of 185 mm in length. At the end of each trial, the workpiece was removed for roughness measurement.

The cutting fluid used was MV AQUA 180, a water-based synthetic cutting fluid, transparent, non-toxic,
and biodegradable, composed of organic raw materials that prevent the formation of solid residues on treated
surfaces. According to the manufacturer, the recommended concentration of MV AQUA 180 typically ranges
from 10 to 15 % (concentration, m/v), and it has a refractive index of 2.5.

The roughness gauge used to assess the average roughness of the test specimens was the RP-200 model
from Instrutherm, with a measurement scale of 160 ym and an accuracy of less than 10 %. To measure the
cutting fluid concentration, the analog refractometer Vodex VX090 from Vixshopping was used, with a scale
from 0 to 90 % Brix.

The polymers used as specimens in the experiment were expanded PVC and acrylic in plate form with
200 mm x 200 mm X 10 mm.

For the acquisition system, we used the following components: Arduino Mega board, SCT-013-000
electrical current sensor, 120 €2 (5 %) resistor, 10 k2 resistors for voltage division, 10 nF filter capacitor,
jumpers, protoboard, DS3231 RTC module, and SD card module. The assembly configuration of the
acquisition system can be seen in Figure 1.

Figure 1 - The assembly configuration of the acquisition system using the main components such as the
Arduino Mega board, electrical current sensor, RTC module, and SD Card module

RTC DS3231

MQOD. SD CARD

PROTOBOARD

SENSOR

The SCT-013-000 sensor is capable of measuring a nominal electrical current of 100 A, producing output
values between 0 and 50 mA proportional to the electrical current flowing in the main conductor. The logical
programming of the Arduino and the other listed components was performed using the ARDUINO IDE
software, and the measured data was stored on the SD Card module.

The construction of this data acquisition system required an investment of 350.00 Brazilian Reais. This
makes it highly appealing compared to commercial acquisition systems. To validate the data collected by the
acquisition system, we used an amperemeter clamp (Minipa).

Experimental design and data analysis

The cutting parameters selected in the pre-tests were defined to induce significant variations in the tool
voltage, in order to provide a greater amplitude of electrical current detectable by the data acquisition system.
To calibrate the system, the measured electrical current values were compared with those recorded by an
amperemeter clamp.

For the tests, we opted for face milling to increase the voltage on the tool, consequently causing a greater
variation in the measured electrical current. Machining operations were carried out on a CNC Spindle Router,
both with and without the application of cutting fluid. The selected cutting parameters as input variables
were cutting speed (v.) and feed rate (v f), while the depth of cut (ap) was kept constant at 0.5 mm in all
situations.

Thus, two experiments were conducted at the Laboratory of the Group of Automation and Applied Instru-
mentation at the Federal Technological University of Paran4, Londrina Campus. The adopted experimental
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design was that of completely randomized blocks in a 23 factorial scheme, meaning two levels of cutting
speed (v.), feed rate (v f), and material (PVC and acrylic), as illustrated in Table 1.

Table 1 - Control factors and levels.

Control Factors Levels Specifications
Cutting Speed (v.) 2 150 — 250 [m/min]
Feed rate (v f) 2 200 - 300 [mm/min]
Material 2 PVC - Aarylic

So, in the first experiment we have:

i) Six blocks: three blocks without cutting fluid (B1, B2 and B3) and three blocks with cutting fluid (B4,
B5 and B6);

ii) In each block, eight treatments (combinations of factor levels) were randomized, totaling 48 trials;

iii) For each trial, the response variable observed was the electrical current.
In the second experiment we have:

i) Twelve blocks: three blocks without cutting fluid (B1, B2, and B3), three blocks with low concentration
(5 %) of cutting fluid (B4, B5, and B6), three blocks with ideal concentration (12 %) of cutting fluid (B7,
B8, and B9), and three blocks with high concentration (27.50 %) of cutting fluid (B10, B11, and B12).

ii) In each block, eight treatments were randomized again, totaling 96 trials.

iii) For each trial, the response variables observed included roughness, chip sample and electrical current
variation. The average roughness (Ra) values were collected in the machined range and always adopting
the direction of the cutting tool feed.

iv) For the cutting fluid analysis, samples were collected, verifying the pH and conductivity behavior.

The cutting fluids, in the experiment, were prepared by adding the product concentrate to the mixture in
the milling machine reservoir. The concentration of the mixture was measured with a refractometer, obtaining
the value in degrees Brix, multiplying the result by the refractive index factor provided by the manufacturer.
The tests consisted of a single pass through the linear milling operation, performed on the flat surface of two
polymers, applying three different concentrations of the cutting fluid.

In this context, statistical analysis of the data was performed. Thus, considering a significance level of
5 %, the following hypotheses were tested in the analysis of variance (ANOVA):

i) Hy: There is no block (cutting fluid) effect versus H;: There is block (cutting fluid) effect.
ii) Hp: There is no triple interaction effect versus H;: There is triple interaction effect.

iii) Hy: There is no double interaction effect versus H: There is double interaction effect.
On the other hand, if the null hypothesis is rejected in both cases, the following hypotheses will be tested:

i) Hp: There is no effect of cutting speed versus H;: There is an effect of cutting speed.
ii) Hy: There is no effect of feed rate versus H;: There is an effect of feed rate.

iii) Hy: There is no material effect versus H;: There is a material effect.

The procedure for obtaining the test statistic (F) and its respective descriptive level are summarized in an
ANOVA table for a completely randomized block design, as demonstrated in Montgomery (2013). In cases
where the effects of the controlled factors are significant, a Tukey’s Mean Comparison Test is conducted to
test the following statistical hypotheses: Hy: There is no difference between the means versus Hy: There is
at least one pair of means that are different from each other.
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Results and discussion

Preliminary tests with no-load machining were conducted to verify the accuracy of the data acquisition
system, obtaining reference values for the electrical current consumption of the CNC Spindle motor during
no-load movement. After this procedure, the tests were performed in the defined order, and the interaction of
the variable levels with respect to the electrical current consumed by the Spindle motor was analyzed.

Initially, a residue analysis was conducted considering all response variables. The results of the Shapiro-
Wilk test did not indicate rejection of the hypothesis of residue normality (p-value > 0.05). With the
assumptions met, the ANOVA was performed.

ANOVA of the electrical current data

A summary of the ANOVA results is provided in Table 2. These results indicate that the null hypothesis
(Hy) defined in the Experimental Design regarding the triple interaction was not rejected (p-value > 0.05).
Therefore, there was no effect of the triple interaction on the electrical current. The same observation applies
to double interactions; none of them showed a significant interaction effect (p-value > 0.05).

Table 2 - Analysis of variance of the electric current data to the first test.

Source of Variation Degrees of Freedom Sum of Squares Mean Square F, p-value

Block 5 0.48562 0.00971 153.42 0.000

Ve 1 0.01587 0.01587 250.69 0.000

vf 1 0.00054 0.00054 8.49  0.006

Material 1 0.00130 0.00130 20.6  0.000

Vet vf 1 0.00012 0.00012 1.87 0.180

v : Material 1 0.00001 0.00001 0.87  0.357

vf : Material 1 0.00001 0.00001 0.16  0.692

ve : vf : Material 1 0.00003 0.00003 0.51  0.482
Residuals 35 0.00221 0.00006 - -
Total 47 0.68705 - - -

As discussed in the Experimental Design, if the interaction effects are not significant, the main effects are
evaluated. As evidenced by the data in Table 2, all main effects are statistically significant (p-value < 0.05).
Therefore, we have evidence that there is an effect of blocks, cutting speed, feed rate, and material. Figure 2
illustrates the dispersion of the mean electrical current according to the factors under study, visually demon-
strating the interaction effects, which corroborates the results of the Analysis of Variance.

Figure 2 - Behavior of the parameters with effect on the electrical current [A].

Blocks Ve v Material

Average
~
~
+
)

B1 B2 B3 B4 BS B6 150 250 200 300 Acrylic PVC

The results of the Tukey’s Mean Comparison Test are presented in Table 3. The blocks corresponding to the
tests without cutting fluid show higher electrical current consumption, with their mean values differentiated
only into two groups, A and B. Meanwhile, the blocks corresponding to the tests with cutting fluid, each
block was differentiated into groups C, D, and E, indicating a gradual increase in the average electrical
current with each block. This behavior is possibly due to tool wear, as evidenced in Figure 3.
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Table 3 - Tukey’s Mean Comparison Test of the Blocks where groups with the same letters have statistical
equality at a significance level of 5 %.

Block Mean Current [A] Group

B1 1.80416 A
B2 1.79680 A and B
B3 1.79198 B
B4 1.72288 E
B5 1.73611 D
B6 1.75038 C

Figure 3 - (a) New 6 mm end mill; (b) Mill after all cutting fluid tests showing flank wear due to abrasion.

(a) (b)

When analyzing Table 4, it becomes evident that the electrical current consumption increases both with
the increase in cutting speed and feed rate. In both cases, there is a statistically significant difference at a
significance level of 5 % in the mean comparison test conducted by the Tukey method. These findings are
consistent with those of Patra et al. (2007). Regarding materials, there is variation in the demand for electrical
current among the analyzed polymers, with higher electrical current consumption during milling of acrylic.

Table 4 - Tukey’s Mean Comparison Test for electrical current, where different letters indicate statistical
difference at a significance level of 5 %.

Cutting Speed [m/min] Mean Current [A] Group

Mowing Speed 250 1.7852 A
150 1.7488 B

Feed Rate [mm/min] Mean Current [A] Group
Forward Speed 300 1.7704 A
200 1.7637 B

Mean Current [A] Group
Material Acrylic 1.7704 A
PVC 1.7637 B

ANOVA of the influence of the cutting fluid concentration

In the second test, the average roughness was measured at three points, beginning, middle and end of
machining and the ANOVA of the roughness data is summarized in Table 5. It is noted that there was no
effect of triple interaction and the interactions between v, and v f and the interactions between v f and material
(p-value > 0.05). However, the H about non-effect of the interaction between material and cutting speed on
the average roughness data was rejected (p-value < 0.05). The same is observed for blocks (p-value< 0.05).

After finding the factors that affect the roughness data, we proceed to perform the respective Tukey’s
Mean Comparison Tests: between the interaction and effect of the block. For the interaction between
cutting speed and material, Table 6 shows that in machining with PVC, the lower speed had a greater
effect on the average roughness. Whereas in acrylic, at higher speeds, the average roughness increased.
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This fact is linked to the increased friction caused by the higher cutting speed, along with the greater difficulty
of heat dissipation in this material.

Table 5 - Analysis of variance of the roughness data at the machining starting point.

Source of Variation Degrees of Freedom Sum of Squares Mean Square F, p-value

Block 11 41.412 3.765 4.580  0.000

Ve 1 2.196 2.196 2.670 0.106

vf 1 0.083 0.083 0.100 0.751

Material 1 155.110 155.110 188.500 0.000

Vet vf 1 0.172 0.172 0.210 0.649

ve : Material 1 46.567 46.567 56.590 0.000

vf : Material 1 0.038 0.038 0.050 0.830

ve : vf : Material 1 0.001 0.001 0.000 0.971
Residuals 77 63.360 0.823 - -
Total 95 308.938 - - -

Table 6 - Tukey’s mean comparison test for roughness (Cutting Speed x Material), where different letters
indicate statistical difference at a significance level of 5 %.

Material Cutting Speed [m/min] Mean Group

150 521321 A
PVC
250 412275 B
. 250 297346 A
Acrylic
150 1.27804 B

Using the Tukey Average Comparison Test with a block effect on the average roughness, it may be
observed that roughness increases in the absence of cutting fluid during the experiment. Additionally, blocks
B1 and B2 showed lower values compared to block B3. The same behavior is noted in the other treatments.
With little fluid, B4 presents lower values and is different from B5 and B6. In treatment with the ideal volume
of fluid, B7 presents lower values and is different from B8 and B9. And with fluid volume above the ideal,
B10 and B11 have lower values and different from B12. These facts indicate that tool/material friction
decreases with increasing cutting fluid concentration and that the tool wears out over the course of its use,
even with the presence of the fluid.

Table 7 - Tukey’s Mean Comparison Test for roughness in the blocks, where different letters indicate statistical
difference at a 5 % significance level.

Block Mean Group
B6 4.6265 A
B3 4.5996 A
B2 3.6595 A and B
B5 3.4461 A andB
B8 3.4211 AandB
Bl 3.3730 Aand B
B12 3.3624 A and B
B9 3.3529 AandB
B7 3.0381 B

B4 2.9740 B
B11 2.6260 B
B10 2.2831 B
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ANOVA of roughness at the machining midpoint

The ANOVA of the roughness at the machining midpoint data is summarized in Table 8. It is noted that there
was no triple and double interaction effect between v, and v f and v f and material, because the H, defined
in Experimental Design, was not rejected (p-value < 0.05). On the other hand, there is an interaction effect
between material and cutting speed (p-value < 0.05) on the average roughness data and also, there is a block
effect (p-value < 0.05).

Table 8 - Analysis of variance of the roughness data at the machining midpoint.

Source of Variation Degrees of Freedom Sum of Squares Mean Square F,  p-value

Block 11 26.475 2.407 2.330 0.016

Ve 1 0.203 0.203 0.200  0.659

vf 1 0.210 0.210 0.200 0.653

Material 1 202.455 202.455 196.160 0.000

Vet vf 1 0.129 0.129 0.130 0.724

v, : Material 1 55.913 55.913 54.170 0.000

vf : Material 1 0.136 0.136 0.130 0.718

ve : vf : Material 1 0.043 0.043 0.040 0.839
Residuals 77 79.471 1.032 - -
Total 95 365.034 - - -

After finding the factors affecting the roughness data, we proceed to perform the respective Tukey’s Mean
Comparison Test: between the interaction and the block effect.

Tukey's mean comparison test - double interaction between cutting speed and material:
midpoint machining roughness

PVC exhibits higher roughness values than Acrylic, as seen in Table 9. In terms of midpoint machining
roughness, it is observed that a cutting speed of 150 m/min results in a different and higher roughness
compared to 250 m/min for PVC. Conversely, for Acrylic, a cutting speed of 150 m/min yields lower
roughness than that observed with a speed of 250 m/min, which is attributed to Acrylic’s greater difficulty in
dissipating heat generated by increased friction at higher speeds.

Table 9 - Tukey’s Mean Comparison Test for roughness at the machining midpoint (Cutting speed x Material),
where different letters indicate statistical difference at a significance level of 5 %.

Material Cutting Speed [m/min] Mean Group

150 572938 A
PVC
250 429496 B
. 250 291688 A
Acrylic
150 1.29863 B

Tukey’s mean comparison test - block effect on average roughness

Table 10 shows that, in the absence of cutting fluid (B2 and B3) and with low concentrations of cutting
fluid (B6 and B5), the average roughness values were higher. This suggests that cutting fluid generally
has an impact on the machinability of the polymers. However, at the beginning of tool use (B1 and B4),
when the tools are still sharp, the roughness values were lower. On the other hand, for high concentrations
(B10 and B11) and with the cutting fluid at the ideal concentration (B7 and B8), the average roughness values
were lower, demonstrating that the friction between the tool and the material decreases with the increase of
the cutting fluid concentration. Yet, even with the cutting fluid (B9 and B12), with greater use of the cutting
tool, a small increase in roughness is observed.
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Table 10 - Tukey’s Mean Comparison Test for roughness at the median machining point of each block, where
different letters indicate statistical difference at a 5 % significance level.

Block Mean Group
B3 4.7428 A
B12 3.8920 A and B
B2 3.8666 A andB
B5 3.8363 AandB
B9 3.8290 AandB
B6 3.7366 A and B
B1 3.4409 A and B
B8 3.3443 AandB
B11 3.2488 Aand B
B7 3.1201 A and B
B4 3.0685 A andB
B10 2.5938 B

ANOVA of roughness at the machining endpoint

The ANOVA of the roughness at the machining end point data is summarized in Table 11. Through analysis,
it is noted that there was no effect of triple interaction as well, as well as the interaction between v, and v f
and v f and material (p-value > 0.05). Although, the H, about non-effect of the interaction between material
and cutting speed on the average roughness data was rejected (p-value < 0.05). The same is observed for
blocks (p-value < 0.05).

Table 11 - Analysis of variance of the roughness data at the machining endpoint.

Source of Variation Degrees of Freedom Sum of Squares Mean Square F,  p-value

Block 11 30.189 2.744 2.430 0.012

Ve 1 4.039 4.039 3.570 0.063

vf 1 0.106 0.106 0.090 0.760

Material 1 182.367 182.367 161.240 0.000

ve i vf 1 0.122 0.122 0.110  0.743

v, : Material 1 45.033 45.033 39.820 0.000

vf : Material 1 0.020 0.020 0.020 0.894

ve : vf : Material 1 0.156 0.156 0.140 0.712
Residuals 77 87.087 1.131 - -
Total 95 349.119 - - -

After finding the factors affecting the roughness data, we proceed to perform the respective Tukey’s Mean
Comparison Tests: between the interaction and the individual effects.

Tukey's mean comparison test - double interaction between cutting speed and material:
endpoint machining roughness

Table 12 shows that PVC has higher roughness values compared to acrylic at the end point of measurement,
as previously observed in the midpoint analysis (Table 9), maintaining a consistent trend regardless of the
machining stage. For PVC, a cutting speed of 150 m/min results in a roughness that is different and higher
than at a speed of 250 m/min. Conversely, for acrylic, a cutting speed of 150 m/min results in a roughness
that is different and lower compared to 250 m/min. This behavior is related to the difficulty of acrylic in
dissipating the heat generated by the increased friction due to the higher cutting speed.
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Table 12 - Tukey’s Mean Comparison Test for roughness at the machining end point (Cutting speed X
Material), where different letters indicate statistical difference at a significance level of 5 %.

Material Cutting Speed [m/min] Mean Group

150 532921 A
PVC
250 436963 B
. 250 2.98287 A
Acrylic
150 1.20283 B

Tukey's mean comparison test - block effect on average roughness

Table 13 shows that in the absence of cutting fluid (B2 and B3) and with low concentration cutting fluid
(B5 and B6), the average roughness values were higher. This indicates that the cutting fluid influences the
machinability of the materials, particularly at the beginning of the machining process. On the other hand,
for high concentrations (B10) and with cutting fluid at the ideal concentration (B7 and B8), the average
roughness values were lower, demonstrating that the friction between the tool and the material decreases with
increasing fluid concentration. cutting. An outlier is observed in treatments B1 and B4, which in the absence
of cutting fluid presents low roughness, statistically differing from the other treatments without cutting fluid.
This result was influenced by the initial sharpening condition of the tool, as it was in its first use. Tables 7
and 10 also show a tendency for treatments B1 and B4 to present lower roughness than the other treatments;
however, statistically, they are equal at the 5 % significance level. Treatments B9, B11 and B12 showed a
slight increase in roughness even with higher fluid concentrations.

Table 13 - Tukey’s Mean Comparison Test for roughness at the machining endpoint of each block, where
different letters indicate statistical difference at a 5 % significance level.

Block Mean Group
B3 4.7765 A
B9 3.9519 AandB
B6 3.7661 A and B
B2 3.7304 A and B
B5 3.7028 A and B
B11 3.5841 AandB

B12 3.3866 A and B
B8 3.3728 Aand B
B1 29751 B

B4 2.8953 B
B10 2.7746 B
B7 2.7375 B

Chip Analysis

As machining progressed, the formation of chip types was observed in both polymers, varying only in size.
In the case of PVC, during dry machining and with low and ideal concentrations of cutting fluid, a significant
amount of burrs was formed during the process, while machining with high concentration resulted not only in
small chip flakes but also in helical chips of the short washer type, instead of prominent burrs. Additionally,
there was a decrease in chip size with increasing cutting fluid concentration, which is related, according
to Yan et al. (2022), to the decrease in material ductility. In the case of acrylic, during dry machining, the
chips became more opaque, while with increasing cutting fluid concentration, the chips decreased in size, as
expected.
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Cutting fluid analysis

During all trials containing the cutting fluid, conductivity and pH data were collected to monitor its behavior.
The pH remained practically unchanged among the low (9.1), ideal (9.1), and high (9.2) concentrations of
the cutting fluid. Conversely, conductivity increased in value according to the concentration variation: low
(3.61), ideal (6.47), and high (8.93) cutting fluid concentrations.

Another important factor observed was that as the cutting fluid concentration increased, its odor became
stronger, requiring the use of masks to avoid affecting human health, as mentioned by Sales et al. (2001).
Additionally, the cutting fluid became increasingly viscous at higher concentrations. It is also important to
note, corroborating Valentim et al. (2023), that the temperature variation caused by the cutting fluid can
interfere with the machining process outcome.

Tool cooling was also noticeable with the application of cutting fluid in the machining process of polymeric
materials. At high concentrations of the cutting fluid, in addition to the strong odor, the expanded PVC parts
showed slight darkening and light stains, even after cleaning the part with water after the machining process,
a fact not noticed in other concentrations.

Conclusions

After analyzing the experimental data to assess the influence of control parameters on electrical current
variation, it was observed that all parameters individually affected the electrical current. However, cutting
speed emerged as the most significant factor in motor electrical current consumption, while feed rate and
material type showed less impact.

The electrical current recorded in the test blocks with cutting fluid was lower than that observed in dry
tests. Additionally, the results revealed a gradual increase in average electrical current with each repetition
of tests using cutting fluid, indicating progressive tool wear. Consequently, tool wear also influences the
monitored electrical current value.

Through analysis of variance, it was observed that the interaction between cutting speed and material
had a significant influence on average roughness data. This was evident with higher values when machined
at 150 m/min in PVC and at 250 m/min in acrylic. In terms of materials, the machining process in acrylic
demonstrated superior surface quality compared to expanded PVC, reflected in lower average roughness
values. As for feed rate, its variation did not show a significant effect on surface integrity.

Furthermore, analysis of variance confirmed that the cutting fluid influences the surface integrity of the
workpieces, as average roughness values decreased as the concentration of MV Aqua 180 cutting fluid
increased.

Finally, the collection and storage of electrical current data, carried out using an open-source system,
demonstrated sensitivity to non-invasively analyze the milling process behavior.
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