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Abstract: This study investigates the performance of sunflower oil as a cutting fluid applied through
the minimum quantity fluid (MQF) technique in drilling processes with high-speed steel drills. The
results reveal that sunflower oil significantly reduces torque compared to dry machining, with
a 7.59% reduction in torque when cutting speed increased from 17 to 25 m/min. Additionally,
sunflower oil shows competitive results in comparison to LB2000 commercial oil, with a slight
decrease in torque of 2.04%. The study also found that sunflower oil outperforms dry machining,
particularly when used at lower feed rates and higher cutting speeds, suggesting that sunflower oil
could be a viable and environmentally friendly alternative in machining processes. These findings
offers a promising solution for reducing friction and improving machining efficiency, while also
addressing environmental and health concerns.
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1. Introduction

One of the main challenges in machining operations is the heat generated at the tool-workpiece
interface, which significantly compromises cutting tool performance and workpiece integrity [1].
Excessive heat in this zone can lead to microstructural changes, geometric distortions, metallurgical
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defects, cracks, and residual stresses [2]. In this context, cutting fluids are widely used to reduce
temperature and friction, improve chip evacuation, and minimize the extent of thermally affected
zones [3].

Despite their relevance in the metalworking industry, the use of conventional cutting fluids has
been increasingly restricted due to high operational costs, environmental concerns, and potential
health risks for operators [4,5]. Nevertheless, in many machining operations, especially those
involving high cutting temperatures, fluid application remains essential for prolonging tool life and
ensuring surface and dimensional quality [6].

To mitigate the environmental and health drawbacks of traditional coolants, the minimum
quantity lubrication (MQL) technique has gained prominence. This method employs small amounts
of lubricant, typically in aerosol form, which significantly reduces fluid consumption while still
lowering friction and minimizing material adhesion at the tool—chip interface [7,8]. In MQL systems,
lubrication is provided by the oil, while compressed air contributes a limited cooling effect.

Krishna et al. (2010) emphasize the increasing demand for eco-friendly and operator-safe
alternatives to conventional cutting fluids, citing their negative impact on both the environment and
human health [9]. Rios (2005) further notes that stricter environmental regulations reflect a societal
shift toward sustainability and pollution control [10]. As a result, industries have been urged to
reduce the use of mineral oil-based lubricants in favor of more sustainable solutions [11,12].

Within this sustainability-driven context, manufacturing industries seek to improve their
processes while reducing costs. Drilling plays a crucial role in industrial manufacturing, accounting
for approximately 40% of all machining operations and commonly representing the final step in
component production [13,14]. Due to its widespread use, drilling requires high reliability and
precision, making performance optimization essential.

Understanding the forces acting on the cutting edge is vital for estimating power requirements
and informing tool design [15,16]. Unlike turning or milling tools, drills possess a unique tip
geometry, presenting additional challenges for force management and heat dissipation. Consequently,
improving drilling efficiency remains a key research focus in machining science [17-20].

Simultaneously, the importance of sustainability in manufacturing, encompassing factories,
processes, and products, has grown significantly over the last decade [21]. It now represents a
competitive advantage in industrial sectors, particularly within machining processes [22].

2. Materials and methods

Experiments were conducted to evaluate the effect of different lubrication conditions on the
torque generated during drilling. The tests compared the performance of three cutting conditions:
LB2000 commercial vegetable oil, VONDER emulsifiable oil (both applied via the MQL technique)
and dry drilling, to serve as a baseline for comparison. The workpiece material used was AISI 1045
medium-carbon steel (205 HB), a commonly employed alloy in the manufacturing of components
requiring higher mechanical strength than low-carbon steels, such as machine shafts, pneumatic
cylinders, clamps, and collets [23]. The dimensions of the specimens are presented in Figure 1.

The drilling operations were performed using 10 mm diameter uncoated high-speed steel (HSS)
twist drills on a ROMI DISCOVERY 560 vertical machining center. The spindle is powered by
a 12.5 HP AC motor, with a total installed power of 15 kVA, and offers variable rotational speeds
ranging from 7 to 7500 rpm.
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Figure 1. Specimen’s dimensions.

For the MQL conditions, an O2AO-STD lubrication system manufactured by ITW Fluids
Products Group was employed (Figure 2). This system operated with a continuous compressed air
supply at approximately 4 bar and delivered an intermittent fluid spray at a frequency of one pulse
per second. The system includes a manually filled reservoir, a pressure gauge, and separate flow
control valves for both air and oil. The lubricant was transported via a small-diameter hose inside a
larger compressed air conduit, yielding a fluid flow rate of 50 mL/h. For the jet application condition,
the machining center’s built-in delivery system was used, providing a fluid flow of approximately
540 L/h through two nozzles, with the emulsion prepared at a recommended 5% concentration.
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Figure 2. MQL technique application system.
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Torque measurements were recorded using a Kistler 9271A piezoelectric dynamometer coupled
with a 5006 charge amplifier. The output signals were digitized via a USB data acquisition
card (Model 1208FS), processed, and stored on a microcomputer. Custom-developed software in
Delphi was used to visualize and record the torque data graphically. Figure 3 shows the dynamometer
setup in the machining center.
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Figure 3. Legend of the figure. System for the acquisition of power and torque: desk,
electrical machine and dynamometer.

To ensure tool consistency, flank wear was monitored throughout the tests. Whenever the
average flank wear (VBg) exceeded 0.1 mm, the cutting tool was replaced with a new one, according
to ISO 8688. Three quantitative input parameters were defined: cutting speed (ve = 17 m/min and
ve = 25 m/min), feed rate (f = 0.1 mm/rev and f = 0.2 mm/rev), and hole depth (L = 15 mm and
L =50 mm). Theses parameters were determined based on recommendations from tool manufacturers,
previous studies in the literature and preliminary tests to ensure safe and stable drilling conditions for
AISI 1045 steel with HSS drills. In addition, four lubrication conditions were evaluated: sunflower
oil, LB2000 oil, VONDER emulsifiable oil, and dry cutting. A preliminary test and two replicates
were performed for each combination of experimental variables.

3. Results and discussions

Figures 4 and 5 present the torque behavior for bore depths of 15 and 50 mm, respectively,
under different lubrication and cooling conditions. The results represent the average values obtained
from three repetitions (test, replicate, and triplicate) for each combination of variables. As shown in
Figure 5, the dry drilling condition consistently exhibited higher torque values at the lower feed
rate (f = 0.1 mm/rev). At the higher feed rate (f = 0.2 mm/rev), sunflower oil tended to result in
higher torque values, regardless of the cutting speed.
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Figure 4. Torque behavior for L = 15 mm.
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Figure 5. Torque behavior for L = 50 mm.

The most significant statistical difference was observed for the combination “f = 0.1 mm/rev”
and “ve = 25 m/min”, particularly when comparing the dry condition with the other lubrication
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strategies. Table 1 shows the ANOVA results for torque (Mz) when drilling with edible sunflower oil
and dry cutting. The analysis emphasizes the significant influence of the feed rate (f), which was
confirmed with 95% confidence, as indicated by the p-value.

Table 1. Main effects of input variables, sunflower oil and dry conditions.

Sunflower/Dry Effect p-value
Average 5.0725 0.0001
Ve —0.3850 0.3416
f 2.5250 0.0009
L —-0.5251 0.6946
Atm 0.1000 0.7959

Trend analyses based on Table 1 are illustrated in Figure 6. An increase in cutting speed from 17
to 25 m/min resulted in a reduction in torque of 0.385 Nm or 7.59% (Figure 6a). Conversely,
increasing the feed from 0.1 to 0.2 mm/rev led to a torque increase of 2.525 Nm (49.78%), which
was statistically significant (Figure 6b). Increasing the bore length from 15 to 50 mm resulted in a
slight, non-significant torque reduction of 0.525 Nm (10.34%) (Figure 6¢). Replacing dry cutting
with sunflower oil in the MQL configuration led to a small torque reduction of 0.1 Nm (1.97%,
Figure 6d). Although this difference was not statistically significant, the use of sunflower oil
indicated a tendency toward lower feed-direction torque compared to conventional dry machining.
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Figure 6. Mz trends: (a) ve, (b) f, (¢) L, (d) sunflower oil and dry conditions.
Table 2 presents the ANOVA results comparing the performance of sunflower oil and LB2000

under MQL conditions. Similar to previous findings, the feed rate was shown to be the most
influential factor at a 95% confidence level. The trends derived from Table 2 are depicted in Figure 7.
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Increasing cutting speed from 17 to 25 m/min resulted in a torque decrease of 0.31125 Nm (6.25%,
Figure 7a), while increasing the feed from 0.1 to 0.2 mm/rev caused a torque increase of 2.48875 Nm
(50.06%, Figure 7b), which was statistically significant. An increase in bore length from 15 to 50 mm
led to a minor torque decrease of 0.47875 Nm (9.62%, Figure 7c), not deemed statistically
significant. Comparing the two fluids, LB2000 exhibited slightly lower torque values than sunflower

oil, with a decrease of 0.10125 Nm (2.04%, Figure 7d), although this difference was also not
statistically significant.

Table 2. Main effects of input variables, sunflower oil and LB2000.

Sunflower/LB2000 Effect p-value
Average 4.9718 0.0001
Ve -0.3112 0.2970
f 2.4887 0.0002
L —-0.4787 0.1334
Atm 0.1012 0.7205
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Figure 7. Mz trends: (a) ve, (b) f, (¢) L, (d) sunflower oil and LB2000.

Table 3 summarizes the ANOVA analysis comparing sunflower oil and conventional jet fluid
application. Again, the feed rate had a significant impact, as confirmed by the p-value. The trend analysis
in Figure 8 shows that increasing the cutting speed led to a torque reduction of 0.325 Nm (6.59%,
Figure 8a), and increasing the feed from 0.1 to 0.2 mm/rev led to a torque increase of 2.7775 Nm
(56.31%, Figure 8b), which was statistically significant. The increase in bore depth led to a small
torque decrease of 0.225 Nm (4.56%, Figure 8c), not statistically significant. Switching from
sunflower oil (MQL) to fluid application by jet produced a slight torque reduction of 0.18 Nm (3.65%,
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Figure 8d), again without statistical significance. However, the results suggest a small tendency for
jet-applied fluid to reduce feed forces more effectively than edible sunflower oil.

Table 3. Main effects of input variables, sunflower oil and flood conditions.

Sunflower/flood Effect p-value
Average 4.9325 0.0001
Ve —-0.3250 0.4673
f 2.7775 0.0011
L -0.2251 0.6095
Atm 0.1800 0.6813
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Figure 8. Mz trends: (a) ve, (b) f, (c) L, (d) sunflower oil and flood conditions.

4. Conclusions

The main conclusions of this study are listed below:

1. The use of cutting fluids such as sunflower oil in combination with the MQF technique has
proved to be an effective alternative for reducing torque during the drilling process. This indicates a
reduction in friction at the chip/tool interface and, consequently, an improvement in machining
performance.

2. Sunflower oil showed particularly good performance when compared to dry machining,
especially in combinations of lower cutting feed and higher cutting speed.

3. Compared to LB2000 commercial oil, sunflower oil showed competitive results in terms of

torque, indicating that it could be an effective choice to replace the commercial oils traditionally used
in the metalworking industry.

AIMS Materials Science Volume 12, Issue 3, 610-620.
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4. Overall, this study highlights the importance of using environmentally friendly and healthy
alternatives to conventional cutting fluids, considering the growing environmental challenges and
human health concerns.

5. The minimum quantity fluid (MQF) technique applied with sunflower oil shows the potential
to contribute positively to the efficiency of machining processes, while minimising negative impacts
on the environment.

It is worth noting that the present study focused exclusively on torque as the primary output
parameter, given its relevance to energy consumption and tool—chip interaction. However, machining
performance is a multifaceted phenomenon, and further studies incorporating additional metrics such
as surface integrity, tool wear, and temperature are necessary to fully assess the effectiveness of
sunflower oil in real-world applications.
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