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Abstract: Drilling work on Inconel, a well-known super-heat-resistant alloy, requires a significant 

quantity of cutting oil to prevent heat-induced abrasion and damage to the cutting tool, caused by 

the strength and toughness of the alloy. This high requirement of cutting oil, however, negatively 

affects the processing environment; therefore, minimum-quantity lubrication (MQL), an eco-

friendly cutting-oil-supply method, is attracting attention. The conventional MQL method, 

however, has the disadvantage that an oil-mist is produced along with high-pressure air; hence, the 

mist is scattered in the air, making the application of the oil to the cutting point inefficient and 

rendering the cooling effect to be less than that in wet processing. In this study, therefore, an eco-

friendly compound, polyhedral oligomeric silsesquioxane (POSS)—a nanostructured organic–

inorganic hybrid material that exhibits better adhesion to materials than conventional MQL-specific 

oil and is resistant to the heat generated during drilling—was developed by adding POSS to the 

conventional MQL-specific oil, and the effects were verified. 

Keywords: polyhedral oligomeric silsesquioxane (POSS); eco-friendly cutting oil; MQL; Inconel; 

drilling 

 

1. Introduction 

The use of ultra-light, hardened, and difficult-to-cut materials such as Inconel and titanium 

alloys is rapidly increasing, especially in high-tech flagship industries such as aviation, space, and 

automobiles. Inconel, a representative super-heat-resistant alloy, has extremely desirable features, 

such as high strength, tenacity, high-temperature durability, and corrosion resistance [1–3]. These 

mechanical properties, however, reduce the machinability and thus, cause problems such as 

economic loss due to the wear and breakage of tools, resulting from the heat generated during drilling 

work [4–9]. To minimize the heat generation during drilling, a large amount of coolant is supplied. 

However, this leads to the deterioration of the work environment, environmental pollution, and 

physical damage to the workers, owing to splashing and leakage of the coolant. To address this, 

minimum-quantity lubrication (MQL)—a method of supplying an eco-friendly cutting oil that 

maximizes cooling and lubrication while minimizing the cutting oil quantity—has attracted 

considerable attention, and several efforts have been made to introduce the practical use of this 

technology [10–16]. In the MQL method, however, because the oil mist is sprayed with high-pressure 

air and is thus easily scattered, it is impossible to efficiently supply the cutting oil to the cutting point. 

In addition, the fact that the oil is easily decomposed by the heat generated during drilling work 

renders this method less effective than conventional wet processing.  
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To overcome these limitations, this study focused on developing an eco-friendly polyhedral 

oligomeric silsesquioxane (POSS)-containing MQL oil that is more resistant to the heat generated in 

drilling work, and exhibits a stronger adhesive force toward materials, compared with conventional 

MQL-specific oil. This was achieved by adding POSS—an organic–inorganic hybrid nanomaterial—

to existing MQL-specific oil. For this purpose, the optimal concentration of the POSS ester compound 

was determined via adhesion experiments in which three kinds of POSS ester compounds were 

designed and added to the MQL-specific oil at varying concentrations. The resulting cutting oil was 

used in MQL drilling work on Inconel 601, and the effects were compared with those of normal MQL-

specific oil, to evaluate the effectiveness of the POSS-containing MQL oil.  

2. Design of POSS-Containing MQL Oil 

2.1. POSS 

The polyhedral oligomeric silsesquioxane (POSS) molecules are well-defined organosilicon 

compounds consisting of rigid silica cores (Si-O-Si) surrounded by functional organic groups, as 

shown in Figure 1(a), and have the structure of a newly added organic substituent (R) on the outside 

and silicon (Si) and oxygen (O) on the inside. Due to their finely tunable physical and chemical 

properties, POSSs meet the requirements of both science and industry, the most recognizable and 

best known of this being cubic T8 with either one or eight functional group derivatives.  

The average diameter of a POSS molecule is approximately 0.5 nm, indicating a dense structure, 

which results in high chemical and thermal stabilities. This compound can be introduced into various 

materials, depending on the type of the organic substituent (R) outside the main chain. In addition, 

it may be used as a side chain of organic polymers or blended as an additive, to develop organic and 

inorganic hybrid materials with different properties. This means that the POSS is highly applicable 

when used as a nanocomposite rather than when used alone [17–20]. Further, POSS, an organic and 

inorganic hybrid nanostructure, can be easily introduced to a functional group through a chemical 

reaction, allowing their molecular weight to be controlled [21,22]. 

Conventional MQL-specific oils, as shown in Figure 1(b), are made of various vegetable ester 

compounds such as glycerol, methyl-triol, and tetraol with three or four OH functional groups. 

However, octa-POSS-OH compounds, as shown in Figure 1(c), have as many as eight functional 

groups compared with these vegetable ester compounds, meaning that one octa-POSS-OH is capable 

of producing eight ester compounds and having excellent lubricant properties, thus being an effective 

candidate for efficient cutting oil. This study, therefore, aimed to develop an eco-friendly POSS-

containing MQL oil by designing three kinds of POSS ester compounds with the structural frame of 

octa-POSS-OH and adding them to conventional MQL-specific oils. 

2.2. Synthesis of POSS Ester Compound 

Figure 2 shows the process of preparing the octa-chloro-POSS, used as a basic structure for 

producing the three kinds of POSS ester compounds designed in this study, as described in previous 

studies [21,23]. After reacting triethoxysilane with HCl and H2O for 48 h, di-n-butyltin dilaurate was 

added to react again for 48 h at room temperature, producing octa-chloro-POSS with a yield of 35%. 

These synthesized octa-chloro-POSSs were reacted with potassium octanoate using 5 mol% 

potassium iodide (KI) as a catalyst and 5 mL of dimethyl formamide (DMF) as a solvent for 8 h at 10 

℃ to produce POSS C8, in which an organic substituent (R) is linked to eight carbon atoms. Figure 

3(a) displays a schematic diagram highlighting the process of preparing POSS-C8. Figure 3(b) depicts 

the process of designing POSS-C2, wherein octa-chloro-POSS is used as the structural frame, as in the 

case of POSS-C8. The sodium acetate was reacted with the octa-chloro-POSS using 5 mol% KI as a 

catalyst and 5 mL of DMF as a solvent for 48 h at 100 ℃, to produce POSS-C2, in which an organic 

substituent (R) is linked to two carbon atoms.  

POSS-C1CF3 was designed by adding potassium trifluoroacetate, a popular additive for conventional 

cutting oil, to strengthen the heat resistance. The identification of each compound by 1H-NMR is 

shown in Figure 3, and TGA analysis has already been performed for POSS ester [23]. 
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Figure 1. Structures of (a) POSS, (b) vegetable ester compound, and (c) octa-POSS-OH. 
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Figure 2. Synthesis of POSS ester compounds [22,23]: (a) POSS-C8 (1). (b) POSS-C2 (2). (c) POSS-

C1CF3 (3). 
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Figure 3. 1H-NMR spectrum of POSS-compounds in CDCl3. (a) Octa-chloro-POSS: δ 0.78 (t, 16H, 

SiCH2), 1.84 (qui, 16H, CH2), 3.53 (t, 16H, CH2Cl) (b) POSS-C8 (1): δ 4.09-3.97 (m, 16H), 2.30-2 (t, J = 

7.32 Hz, 16H), 1.67-1.56 (m, 32H), 1.37-1.19 (m, 64H), 0.88 (t, J = 7.32 Hz, 24H), 0.72-0.59 (m, 16H) (c) 

POSS-C2 (2): δ 4.05-4.02 (t, J = 6.4 Hz, 16H), δ 2.06 (s, 24H), δ 1.71-1.70 (m, 16H), δ 0.68-0.64 (t, J = 8.4 

Hz, 16H) (d) POSS-C1CF3 (3): δ 4.35-4.13 (m, 16H), δ 1.85-1.81 (m, 16H), δ 0.73-0.69 (t, J = 8.4 Hz, 16H). 

3. Apparatus and Methods 

The machine tool used for the Inconel 601 drilling experiment in this study was a SIRIUS-2 3-

axis machining center (Hwachen, Korea), and the drill used was a tungsten carbide drill (DH 423050, 

YG1) coated with TiAlN. The wear of the drill tip was measured using a tool microscope 

(SOMETECH, Korea). The oil-mist supply device (MQL device) was a Vario UFV 10-003 (Vogel, 

Germany), and Lubri Fluid F100 was used as the MQL-specific oil. In the adhesion experiment of the 

POSS-containing MQL oil, the POSS ester compounds with varying concentrations (P) and flow rates 

(Q) were added into the MQL-specific oil; the mixtures were used to perform drilling for 5 min using 

the MQL device; the weight of the oils in relation to the drill were measured. The drilling-evaluation 

experiment was performed using a 5Φ drill coated with TiAlN, with the following conditions: spindle 

speed (Vs) = 500 rpm, feed (f) = 0.05 mm/rev, oil-mist flow rate (Q) = 60, 120, 180, and 240 mL/h, and 

step feed (mm × times) = 2 × 3, applying a sealed cover.  

4. Effects of POSS-Containing MQL Oil 

4.1. Adhesion Evaluation of POSS-Containing MQL Oil 
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The POSS-containing MQL oils were prepared by mixing the POSS-C8 (1)(0.1%), POSS-C2 (2) 

(0.4%), and POSS-C1CF3 (3)(0.8%), synthesized in this study, with MQL-specific oil (1.6%). For the 

evaluation of adhesion, the modified oil was sprayed for 5 min onto the drill, at flow rates of 60 mL/h, 

120 mL/h, 180 mL/h, and 240 mL/h. The weight of the oils in adherence with the drill were then 

measured, as shown in Figure 4 [24]. (However, since the amount of adhered oil is minimal, it does 

not flow down.) The x- and y-axes in Figures 5–7 indicate that the concentrations of POSS-C8, POSS- 

C2, and POSS-C1CF3 and the weight of the POSS-containing MQL oils effectively adhered to the drill, 

respectively. The concentration value of zero for the POSS-C8, POSS-C2, and POSS-C1CF3 represents 

the conventional MQL-specific oil (to which the POSS is not added). As represented in the graphs, 

the amount of adhered oil increased with growing concentrations of POSS-C8, POSS-C2, and POSS-

C1CF3, and increased up to 60% compared with that of the conventional MQL-specific oil. A possible 

explanation for this result is that the molecular weight of POSS-containing MQL oil increased in 

conjunction with the POSS concentration while the amount of oil scattered in the air is reduced. 

Furthermore, additional bindings may occur between POSS from the oil and the metal surface, 

leading to the increase in adhesion.  

 

Figure 4. Experimental setup for adhesion test. 

 

Figure 5. Relationship between Wa and POSS-C8 (1) concentration. 
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Figure 6. Relationship between Wa and POSS-C2 (2) concentration. 

 
Figure 7. Relationship between Wa and POSS C1CF3 (3) concentration. 

4.2. Drilling Evaluation of POSS-Containing MQL Oil 

Drilling evaluation was performed for the POSS-C8, POSS-C2, and POSS-C1CF3 synthesized in 

this study, for all the concentration values. The drilling evaluation employed a sealed cover, and the 

conditions and MQL flow rate were those proposed by Park [24], to ensure the effective drilling of 

Inconel 601; the parameters were as follows: Vs = 500 rpm, f = 0.05 mm/rev, Q = 240 mL/h, and step 

feed = 2 × 3. Figure 8 shows the change in the life span (Lf) of the tool. The x- and y-axes in Figure 8 

indicate the concentrations (P) of POSS-C8, POSS-C2, and POSS-C1CF3 and the drilled length until 

the tool fracture (Lf), respectively. The Lf values were expressed as the averages of the data from the 

three replicates. In the case of POSS-C8, Lf was found to decrease with an increasing concentration. 

It was inferred that this occurred because the longer carbon chain containing eight carbon atoms 

linked with the organic substituent solidified the MQL-specific oil, weakening the lubrication during 

the drilling work. In contrast, in the case of POSS-C2, in which the organic substituent was linked to 

two carbon atoms, the performance was superior for the concentration of 0.8% (the Lf is about 

8000mm) and decreased for concentrations of 1.2% and above. Figure 9 shows tool wear according to 

concentrations P(%). The drilling length of the POSS 0% (non-modified MQL oil) was fractured at 

2472 mm and the POSS-C2 0.8% showed a considerably reduced tool wear when the drilling length 

was 2472 mm fracturing at 8000 mm. It is considered that concentrations over 1%, owing to the nature 

of POSS, cause changes in the original characteristics of oil and degrades the lubricant performance 

of the MQL-specific oil. The POSS-C1CF3, which was synthesized by applying -CF3 to improve the 

heat resistance of MQL-specific oil, as with POSS-C8, was shown to negatively affect Lf. It was 
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inferred that, considering POSS is generally the connected CF3 group as opposed to CH3, it had a 

negative effect on the lubrication performance. 

 

 

Figure 8. Relationship between Lf and POSS concentration in the cutting oil. 

 

Figure 9. Comparison of tool wear according to P(%). 

5. Conclusions 

This study focused on developing POSS-containing MQL oils with excellent adhesion to material 

and great resistance to the heat generated during drilling. This was achieved by adding POSS to 

conventional MQL-specific oil. For this purpose, POSS-C8, POSS-C2, and POSS-C1CF3 were 

designed, and adhesion evaluations were performed by adding them to the MQL-specific oil at 

various concentrations. The results showed that higher concentrations of POSS-C8, POSS-C2, and 

POSS-C1CF3 led to a better adhesion with the cutting tool, with the adhered amounts of oil having 

increased up to 60% compared with conventional oil. In addition, the results of the drilling evaluation 

in relation to the concentrations of POSS-C8, POSS-C2, and POSS-F showed that, in POSS-C8 and 

POSS-C1CF3, higher concentrations reduced Lf owing to the degraded lubricant performance 

compared with the conventional MQL-specific oil. The results for the POSS-C2, on the contrary, 
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showed that the lower concentration of 0.8% improved Lf fourfold compared to the conventional 

MQL-specific oil; however, concentrations of over 0.8% reduced Lf. It is expected, therefore, that the 

use of the POSS-containing MQL oil (POSS-C2 0.8%) developed in this study can help to overcome 

the shortcomings of the conventional MQL method, achieving lubrication performance comparable 

to that of wet processing and ensuring eco-friendly working conditions. 
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Nomenclature 

Vs Spindle speed (rpm)  

F Feed rate (mm/rev) 

Ft Thrust force (N) 

Ff Fluctuation width of thrust force (N) 

L Drilling length (mm) 

Lf Drilling length to fracture (mm) 

P Consistence of POSS ester compound (%) 

Po Oil mist pressure (bar) 

Pa Air pressure (bar) 

Q Oil mist flow rate (ml/h) 

Wa Average weight (g) 
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