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Abstract

:

In order to obtain better cutting tool performance, the coatings appear as an alternative in the machining process. The goal of the coating is to improve tribological conditions in the chip-tool and tool-workpiece interfaces. On the other hand, the use of coated tools decreases the wear of the tools. This study discusses the ceramic coatings characterization deposited in WC tools. The Al2O3 and TiO2 films present properties such as thermal stability, chemical inertia, high hardness, and good mechanical properties. These coatings were prepared by sol-gel technology. The results indicated that the multilayer coating presents better adhesion on the substrate. Moreover, lower coefficients of friction were found for the coated tools. The analysis of variance (ANOVA) was used to evaluate the influence of the cutting parameters and tool coating on the cutting force. The lower cutting force was obtained using the multilayer-coated tool. Thus, the sol-gel method appears as a novel technique to deposit coating in the WC tools to improve their performance.
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1. Introduction


The machining is one of the most applicable processes in the manufacture of metals. For this reason, different researchers have focused their efforts on tool improvement and optimization of cutting parameters [1]. Indeed, it is necessary to choose the cutting parameters correctly to decrease the wear and consequently increase the tool life. Tooptong et al. [2] affirm that the rise in the cutting temperature due to the increase of the cutting speed leads to the degradation of the cutting tool material. Thus, different coating techniques have been developed to improve the resistance of the tool, such as chemical vapor deposition (CVD) [3], physical vapor deposition (PVD) [4,5] and sol-gel [6,7], allowing the fabrication of different coating materials.



Astakhov [8] affirms that the purpose of the coatings is to improve the tribological conditions at the chip-tool and tool-workpiece interfaces, and finally, to contribute to improvement of the process as in the study of Rubio [9]. Therefore, it can be assured that the improvement of the tribological characteristics of cutting tools using coatings is not only technically efficient but also economically viable [10]. Factors, such as the adhesion of the coating to its substrate, hardness, and residual stresses modify the performance of the coating [11]. Despite there being few pieces of work about sol-gel coating on cutting tools, satisfactory results have been obtained using this technology. Chen et al. [6] used the sol-gel as an auspicious technique to coat cutting tools and showed that the coated tools presented less flank wear than the uncoated one. Similarly, positive results using this sol-gel coating method were also observed in the work of Rubio et al. [12]. Moreover, Tlili et al. [13] studied the wear resistance of the stainless steel using alumina coating deposited by the sol-gel method. In this work, the pin-disc test established that the alumina layers improve the tribological behavior of the stainless steel substrate, and reduce its wear and damage.



The main advantage of the sol-gel process is the possibility to deposit and process the solid oxide coating at low temperatures [14,15,16]. Using this method, it is also possible to prepare a film for technological applications at a low cost [17]. In this research, Al2O3 and TiO2 coatings will be processed by the sol-gel method and deposited onto tungsten carbide substrate by dip-coating. This one is the most used technique for the deposition of sol-gel film principally because it allows coating materials with complex geometries. Such a technique consists of three main steps: immersion and dwell time, deposition and drainage, and evaporation [18] (Figure 1).



One of the main reasons to use aluminium oxide as a tool coating is because it presents a high wear resistance [3,19]. The Al2O3 is characterized by excellent thermal stability, chemical inertness, relatively high hardness at elevated temperatures, and good mechanical and anti-corrosive properties [19,20]. Nevertheless, the main properties of the TiO2 include low cost, high stability, chemical inertness, biocompatibility, and non-toxicity [21]. On the other hand, Du et al. [22] justify the use of this coating on materials such as high-speed steel, because of its considerably low crystallization temperature.



To test the performance of the WC tools coated by the sol-gel method, the compacted graphite iron (CGI) will be machined. This material exhibits hard machining properties. Besides the absence of MnS and low thermal conductivity, Su et al. [23], mention the presence of hard titanium particles in its composition. On the other hand, at moderate cutting speeds, there is the formation of built-up edge formation, abrasive and adhesive wear [24]. Recently, the CGI turning tests have been studied by many authors, as Tooptong et al. [2]; Abdoos et al. [24]; Yamamoto et al. [25]; Heep et al. [26]. Tooptong et al. [2] investigated the flank wear when turning three cast irons (flake graphite iron (FGI), compacted graphite iron (CGI) and nodular graphite iron (NGI)) under dry conditions. Regardless of the presence of coating on the surfaces of the insert, the authors concluded that the main reason for the poor machinabilities (flank wear) of the CGI (and NGI as well) is that the generated cutting temperatures are much higher than for the FGI.



Abdoos et al. [24] evaluated the cutting efforts in CGI turning using different TiAlN coating thicknesses. The results demonstrated that an increase in thickness delays the substrate exposure, which contributes to increasing the tool’s life. On the other hand, the thickness influences the tool microgeometry in a way that affects the cutting forces, thermal and mechanical loads in the coating, which can lead to premature tool failures. Thus, it appears necessary to control the coating thickness and identify the optimal one. In this work, the optimal coating thickness was 11 µm. Besides, Yamamoto et al. [25] evaluated the machining of compacted graphite iron using a new PVD coating family. The TiAlN-based coatings composition (Ti/Al ratio), architecture (mono vs. multilayer), and thickness parameters were studied in this work. The application of the optimized coating resulted in a 40–60% improvement of the cutting tool life under the finishing turning of CGI. Heep et al. [26] studied the CGI turning using carbon dioxide snow. The main results indicated that the efficient rake face cooling is essential for the reduction of thermal tool loads and has a significant effect on the crater wear behavior. Moreover, the wear development on the flank face can be further reduced by targeted flank face cooling.



Therefore, the present paper aims to characterize the sol-gel multilayer and Al2O3 coated tools used in CGI turning. The coatings were characterized by X-ray diffraction (XRD), scanning electron microscope (SEM), energy-dispersive X-ray spectroscopy (EDS) and scratch test. The friction coefficients were collected for the tribological pairs using a tribometer. Finally, different cutting conditions have been used during the machining tests to measure the corresponding cutting force and the results were treated using the analysis of variance (ANOVA).




2. Materials and Methods


2.1. Workpiece and Cutting Tools


The material used for the turning tests was CGI. The diameter of the cylinder is 69 and 300 mm of length. The mechanical properties are summarized in Table 1.



The WC tools used were K10 class, for cast iron machining, code CNMA 120408 HTi10-Mitsubishi (Tokyo, Japan). The tools used were the uncoated one, the one coated with aluminium oxide (three layers) and the multilayer-coated one (one layer of the titanium dioxide and three layers of the aluminium oxide, respectively). The TiO2 layer was used to improve the adhesion to the substrate. The Al2O3 was used to improve the resistance to wear.




2.2. Cleaning of the Cutting Tools


All inserts were subjected to an ultrasonic acetone bath for 10 min and methanol for 5 min before coating them by the sol-gel deposition processes.




2.3. TiO2 Coating


The coating was processed by sol-gel technology and deposited by dip-coating with a withdrawal speed of ~3.33 mm/s. In this work, the reagents were tetraisopropyl orthotitanate (TIPT), deionized water (H2O), hydrochloric acid (HCl, purity of 36%), and absolute ethanol as solvent. This solution is characterized by a TIPT concentration of 0.4 mol/L, a molar ratio water/TIPT of 0.82, and a pH of 1.27 in agreement with a previous work written by Houmard et al. [28]. The ageing process of the sol-gel solution was at least two weeks in order to let the hydrolysis, and condensation reactions occurring. This process leads to a thicker film after the dip-coating step. The coating was dried at 100 °C for 15 min before the other depositions.




2.4. Al2O3 Coating


The Al2O3 coating was processed by sol-gel technology and deposited by dip-coating with a withdrawal speed of ~0.4 mm/s. The reagents were aluminium isopropoxide (IPA), deionized water (H2O), and nitric acid (HNO3). The IPA:H2O:HNO3 molar ratio used was 1:60:0.10. The deionized water was heated at 85 °C; reaching this temperature the nitric acid was inserted; and then, the aluminium precursor (powder compound) was added slowly. The solution was heated at 90 °C for 24 h. The Al2O3 solution was prepared in agreement with Chen et al. procedure [6]. The purpose of using 3 layers was to obtain an appropriate thickness for the machining test. The Al2O3 coating was deposited performing three immersions of the tool. Each layer had been dried at 100 °C for 15 min between each deposition step and finally, the tools were heat-treated at 450 °C for 1 h to favor the densification of the sol-gel films.




2.5. Characterization of the Coatings


The Al2O3 coatings and multilayer coatings were characterized using the scanning electron microscope (SEM) Quanta FEG 3D model (FEI Company, Hillsboro, USA). This equipment includes the energy dispersive spectroscopy (EDS) analysis as well. The structure of the resulting ɣ-Al2O3 coating was characterized by X-ray diffraction (XRD) using a Rigaku diffractometer (model D/max-last IV, Rigaku Corporation, Woodlands, TX, USA) operated at 15–50 kV and monochromatized with Cu-Kα radiation where the scanning speed was 4 degrees per minute.




2.6. Scratch Test


The tests were performed to characterize the adhesion of the coatings. The equipment used was the sclerometer developed by the Laboratory of Tribology and Materials of the Federal University of Uberlândia (Brazil). The test consists of scratching the coated sample with a Rockwell indenter (Materialprüfungsamt Nordrhein-Westfalen (MPA NRW), Dortmund, Germany). Its load was progressively increased at a rate of 12 N/mm, reaching the maximum load of 50 N, a distance of 4 mm and speed of 0.010 mm/s.




2.7. Tribometer Test


The mean roughness values (Ra) of the samples are measured according to the norm ASTM G99-05 [29]. They do not exceed 0.8 µm. The Tribometer Microtest, model SMT-A/0100 (Microtest S.A., Madrid, Spain) was used to determinate the coefficients of friction. The values were collected by Nanovea Tribometer software version 1.5.3 (Micro Photonics Inc., Allentown, USA). The normal load applied was 5 N and the sliding speed 64.62 m/min. The sliding distance was 150 m. The tests were made under dry conditions at room temperature.




2.8. Cutting Force


For the acquisition of the cutting force signals the Kistler dynamometer-Model 9272 (Winterthur, Switzerland), with the National Instruments USB-6366 data acquisition board (Austin, TX, USA) and the software NI LabView Signal Express 2013 was used.




2.9. Experimental Setup


Dry turning tests were made on a computer numerical control (CNC) lathe (5.5 kW power and maximum rotational speed of 3500 rpm. The cutting parameters used are shown in Table 2. The full factorial experiment was conducted twice, which means that 36 experiments were realized two times each. The cutting depth (ap) used was 1 mm for all experimental conditions.





3. Results and Discussions


3.1. X-ray Diffraction


The X-ray diffraction of the aluminium oxide is illustrated in Figure 2. Figure 2a shows the sample without heat treatment. It was observed that the diffraction peaks coincided with the boehmite phase-AlO(OH). Besides, Figure 2b displays the sample after heat treatment of 450 °C indicating that this phase disappeared, highlighting some peaks which coincided with the ɣ-Al2O3 pattern. These results indicated that the de-hydroxylation of the boehmite phase occurred, which transformed into ɣ-Al2O3, as expected at this temperature. Indeed, according to Chen et al. (2000) [6], the ɣ-Al2O3 phase consolidates from 380 °C. The broad peaks are due to the small size of the nanocrystals formed during the sol-gel deposition. In particular, the broad band observed between 20° and 43° in Figure 2b results from the overlapping of three small peaks of the ɣ-Al2O3 phase indicated by the literature (Joint Committee on Powder Diffraction Standards (JCPDS) card number 00-029-0063 illustrated in Figure 2b).




3.2. Characterization of Aluminium Oxide Coating


Figure 3b presents an SEM image of the aluminium oxide coating together with the EDS spectra taken in the substrate and coated regions of the tool. The Al2O3 coating was obtained after three immersions. The coating reflects good adhesion to the substrate. Figure 3a,c details the EDS spectra of the substrate and coated regions of the tool. According to EDS taken from the substrate region, relevant peaks of the chemical elements W, C, O, and Co from the commercial insert are observed. In the coated region, principally peaks corresponding to Al and O are present, confirming the presence of the Al2O3 coating on the surface of the tool. Using the EDS, it is worth noting that when the electron beam hits the material surface, the X-rays emitted by the electrons have enough energy to cross a material thickness of about 5 µm. As a result, it is obvious that the EDS spectrum from the coated region should indicate the presence of the elements present in the WC commercial insert composition.




3.3. Characterization of Titanium Dioxide Coating


Figure 4 shows an SEM image of the titanium dioxide coating together with the EDS spectra taken in the substrate and coated regions of the tool. The EDS analysis demonstrates the same peaks corresponding to the chemical element from the substrate as previously. However, from the coating region, peaks of Ti and O are present, confirming the deposition of the TiO2 coating. One more time, the peaks of the elements present in the WC insert appear due to the thin thickness of the TiO2 film. Since the TiO2 layer was used only to improve the adhesion with the substrate. The crystalline structure of the TiO2 film had not been studied in this work. However, Langlet et al. [30] and Aun et al. [31] used the same sol-gel solution to deposit TiO2 thin films. Despite a possible influence of the material used as a substrate, both studies showed that the film deposited first transforms in the anatase phase and then in the rutile phase when increasing the temperature of the heat treatment. In this work, since the temperature of the heat treatment used is relatively low (450 °C), the TiO2 film deposited from the same sol-gel solution is probably in its anatase phase.




3.4. Characterization of Multilayer Coating


Figure 5 shows an SEM image of the multilayer coating deposited on the WC substrate together with the EDS spectra taken in the substrate and coated regions of the tool. It can be seen that the coating showed good adhesion on the WC substrate. Obviously, the EDS spectrum from the substrate showed the same results than the two previous characterizations registered indicating one more time the elements of the WC substrate composition. Nevertheless, the EDS spectrum from the coated region exposed additional peaks characteristic of the Ti, Al and O elements, corresponding to the chemistries of the multilayer coating.




3.5. Adhesion by Scratch Test


Scratch tests were performed for both sol-gel coatings studied in this work (Figure 6 and Figure 7). Points 1 and 2 indicate the regions with and without coating, respectively, for both figures. Due to the presence of peaks corresponding to the Al, Ti, and O elements the EDS spectra confirm the coatings depositions on the substrates. At the end of the test, the substrate exposure had been observed by SEM, illustrating the coating delamination. From the scratch test curves, the failures start close to 25 N for the Al2O3 coating. For the multilayer coating, this event occurs later, between 30 and 40 N. Therefore, it can be assured that the adhesion of the multilayer coating seems to be higher than the one of the Al2O3 coating.




3.6. Coefficient of Friction (µ)


The behavior of the coefficient of friction (µ) for uncoated, aluminium oxide and multilayer coating tools versus sliding distance is shown in Figure 8.



The initial friction coefficients of the multilayer and Al2O3 coated WC are slightly lower than those presented for uncoated WC. This variation is associated with good chemical inertness and lower thermal conductivity of the ceramic coatings. These properties of the ceramic materials were described by Kalpakjian and Schimd [32]. Moreover, during the test, the friction properties increase gradually towards a known level to the stabilized friction coefficient. Figure 8 shows that there is a transition period between 25 and 100 m where the friction coefficient increased for all the tests. During this period, the results suggest that the Al2O3 and multilayer coatings are acting to minimize the friction coefficient. Thus, the coatings prove its effectiveness against the wear. After the sliding distance of approximately 100 m, a steady-state is achieved, suggesting that the alumina and multilayer oxide coatings had been removed. From this moment, the friction coefficient stays similar for all the tools studied, corresponding to the sliding of the WC substrate against the CGI.




3.7. Cutting Force


The measures of the cutting force are reported in Table 3. Turning experiments were realized two times for each combination.



The ANOVA was carried out to verify if there is an influence in the main parameters and/or their interactions. The confidence interval of 95% was used. F-value or p-value (Table 4) can be used to identify which process parameters are statistically significant. Values lower (p) or equal to 0.05 show that the main parameters or the interaction have significant effects on the response variable. The R2 value indicates that the models fitted the data properly. Table 4 shows the ANOVA for cutting force. The main parameters tool, cutting speed and feed presented significant influence.



Figure 9 illustrates the behavior of the cutting force as a function of the various levels used. The most influent parameter was the feed. The larger cutting efforts are necessary to remove larger amounts of material. The friction at the tool/chip and tool/workpiece interfaces is minimized with the use of coated tools, which proves that the lowest cutting force will be reached using the multilayer insert. Such a statement can also be confirmed by the results of tribological tests. As cited by Trent and Wright [33], when using the coating on cutting tools can be obtained lower forces.



On the other hand, as the cutting speed increases, the cutting force tends to decrease as well. The relationship between the increase in cutting speed and the reduction in the coefficient of friction was stated by Puls et al. [34]. According to them, there is a displacement on the right side of the Stribeck curve, favoring the lubricant thickness between the materials in sliding. Higher cutting speeds cause greater heating in the cutting zone, changing the mechanical properties of the material, which requires less cutting power. Another factor to be highlighted is that the graphite acts as a lubricant between the tool and the workpiece, facilitating the shear, and consequently, contributing to the generation of lower cutting force.





4. Conclusions


Coatings characterization deposited by sol-gel was realized and the cutting force was measured during the CGI turning under various cutting conditions using uncoated and coated WC tools. The sol-gel method appears as a novel technique to improve the performance of the cutting tools. The principal results and conclusions can be pointed as:




	
According to XRD analyses, the alumina coating deposited on the tool surfaces presented a crystalline structure corresponding to the ɣ-Al2O3 phase after the heat treatment step.



	
The EDS confirmed the presence of the coatings and the thicknesses of the coatings have a micrometer scale (Al2O3 and multilayer).



	
According to the scratch test, the adhesion of the multilayer coating is higher than the one of the Al2O3 coating.



	
The coated tools presented lower friction coefficients up to 100 m. Besides, during the CGI cutting tests, the presence of graphite probably contributed to the reduction of friction due to the formation of a lubricating film.



	
The ANOVA showed that the main parameter that influenced the resulting cutting force was the feed. The tool and cutting speed have minor influences.
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Figure 1. Dip-coating steps: (1) immersion and dwell time, (2) deposition and drainage, and (3) evaporation. 
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Figure 2. (a) X-ray diffraction for untreated and (b) heat treated samples. Patterns of JCPDS card numbers 00-021-1307 and 00-029-0063, corresponding respectively to the Boehmite and ɣ-Al2O3 phases, are also represented. 
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Figure 3. (a) EDS spectrum from the substrate region of the tool, (b) SEM image of the Al2O3 coating, and (c) EDS spectrum from the Al2O3 coated region of the tool. 
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Figure 4. (a) EDS spectrum from the substrate region of the tool, (b) SEM image of the TiO2 coating, and (c) EDS spectrum from the TiO2 coated region of the tool. 
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Figure 5. (a) EDS spectrum from the substrate region of the tool, (b) SEM image of the multilayer coating, and (c) EDS spectrum from the multilayer coated region of the tool. 






Figure 5. (a) EDS spectrum from the substrate region of the tool, (b) SEM image of the multilayer coating, and (c) EDS spectrum from the multilayer coated region of the tool.
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Figure 6. (a) EDS spectrum from the substrate region, (b) EDS spectrum from the Al2O3 coating, (c) SEM image of the scratch test on the sample with Al2O3 coating, (1) region without Al2O3 coating and (2) region with Al2O3 coating, and (d) Z-force versus distance for scratch test of the Al2O3 coating. 






Figure 6. (a) EDS spectrum from the substrate region, (b) EDS spectrum from the Al2O3 coating, (c) SEM image of the scratch test on the sample with Al2O3 coating, (1) region without Al2O3 coating and (2) region with Al2O3 coating, and (d) Z-force versus distance for scratch test of the Al2O3 coating.
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Figure 7. (a) EDS spectrum from the substrate region, (b) EDS spectrum from the multilayer coating, (c) SEM image of the scratch test on the sample with multilayer coating, (1) region without multilayer coating and (2) region with multilayer coating, and (d) Z-force versus distance for the scratch test of the multilayer coating. 






Figure 7. (a) EDS spectrum from the substrate region, (b) EDS spectrum from the multilayer coating, (c) SEM image of the scratch test on the sample with multilayer coating, (1) region without multilayer coating and (2) region with multilayer coating, and (d) Z-force versus distance for the scratch test of the multilayer coating.
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Figure 8. Coefficient of friction versus sliding distance. 
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Figure 9. Influence of the main effects on the cutting force. 
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Table 1. Mechanical properties established by ASTM-A 842/85 [27].
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	Properties
	Grade 350





	Tensile strength limit (MPa)
	350



	Flow limit (MPa)
	245



	Elongation 50 mm (%)
	1.0
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Table 2. Parameters and their levels used during the turning experiments.
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	Parameters
	Levels





	Tool
	Uncoated; Al2O3 coated tool; Multilayer coated tool



	Cutting speed (Vc)
	125; 175; 225; 275 m/min



	Feed (f)
	0.1; 0.2; 0.3 mm/rev
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Table 3. Turning experiments realized and their respective cutting force measures.






Table 3. Turning experiments realized and their respective cutting force measures.





	
Test

	
Tool

	
Vc

	
f

	
Cutting Force (N)

	
Test

	
Tool

	
Vc

	
f

	
Cutting Force (N)






	
1

	
1

	
1

	
1

	
126.50

	
140.95

	
19

	
2

	
3

	
1

	
108.22

	
134.21




	
2

	
1

	
1

	
2

	
353.48

	
352.81

	
20

	
2

	
3

	
2

	
333.94

	
322.76




	
3

	
1

	
1

	
3

	
499.69

	
474.54

	
21

	
2

	
3

	
3

	
487.27

	
485.39




	
4

	
1

	
2

	
1

	
109.09

	
165.36

	
22

	
2

	
4

	
1

	
121.13

	
95.91




	
5

	
1

	
2

	
2

	
347.27

	
336.46

	
23

	
2

	
4

	
2

	
322.25

	
308.87




	
6

	
1

	
2

	
3

	
484.86

	
508.22

	
24

	
2

	
4

	
3

	
511.39

	
452.57




	
7

	
1

	
3

	
1

	
145.95

	
96.60

	
25

	
3

	
1

	
1

	
157.30

	
126.73




	
8

	
1

	
3

	
2

	
372.18

	
302.98

	
26

	
3

	
1

	
2

	
360.82

	
336.75




	
9

	
1

	
3

	
3

	
498.97

	
492.68

	
27

	
3

	
1

	
3

	
502.31

	
482.00




	
10

	
1

	
4

	
1

	
118.15

	
103.74

	
28

	
3

	
2

	
1

	
109.44

	
129.72




	
11

	
1

	
4

	
2

	
338.06

	
326.79

	
29

	
3

	
2

	
2

	
276.90

	
320.82




	
12

	
1

	
4

	
3

	
493.43

	
478.78

	
30

	
3

	
2

	
3

	
451.72

	
492.45




	
13

	
2

	
1

	
1

	
135.46

	
152.02

	
31

	
3

	
3

	
1

	
89.12

	
140.17




	
14

	
2

	
1

	
2

	
404.81

	
331.30

	
32

	
3

	
3

	
2

	
288.53

	
299.60




	
15

	
2

	
1

	
3

	
520.92

	
481.44

	
33

	
3

	
3

	
3

	
458.90

	
457.99




	
16

	
2

	
2

	
1

	
112.45

	
149.95

	
34

	
3

	
4

	
1

	
86.34

	
110.46




	
17

	
2

	
2

	
2

	
341.43

	
327.68

	
35

	
3

	
4

	
2

	
263.44

	
314.25




	
18

	
2

	
2

	
3

	
491.98

	
487.77

	
36

	
3

	
4

	
3

	
437.74

	
471.13











[image: Table] 





Table 4. Results of the analysis of variance for the cutting force.
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Process Parameters

	
Cutting Force




	
SS

	
F-Value

	
p-Value






	
Tool

	
6436

	
5.89

	
0.006




	
Cutting speed

	
10,229

	
6.24

	
0.002




	
Feed

	
1,564,893

	
1431.83

	
0.000




	
Tool × Cutting speed

	
2346

	
0.72

	
0.640




	
Tool × feed

	
1600

	
0.73

	
0.576




	
Cutting speed × Feed

	
1610

	
0.49

	
0.811




	
Tool × Cutting speed × Feed

	
388

	
0.06

	
1.000




	
R2

	
98.78%

	
–

	
–
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