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Abstract

:

This work characterises the structure and mechanical properties, such as adhesion, of two different chemical vapour deposition (CVD) coatings deposited onto silicon aluminium oxynitride (Si3N4 + Al2O3 + Y2O3) round (RNGN) milling cutter tooling inserts. These inserts are often known by the trade abbreviation “SiAlON”. Wear was produced on the inserts using unidirectional sliding (pin-on-disc type) and scratch testing. Two coatings were investigated: a multilayer CVD coating (Coating A) with a composition of TiN + TiCN + Al2O3 and a bilayer coating (Coating B) with a composition of Al2O3 + TiN. Microstructural analysis was conducted after wear testing and Coating B demonstrated high stability when subjected to high alternating shear and tensile stresses, high abrasion resistance and very high adhesion to the SiAlON ceramic insert substrate when compared to Coating A. Coating A demonstrated a low capacity to distribute alternating shear and tensile stresses during the pin-on-disc and scratch testing, which led to failure. The scratch and pin-on-disc results from this study correlate highly with completed machining insert wear analysis that has used Coating A and Coating B SiAlON inserts to machine aged Inconel 718.
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1. Introduction


Improving the performance, tool life and overall reliability of modern ceramic composite cutting tools is paramount for improving the uptake of such tooling in industrial metal cutting applications. Initially developed for the aerospace industry, indexable silicon aluminium oxynitride (SiAlON) ceramic inserts are used to enable economically viable cutting of traditionally hard to machine materials (nickel-based superalloys, hardened steels), but are also increasingly used to access very high material removal rates for easier to cut materials used in automotive applications (e.g., cast irons) [1,2,3]. Ceramic cutting tool materials therefore require high wear resistance, high hot hardness and good chemical stability at cutting temperatures of over 1000 °C. Previous studies [4,5,6,7,8] have concluded that SiAlON ceramic inserts exhibit wear resistance characteristics and thermal shock characteristics that outperform whisker-reinforced alumina and TiN-whisker-reinforced SiAlON in terms of wear resistance when machining nickel-based superalloys. Previous work [9,10,11,12] has identified that one of the most cost-effective ways of improving cutting performance when turning hardened steels is depositing a coating on the surface of aluminium oxide and titanium carbide (Al2O3 + TiC) ceramic tools. Other previous studies [13,14,15,16,17] have subsequently recognised the benefit of adding a protective wear-resistant coating onto different cutting tool substrates.



Chemical vapour deposition (CVD) and plasma vapour deposition (PVD) coating techniques have been widely used by cutting tool manufacturers to coat tungsten carbide turning and milling inserts over the last 40 years. Previous research studies [18,19] have determined how uncoated and coated tungsten carbide cutting tools have benefited from the adoption of cryogenic and minimum quantity lubrication (MQL) cooling strategies when machining Inconel 718.



Typical CVD coating materials include titanium carbide (TiC), titanium carbo-nitride (TiCN), titanium nitride (TiN), alumina (Al2O3) and titanium aluminium nitride (TiAlN). While PVD coating techniques have found great popularity in the coating of cutting tools due to their much lower coating temperature, it is the CVD coating process that attains much more durable coatings when applied to ceramic indexable inserts.



CVD coating techniques are preferred for coating SiAlON inserts because of the strength of the bonds that are created between the SiAlON substrate and the interatomic bonding layer. Previous studies [20,21,22,23,24,25] deduced that chemical vapour deposition is the most suitable method for creating thin-film coatings that have high durability and high wear resistance at high cutting temperatures. The benefit of the chemical vapour deposition coating process is that it allows for a high enough temperature to be reached on the surface of the heated substrate. This promotes the formation of highly stable elements on the surface of the cutting insert, such as amorphous α-Al2O3. Previous work [26,27] has also stated that phase transformations take place where metastable k-Al2O3 polymorphs transform into amorphous α-Al2O3 polymorphs at temperatures above 950–1080 °C, which is the most thermodynamically stable phase of Al2O3. This highly stable phase of amorphous α-Al2O3 is oxidation resistant, retains high hardness at high temperatures of 1000 °C or more and is highly resistant to chemical diffusion wear.



Attaining α-Al2O3 coatings with suitable characteristics has been a continuous process of microstructural refinement of the nucleation that takes place, as well as a process related to being able to control crystal orientation. Shoja et al. [28] state that creating stable α-Al2O3 has largely been achieved thanks to the improvement in refined microstructural layers and the lowering of pore fractions at the interface. Others [29,30] have also determined that if the growth texture in the basal slip lines of (001) were near parallel to the surface of the coating, this would result in improved deformation characteristics of highly textured α-Al2O3 coatings, which would then have much better properties such as improved cutting performance and greater longevity of tool life.



According to previous studies [31,32,33], it is well known how TiCN coatings are deposited onto the surface of carbide cutting inserts using CVD techniques. Riedl et al. [32] also conclude that post-treatment of cutting tool coatings results in improved coating performance due to improved surface roughness and the introduction of compressive stresses into the coating. A key characteristic that protective wear-resistant coatings should have is high adhesion to the SiAlON ceramic substrate. High friction forces can be transmitted through the rake face during machining operations, with previous research [34] indicating that the rake face of cutting tools adopted a constant friction coefficient. However, the interfacial region of the chip/tool interface is divided into a sliding zone and a sticking zone. The sticking zone on the rake face can be a focal point of alternating shearing stresses. The high shearing stresses overcoming poor adhesion leads to premature failure of the coating microstructure and ultimately causes catastrophic failure of the cutting insert. Creating stable ionic to covalent bonds between the SiAlON ceramic substrate and the coating in the coating interfacial layer is paramount for high adhesion characteristics and the longevity of the SiAlON inserts.



The work presented here provides further understanding, beyond that previously described, of the tribological characteristics (coefficient of friction, coating wear mechanisms, coating failure mechanisms) of CVD-coated SiAlON ceramic milling inserts by systematically comparing the results of both pin-on-disc and scratch testing techniques, which are commonly used techniques to characterise thin-film coating systems. A non-contact 3D profilometer (focus-variation type) and an SEM microscope were utilised with scanning electron microscopy techniques to analyse the worn inserts.




2. Materials and Methods


2.1. Cutting Tools


Six inserts (Figure 1) were used throughout the experimental tests, with a single insert for each of the Coating A and Coating B inserts used in the scratch testing. For the pin-on-disc testing, two round SiAlON ceramic milling inserts with a TiN + TiCN + Al2O3 multilayer coating (Coating A) and two round SiAlON ceramic milling inserts multilayer-coated with Al2O3 + TiN (Coating B) were used. The Al2O3 + TiN coating (Coating B) was optimised for the coating of SiAlON ceramic inserts.



Figure 2 illustrates the two coating systems that have been utilised to coat CTIS710 SiAlON milling inserts with both Coating A and Coating B. Coating A is 6 µm thick and Coating B is 3–4 µm thick. Coating A has been selected as a comparative coating to Coating B.



As Coating A is traditionally used for the coating of carbide milling inserts, Coating B has been specifically developed for the coating of SiAlON cutting tools. These are proprietary coatings that are commercially sensitive, and further details on the coating process therefore cannot be provided.



Both coatings were applied using a Sucotec (SCT600TH) industrial-scale CVD machine by the insert manufacturer. The oxide coatings were deposited at a temperature of 1000 °C, and the deposition rate was 1–2 µm per hour. The physical properties of the uncoated and CVD-coated SiAlON ceramic milling inserts, and the two CVD coating grades, are stipulated in Table 1.




2.2. Experimental Procedure


A Hertzian analysis was conducted to ascertain the diameter of ball counter specimens that could replicate an average contact pressure of 3.6 GPa, which is experienced by the SiAlON ceramic insert rake face when machining materials such as Inconel 718 in high-speed face milling machining environments. The pin-on-disc tests themselves were carried out on a Bruker UMT TriboLab machine in accordance with the ASTM standard for this method (ASTM G99-17) [35]. The ASTM standard (ASTM G99-17) was used as a useful guide for characterising the surface wear rates of Coating A and Coating B.



Pin-on-disc Test 1a was conducted at a linear velocity of 2.0 m/s with a load of 78 N  ±    0.001   N  . Pin-on-disc Test 1b was conducted at a linear velocity of 2.0 m/s with a load of 124 N  ±    0.001   N  . For Test 2a and 2b, linear velocity was reduced to attain higher tool life. Pin-on-disc Test 2a was conducted at a linear velocity of 1.0 m/s with a load of 78 N  ±    0.001   N  . Pin-on-disc Test 2b was conducted at a linear velocity of 1.0 m/s with a load of 124 N  ±    0.001   N  . The wear tracks were 8 mm in diameter and steel ball diameter was 4 mm.



The differing loads for the pin-on-disc tests were established by a Hertzian analysis. The loads (N) are half of those calculated from Hertzian analysis due to stability issues which were encountered with the initial pin-on-disc test. The characterisation of the developed surface wear tracks and scratches was achieved with observations made on a Hitachi TM3030 scanning electron microscope. Ten nano-indentation hardness tests were conducted (Nanotest-Vantage, displacement resolution 0.002 nm, load resolution 3 nN) on each of the Coating A and Coating B inserts, for each of which the indentation load was ramped up to 100 mN. The resulting indentation depths (Appendix A) ranged from 557 nm to 1132 nm for Coating A and 479 nm to 1857 nm for Coating B. The results of nano-indentation hardness tests had significant scatter for both Coating A and Coating B. This scatter means that the true hardness proved very difficult to attain accurately; therefore, values from the literature have been used in this analysis.



Evaluation of the adhesion characteristics of both coatings was investigated on each of the inserts using the scratch test on the Bruker UMT device, which was performed by moving the diamond stylus along the examined specimen’s surface with a gradually increasing load (0–100 N  ±    0.001   N  ; 100 N/min). The travel speed of the stylus was 10 mm/min and the acoustic emission detector’s sensitivity was set to AE 1 to record the elastic waves; the elastic waves are generated because of deformation and propagation of the fractured microstructure with an increasing normal force underneath the stylus.



The coefficient of friction of the two coatings was established by applying two different loads at two different sliding velocities, which has been captured in Figure 3 and Figure 4. The frictional performance of the two coatings was characterised with scratch testing, which gave an insight into how the two coatings displaced the gradually increased applied loads of the scratch tests.



Equation (1) was used to calculate the critical load LCN value for both Coating A and Coating B. LC1 represents the critical scratch load in N, Lrate denotes the rate of force application (N/min) in a specific test, lN represents the distance in mm from the start of the scratch track, Xrate signifies the rate of horizontal displacement (mm/min) in the specific scratch test and Lstart denotes the preload stylus force in newtons established at the start of the scratch test. The linear positional error for the drive system producing the scratch measurements is   ± 0.25   µ m  .


   L  C 1   =  [   L  r a t e   −  {     l N     X  r a t e      }   ]  +  L  s t a r t    



(1)









3. Results


3.1. Pin-on-Disc Test Analysis and Discussion


The results of pin-on-disc testing for Coating A and Coating B in Test 1a and Test 2a are shown in in Figure 3, with Test 1b and 2b shown in Figure 4. From the Hertzian analysis, the applied loads that Coating B was subjected to were higher than the applied loads that Coating A was subjected to. This is because of the better resistance to deformation that is exhibited by the coating microstructure of Coating B when compared to the stability of Coating A.



The peaks in the coefficient of friction (CoF) and friction force (FfN) are presented in Figure 3a,b and Figure 4a,b. These peaks are an indication that the steel ball specimens have failed and that the coatings have also failed.



To reach the required 1000 m sliding distance (Table 2) stipulated in ASTM Standard Test Method G-99-17 [19], the tests would each need to last 496 s. As a result of the contact conditions, the two CVD coatings quickly degraded after about 22 s at the linear velocity of 2.0 m/s in Test 1a and Test 1b. For the first three seconds of Test 1a and Test 1b, the applied loads of 78 N and 124 N were respectively applied to the surface of the CVD-coated inserts. The insert support fixture was spun up to a linear velocity of 2.0 m/s for the first test. The test fixture was then spun up to a linear velocity of 2.0 m/s for the second test. The applied loads were applied by the actuator and measured by the load cell transducer at a sliding velocity of 2.0 m/s for Test 1a and Test 1b, which culminated in Coating A failing after 24.81 s (Figure 3). The calculated sliding distances and the times are shown in Table 2.



Once the fixture had reached a linear velocity of 2.0 m/s, the 4 mm diameter AISI 52100 steel ball counter specimen quickly succumbed to high frictional forces in the contact region and began to degrade and wear quickly. The friction coefficient for Coating A, as seen in Figure 5a, remained constant until the adhesion between the now heavily worn steel ball counter specimens (represented in Figure 5) resulted in delamination of Coating A (Regions 1 and 2 in Figure 6) and Coating A (Region 4 in Figure 7a) and Region 5 in Figure 7b). Once Coating A began to delaminate and the coefficient of friction increased sharply, Test 1a was stopped.



The primary reason for the failure of Coating A is likely due to the weak interfacial bonds being created between the interfacial layer of titanium nitride (TiN) and the SiAlON ceramic substrate. Although Test 1b for Coating B lasted a slightly shorter period of time at 22.64 s, Coating B was exposed to a higher applied load. The improved wear characteristics of Coating B when compared to Coating A are evident in Figure 6. The red boxes seen in Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13 signify areas of for further interest.
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Figure 7. SEM images of Coating A after pin-on-disc Test 1a: (a) ×1500 magnification, (b) ×3000 magnification. 






Figure 7. SEM images of Coating A after pin-on-disc Test 1a: (a) ×1500 magnification, (b) ×3000 magnification.
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Figure 8. SEM images of Coating B after pin-on-disc Test 1b: (a) ×50 magnification, (b) ×800 magnification. 






Figure 8. SEM images of Coating B after pin-on-disc Test 1b: (a) ×50 magnification, (b) ×800 magnification.
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Figure 9. SEM images of Coating B after pin-on-disc Test 1b: (a) ×1500 magnification, (b) ×3000 magnification. 






Figure 9. SEM images of Coating B after pin-on-disc Test 1b: (a) ×1500 magnification, (b) ×3000 magnification.
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Figure 10. SEM images of Coating A after pin-on-disc Test 2a: (a) ×50 magnification, (b) ×800 magnification. 






Figure 10. SEM images of Coating A after pin-on-disc Test 2a: (a) ×50 magnification, (b) ×800 magnification.
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Figure 11. SEM images of Coating A after pin-on-disc Test 2a: (a) ×1500 magnification, (b) ×3000 magnification. 






Figure 11. SEM images of Coating A after pin-on-disc Test 2a: (a) ×1500 magnification, (b) ×3000 magnification.
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Figure 12. SEM images of Coating B after pin-on-disc Test 2b: (a) ×50 magnification, (b) ×800 magnification. 






Figure 12. SEM images of Coating B after pin-on-disc Test 2b: (a) ×50 magnification, (b) ×800 magnification.
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Figure 13. SEM images of Coating B after pin-on-disc Test 2b: (a) ×1500 magnification, (b) ×3000 magnification. 






Figure 13. SEM images of Coating B after pin-on-disc Test 2b: (a) ×1500 magnification, (b) ×3000 magnification.
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Coating B had higher resistance to delamination (Regions 1 and 2 in Figure 8 and Regions 4 and 5 in Figure 9) than Coating A (seen in Regions 1 and 2 in Figure 6 and Region 5 in Figure 7b). The friction coefficient for Coating B fluctuated slightly, as seen in Figure 4a. The fluctuating friction forces leveled out until the adhesion between the now heavily worn steel ball counter specimen and Coating B became excessive, as shown in Figure 5.



The higher adhesion characteristics and the greater resistance to deformation and delamination of Coating B were likely attained due to high interfacial ionic/covalent bonds being created between the interfacial layer of amorphous α-Al2O3 and the SiAlON ceramic substrate.



The lower friction characteristics of the titanium nitride (TiN) microstructure can be attributed to the higher stability characteristics. Shoja et al. [13] concluded that α-Al2O3 coatings plastically deform on the rake face at different locations with different slip systems. The basal slip system is mostly activated during deformation, which is followed by the first and second prismatic slip systems.



This type of deformation correlated into a controlled and effective dispersion of the applied loads between the steel ball counter specimen and Coating B. The high stability characteristics and low coefficient of friction of the TiN outer layer, together with the higher stability and robustness of the amorphous α-Al2O3 interfacial layer of Coating B compared to Coating A, created a coating microstructure that was equipped to resist and distribute the high loads being applied.



M’Saoubi et al. [15] conclude that a textured α-Al2O3 microstructure that has a controlled crystal orientation has a high resistance to deformation, as can be seen in Figure 8 and Figure 9. The textured microstructure exhibits very high stability when subjected to high load forces at ambient temperatures.



For Test 2a and Test 2b (Figure 10, Figure 11, Figure 12 and Figure 13), linear velocity in the test fixture was reduced to 1.0 m/s when compared to the linear velocity of 2.0 m/s that was utilised in Test 1a and Test 1b for Coating A and Coating B.



The reduction in linear velocity was undertaken to investigate if this would have an impact on the sliding distance that could be attained before failure and the wear characteristics that had been evident in Test 1a and Test 1b for both Coating A and Coating B. The friction coefficient for Coating A, as seen in Figure 3b, remained near constant until the adhesion suddenly increased, which was represented by the now heavily worn steel ball counter specimen and the coating, as shown by Figure 5.



However, when the insert support fixture had reached a linear velocity of 1.0 m/s, the 4 mm diameter steel ball counter specimen began to degrade and wear as a result of the high forces in the contact region. The degradation of Coating A and the steel ball was slightly slower and resulted in Test 2a being stopped after a time of T = 35.56 s.



The friction coefficient, as seen in Figure 3b, remained near constant until the adhesion between the heavily worn steel ball counter specimen and Coating A (Regions 5 and 6 in Figure 11) resulted in delamination. Once Coating A began to delaminate and the coefficient of friction increased quickly (from 0.43 up to 2.7, as seen in Figure 3b), Test 2a was stopped. Coating A failed as result of weak interfacial bonds being created between the titanium nitride (TiN) interface layer and the SiAlON ceramic substrate.



What was apparent in both Test 1a and Test 2a for Coating A and Test 1a and Test 2a for Coating B was that the steel ball degraded quickly, which is evident in Figure 5. The degradation was due to thermomechanical wear of the steel ball counter specimen, which is evident in the formation of circular metallic wear tracks that were left on the insert rake face (Region 1 and 2 in Figure 12a).



The metallic wear track was a result of degradation and wear on the steel ball counter specimen (Figure 5), which in turn increased the contact area. Once the adhesion between the worn steel ball counter specimen and the outer layer of the Al2O3 was sufficient, the tensile stresses being induced into the coating microstructure in the contact region prompted the titanium nitride (TiN) interfacial layer to shear, which quickly resulted in coating delamination. For Test 2b with Coating B, the high stability of Coating B is evident in Figure 12 and Figure 13.



The lack of deformation in Coating B can be in seen in Regions 1 and 2 in Figure 12. What was clear from Test 1b and Test 2b was that the bilayer (Al2O3 + TiN) microstructure of Coating B resisted the compressive stress being induced into the coating microstructure. This resistance to fluctuating compressive stresses originated from high interfacial bonds being created in the Al2O3 coating/SiAlON ceramic substrate interface, which reduced the rate of deformation of the interface.



The high wear resistance and low friction of coefficient of titanium nitride (TiN) created a contact which suffered from less adhesion and, in turn, a lower level of fluctuating stresses, which led to coating failure. Test 2b for Coating B was stopped as a result of the steel ball failing due to significant thermomechanical wear.




3.2. Scratch Testing Analysis and Discussion


Analysis of the two scratches was conducted in two parts. Firstly, a non-contact 3D profilometer (focus-variation type) was used. This analysis confirmed that Coating A had suffered from substantial amounts of wear and sudden fracture of the coating, which resulted in delamination, as seen in Figure 14a,c, due to an increased level of scratch force. Figure 14b,d indicate that Coating B had endured very little wear and no coating delamination. A scanning electron microscope was used to perform an examination of the two CVD-coated SiAlON ceramic milling inserts, and this visual SEM analysis is captured in Figure 15, Figure 16, Figure 17, Figure 18, Figure 19, Figure 20, Figure 21, Figure 22 and Figure 23.



It was observed that the amount of adhesion to the SiAlON ceramic substrate of CVD Coating A (TiN + TiCN + Al2O3) varied quite considerably when compared to the adhesion attained by Coating B (Al2O3 + TiN). The highly adherent properties that were exhibited by Coating B are due to the high-strength interfacial bonds that are created between the SiAlON ceramic substrate and the interfacial layer of amorphous α-Al2O3 during the CVD coating process. The high-temperature chemical vapour deposition process takes place in the region of 1050 °C, which is an ideal temperature for chemical reactions to take place to create the amorphous α-Al2O3 polymorphs.



The high temperatures establish the creation of high thermal interfacial bonding energies between the SiAlON ceramic substrate and the gaseous AICl3/H2/C02 vapour mixture of atoms. Previous work [26,36] concluded that, as vapour decomposes and begins to nucleate and bond with the SiAlON ceramic substrate, the amorphous α-Al2O3 polymorphs will begin to grow layer by layer to create an amorphous aluminium oxide coating.


   Coating   A     L  C 1   =  [  100  (  N / min  )  −  {    1.057  (  mm  )    10  (  mm / min  )     }   ]  + 0 = 10.57   N ± 0.001   N  










   Coating   B     L  C 1   =  [  100  (  N / min  )  −  {    9.89  (  mm  )    10  (  mm / min  )     }   ]  + 0 = 99.01   N   ± 0.001   N  











For both coatings, LC2 = LC1, which is due to Coating A catastrophically failing in the coating/substrate interface after a linear distance of 1.057 mm. The coating/substrate interface failure of Coating A resulted in complete delamination of the coating for the rest of the scratch. Coating B deformed but did not fail at any point along the entire scratch; therefore, LC2 = LC1.



Ruppi et al. [29], however, propose that when α-Al2O3 polymorph layers grow perpendicularly on the basal 0001 plane to the substrate as a result of layer growth, a highly textured, hexagonal, close-packed microstructure is formed, which in turn creates a highly thermodynamically stable coating. The textured aluminium oxide α-Al2O3 microstructure provides high stability and resistance to the fluctuating shear and tensile stresses, which prevents the creation of fracture cracks between the interfacial bonding layer and the SiAlON ceramic substrate.



It was the stability of the α-Al2O3 interfacial layer that provided the resistance to deformation that is evident in Figure 20 and Figure 23. During the Coating A and Coating B scratch tests, a diamond stylus was subjected to a linearly increasing load of 100 N/min whilst being drawn at a rate of 10 mm/min across the coated surface until the point of adhesion failure and critical load was reached. Typically, before a hard coating begins to fail, it will suffer from the formation of microcracks at the surface of the scratch. Therefore, determining the “lower critical load” LC1 is important for clarifying the minimum load value at which the cracks first begin to develop.



Another important value to determine is the “higher critical load” LC2, which determines when complete delamination of the coating begins. The images that are shown in Figure 15 and Figure 17a,b highlight the deformation of the scratch at different stages. The weak adhesive properties of Coating A are demonstrated in Figure 16a,b, Figure 17a,b, Figure 18a,b and Figure 19a,b.



The inadequate adhesion to the SiAlON ceramic substrate demonstrated by Coating A was due to the low-strength interfacial bonds that had been formed between the titanium nitride (TiN) interfacial bond layer and the SiAlON ceramic substrate. After 1 mm of linear travel at a load of 10.57 N  ±    0.001   N  , tensile and shear stresses culminated in a sudden total fracture of the coating. Therefore, LC1 = LC2 for Coating A, which was 10.57 N  ±    0.001   N  . The inability of Coating A to adequately distribute the linearly increasing tensile and shear stresses throughout the coating microstructure resulted in the delamination of Coating A from the SiAlON ceramic substrate. Characteristically, hard coatings deteriorate from small cracks prior to failure, though here, Coating A failed catastrophically as result of brittle and weak interfacial layers, which in turn initiated the delamination of the rest of the coating as load was increased.



As the coating load increased, the spalling effects increased, and this is evident in Figure 18b. The principal cause for the abrupt failure of Coating A can be credited to the low-strength interatomic bonds being initiated between the isomorphic phases of titanium nitride (TiN) (lattice structure) in which metallic bonds occur.



These metallic bonds do not have the same capability to share valance electrons with the SiAlON covalent microstructure on an interatomic level as ionic bonds of Al2O3 have. The metallic covalent interactions between TiN and SiAlON ceramic atoms resulted in the creation of low-strength energy sites for nucleation, which in turn initiated the creation of low-strength interatomic bonds between the covalent microstructure of the silicon aluminium oxynitride (SiAlON) ceramic. Hence, once the TiN and the SiAlON ceramic interfacial bonds were exposed to adequate fluctuating shear and tensile stresses, interfacial cracks started to propagate and were thus the root cause of Coating A catastrophically failing after travelling 1 mm.



The image in Figure 20 highlights the deformation of the scratch at different stages. Figure 21 and Figure 22 illustrate the lack of coating deformation and subsequent delamination. There is no noticeable cracking compared to the level of wear that can be viewed in Figure 15 and Figure 19 with Coating A.



Figure 21a–c, Figure 22a,b and Figure 23a,b highlight the lack of physical degradation of the coating, which suggests that the interface that was created between the α-Al2O3 and the SiAlON ceramic substrate formed high-strength interatomic bonds. Aluminium oxide (α-Al2O3) ionic bonds have the capability to share valance electrons with the SiAlON ceramic covalent microstructure. This resulted in electronegativity interactions between Al2O3 and SiAlON ceramic atoms, which initiates high-energy sites for the nucleation of the α-Al2O3 interfacial layer atoms onto the surface of the SiAlON ceramic substrate. High interatomic bonds were then formed with the covalent microstructure of the silicon aluminium oxynitride (SiAlON) ceramic.



Furthermore, the tribological interaction of the diamond stylus between Coating A and B was different. As the friction co-efficient between the aluminium oxide (α-Al2O3) outer layer of Coating A was slightly higher than the titanium nitride (TiN) outer layer of Coating B, this particular characteristic would have had an effect on the sliding contact stresses, which were transmitted through the stylus tip into the surface of the coating.



Nonetheless, Coating B succeeded in withstanding the fluctuating shear and tensile stresses, which were transmitted through the stylus up to a maximum load of 100 N. Therefore, the LC1 value for Coating B was >100 N, and, since there had not been any deformation or complete failure in Coating B, LC1 = LC2; thus, the higher critical load, LC2, is >100 N. The lack of deformation for Coating B is visually represented by the width of the wear scar in Figure 22a,b. As a result of Coating B exhibiting superior resistance to deformation, and due to the complete lack of delamination, it is suggested that amorphous α-Al2O3 should be utilised in this type of coating and for future coating applications.




3.3. Comparing Tribological Analysis with Machining Trial Analysis


For comparison, the images seen in Figure 24 show SiAlON milling inserts that were CVD-coated with Coating A and Coating B. These inserts came from the same batch that was used in the experimental tests for pin-on-disc and scratch testing.



These inserts were used in a previously completed machining trial that utilised face milling operations. The Coating A and Coating B RNGN SiAlON milling inserts were used to machine precipitation-hardened Inconel 718 specimens with 1 mm depths of cut and three-axis machining toolpaths.



The typical cutting speed for machining Inconel 718 with SiAlON milling inserts varies from 500–1000 m/min, as stated in previous studies [3,4,7].



Comparing the images of Coating A in Figure 24a,b to Figure 8a, Figure 14c, Figure 15 and Figure 16a,b, there is good correlation between coating failure, coating removal and delamination similarities and the results of pin-on-disc and scratch testing for Coating A.



The same similarities and correlations are also evident for Coating B when comparing Figure 24c,d to Figure 8a, Figure 14d, Figure 21a–c, Figure 22a,b and Figure 23a,b in terms of coating removal, with Coating B exhibiting high resistance to deformation and delamination.





4. Conclusions


In this study, the overall goal was to understand the structure and resulting tribological properties of two CVD coatings that were deposited on to SiAlON substrates. From the testing and wear analysis conducted to ascertain the characteristics of two CVD coatings, the following conclusions can be drawn:




	
Amorphous α-Al2O3 has very high stability as an interfacial layer coating and demonstrated very high resistance to deformation when subjected to high tensile and shear stresses. When amorphous α-Al2O3 is deposited onto coating materials such as TiN and TiCN, the high stability is effectively lost due to dependence on metallic coating microstructures, which lack sufficient structural stability when subjected to alternating shear and tensile stresses. Therefore, multilayered coating systems such as TiN + TiCN + Al2O3 should be avoided for this type of cutting tool application.



	
TiN as a coating material demonstrated a series of mechanical and tribological characteristics. Favourable characteristics included decreased frictional interactions between the 52100 steel balls in the pin-on-disc tests and the diamond stylus in the scratch tests. TiN also demonstrated very high resistance to wear and abrasion. However, TiN also exhibited low stability in the interfacial layer of Coating A. This created a coating microstructure that is not able to resist and distribute the high compressive forces being applied in applications such as this.



	
Coating A (TiN + TiCN + Al2O3) exhibited significantly less adhesion to the SiAlON ceramic substrate than Coating B. This is due to low interfacial metallic /covalent bonds being created between the interfacial layer of amorphous TiN and the SiAlON ceramic substrate.



	
Coating B (Al2O3 + TiN) was more effectively bonded with the SiAlON ceramic substrate than Coating A. This is due to high interfacial ionic/covalent bonds being established between the interfacial layer of amorphous α-Al2O3 and the SiAlON ceramic substrate.
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Figure A1. Nanoindentation test results for Coating A. 
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Figure A2. Nanoindentation test results for Coating B. 
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Figure 1. Typical inserts before use (a) CTIS710 SiAlON ceramic + Type A coating—CVD 6 µm thick TiN-TiCN-Al2O3 coating with α-Al2O3 (black colour); (b) CTIS710 SiAlON ceramic + Type B coating—3–4 µm thick α- Al2O3–TiN CVD coating optimised for SiAlON ceramics (yellow colour). 






Figure 1. Typical inserts before use (a) CTIS710 SiAlON ceramic + Type A coating—CVD 6 µm thick TiN-TiCN-Al2O3 coating with α-Al2O3 (black colour); (b) CTIS710 SiAlON ceramic + Type B coating—3–4 µm thick α- Al2O3–TiN CVD coating optimised for SiAlON ceramics (yellow colour).
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Figure 2. Cross-sectional view of the coating system’s microstructure and its mechanical characteristics. 
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Figure 3. Friction coefficient plot vs. time (seconds) vs. friction force (N): (a) Test 1a and (b) Test 2a for Coating A. 
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Figure 4. Friction coefficient plot vs. time (seconds) vs. friction force (N): (a) Test 1b and (b) Test 2b for Coating B. 
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Figure 5. (a) Worn 4 mm diameter 52100 steel ball that typically represents pin-on-disc Test 1a, 1b, 2a and 2b for Coating A and Coating B; (b) unused 4 mm diameter 52100 steel ball. 
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Figure 6. SEM images of Coating A after pin-on-disc Test 1a: (a) ×50 magnification, (b) ×800 magnification. 
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Figure 14. Non-contact 3D profilometer (focus—variation type) scan of (a,c) the Coating A scratch and (b,d) the Coating B scratch. 
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Figure 15. Coating A scratch positions 1, 2, 3 and 4 at ×30 Mag. 
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Figure 16. (a) Coating A scratch position 1 (initial scratch Lc1) and (b) Coating A scratch position 2 coating fractures and delamination positions at ×180 magnification. 
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Figure 17. (a) Coating A scratch position 3 (continued delamination and spalling) and (b) Coating A scratch position 4 (end of the scratch SEM) at ×180 magnification. 






Figure 17. (a) Coating A scratch position 3 (continued delamination and spalling) and (b) Coating A scratch position 4 (end of the scratch SEM) at ×180 magnification.
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Figure 18. (a) Coating A scratch position 1 (initial scratch Lc1) and (b) Coating A scratch position 4 (end of the scratch SEM) at ×400 magnification. 






Figure 18. (a) Coating A scratch position 1 (initial scratch Lc1) and (b) Coating A scratch position 4 (end of the scratch SEM) at ×400 magnification.
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Figure 19. (a) Coating A scratch position 1 (initial scratch Lc1) at ×1000 magnification and (b) Coating A scratch position 1 (initial scratch Lc1) at ×1500 magnification. 
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[image: Jmmp 07 00067 g019]







[image: Jmmp 07 00067 g020 550] 





Figure 20. Coating B scratch positions 1, 2 and 3 at ×30 magnification. 
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Figure 21. (a) Coating B scratch position 1, (b) Coating B scratch position 2 and (c) Coating B scratch position 3 at ×180 magnification. 






Figure 21. (a) Coating B scratch position 1, (b) Coating B scratch position 2 and (c) Coating B scratch position 3 at ×180 magnification.
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Figure 22. (a) Coating B scratch position 1 and (b) Coating B scratch position 3 at ×400 magnification. 
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Figure 23. (a) Coating B scratch position 1 and (b) Coating B scratch position 3 at ×1000 magnification. 
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Figure 24. Coating A RNGN insert test at (a) 700 m/min and (b) 800 m/min. Coating B RNGN insert test at (c) 700 m/min (d) 800 m/min. 
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Table 1. Physical properties of uncoated and CVD-coated SiAlON ceramic milling inserts as provided by the manufacturer.
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	Tool Material Grade
	SiAlON Insert Composition
	Insert Shape
	Fracture Toughness (MPa⋅m1/2)
	Density (g/cm3)
	Vickers Hardness (Hv)
	Hardness (GPa)





	CTIS710 SiAlON

Uncoated
	Si3N4 + Al2O3 +Y2O3
	(RNGN) 120400
	7
	3.3
	1800
	17.65



	CTIS710 SiAlON + Type A Coating
	Si3N4 + Al2O3 +Y2O3
	(RNGN) 120400
	7
	3.3
	1800
	17.65



	CTIS710 SiAlON + Type B Coating
	Si3N4 + Al2O3 +Y2O3
	(RNGN) 120400
	7
	3.3
	1800
	17.65
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Table 2. Pin-on-disc test sliding distance results.
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	Test No.
	Tool Material
	Linear Velocity (m/s)
	    Load   ( N )   ±   0.25   µ  m     
	Time (s)
	Sliding Distance (m)





	1a
	CTIS710 SiAlON + Type A Coating
	2.0
	78
	24.81
	29.78



	1b
	CTIS710 SiAlON + Type B Coating
	2.0
	124
	22.64
	27.16



	2a
	CTIS710 SiAlON + Type A Coating
	1.0
	78
	35.56
	42.67



	2b
	CTIS710 SiAlON + Type B Coating
	1.0
	124
	31.54
	37.84
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