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Abstract

This paper describes a study of the damage mechanisms of diamond coatings subjected to high velocity erosion by diamond particles. The coatings were tested using 70/80 mesh natural and synthetic diamond particles at a velocity of 300 m s-1 and the eroded coatings examined by surface profilometry and scanning electron microscopy. The results have shown that the impacting diamond particles generate radial and lateral cracks in the coatings, and material is removed following the intersection of these cracks with each other and with the surface. The greater strength of the synthetic diamond over the natural diamond is demonstrated by the shorter time to failure of the coating when eroded by the synthetic particles. 
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1.0 Introduction

In the erosion of brittle materials, a significant factor influencing the erosion rate is the ratio of the target hardness (Ht) to that of the impacting particles (Hp). When Hp / Ht >1, the predominant erosion mechanism is that of fracture by lateral and radial cracks. In contrast, when Hp / Ht <1, the hardness of the particles is insufficient to generate lateral and radial cracks, and damage is restricted to that of a scratching or micro-chipping mechanism; this is accompanied by a significant reduction in erosion rate [1].

Murugesh and Scattergood [2] studied the effect of Hp / Ht ratio on the erosion of a range of different grades of alumina. They used alumina (Al2O3) and silicon carbide (SiC) particles at velocities of 40, 60 and 90 m s-1. Examination of single impact damage sites revealed that the lateral cracks were generated by SiC while the damage created by the Al2O3 particles, termed “plastic-punching type impacts” by the authors, was less severe. Surface profiles of single impacts obtained by confocal laser microscopy enabled the differences to be measured and quantified. In sapphire impacted by Al2O3 and SiC at 90 m s-1 (in both cases the mean particle diameter was 405 µm) the mean width and depth of the impact sites were 57.7 µm and 5.04 µm respectively for the SiC particles, while for the Al2O3 particles the corresponding figures were 22.1 µm and 2.95 µm respectively. A similar observation was reported by Curkovic et al. [3] who investigated the erosion behaviour of cold isostatically pressed Al2O3 when eroded by silica (SiO2) and SiC particles at an impact velocity of 25 m s-1 and impact angles of between 30° and 90°. They found that at all angles the erosion rate by SiC (Hp / Ht = 1.6) was between 15 and 30 times higher than the SiO2 erodent (Hp / Ht = 0.6). Moreover, the roughness of surfaces eroded by SiC was significantly greater than those eroded by SiO2. 

It can therefore be seen that in situations in which the erodent and target hardness are of the same order, the erosion behaviour can be very different from cases where the erodent hardness is significantly greater than that of the target material. Similar behaviour is seen in abrasive conditions. Indeed, in situations involving abrasion from hard particles trapped between moving surfaces, it has been shown that the combined wear of the two surfaces reaches a maximum when the hardness ratio of the two surfaces is 1. In such a case both components embed and displace abrasive material from each other, with mutually destructive results [4]. 
Diamond, with its high hardness and elastic modulus, has the highest resistance to plastic deformation of any material. Therefore, when subjected to solid particle erosion, it is probable that most erodents will suffer greater damage than the target material. This has been seen in diamond coatings, applied by chemical vapour deposition (CVD). CVD diamond coatings have been shown to exhibit a steady state erosion rate of more than an order of magnitude lower than other hard materials such as cemented tungsten carbide [5]. This offers potentially huge advances in the erosion resistance of components such as offshore choke valves and missile domes, both of which can suffer from high velocity impacts from sand and dust particles. 
In addition to evaluating the performance of diamond coatings in erosive environments, it is important to understand the mechanisms by which the coatings degrade when subjected to high velocity particle impacts. This has received attention from a number of workers [6-25]. Diamond impacted by particles having a predominantly spherical morphology have been seen to exhibit Hertzian ring cracks, which nucleate from favourably-orientated surface flaws just outside the circle of elastic contact before propagating around the circle of contact to form ring cracks. The ring crack can also propagate into the material in a direction perpendicular to the surface before diverging away from the radius to form a cone crack. Hertzian ring cracks have been observed on both diamond coatings [6] and free-standing CVD diamond [7]. Cone cracks have been seen to form in diamond subjected to impacts from tungsten carbide (WC) spheres [16]. However, for diamond subjected to high velocity sand erosion, particle fragmentation can prevent the formation of these ring cracks.

Diamond subjected to impacts from angular particles has been shown to erode by the removal of material via a gradual micro-chipping mechanism [15]. In other brittle materials [26-30] “elastic-plastic” damage has been seen, which consists of radial and lateral cracks propagating from a zone of plastic deformation that forms immediately beneath the contact area. However, such features are not seen in sand erosion studies of diamond owing to the low hardness and fracture toughness of the sand particles relative to diamond, which precludes the generation of elastic-plastic generated radial or lateral cracks in the coatings. Figure 1 shows schematic diagrams of both the Hertzian ring / cone cracks and the radial / lateral cracks.
Despite its low hardness and fracture toughness relative to diamond, silica sand can still generate significant erosion damage in diamond coatings. In addition to the surface stresses, the impinging particles also generate sub-surface shear stresses, which can promote coating delamination. Previous work by the authors [12] showed that for 30 µm diamond coatings eroded by silica sand at a mean velocity of 250 m s-1, the life of the coating was dependent on the ratio between the depth of maximum shear stress (z() and the coating thickness (CT). It was found that when the maximum shear stress, (max, occurred close to the coating-substrate interface (i.e. z( / CT (1) the coating failed rapidly and catastrophically. In contrast, for coatings where z( / CT < 0.3 the maximum shear stress was insufficient to generate coating delamination. In these cases, the life of the coating could be considered to be limited only by the low rate of micro-chipping. Where (max occurs at greater depths (i.e. z( / CT > 0.3) circumferential cracks and pin-holes have been seen to form at locally debonded regions of the coating [13]. These circumferential cracks, the diameters of which have been observed to increase with coating thickness, are caused by the reflection and interaction of stress waves generated by the particle impacts.

Most of the solid particle erosion studies of diamond have used SiO2 as the erodent. However, Lim and Kim [31] have used SiC powders with an average diameter of 50 µm to erode free-standing polished CVD diamond 300 µm in thickness at a velocity of 220 m s-1. The infrared optical properties of the eroded diamond were measured using Fourier Transform Infrared Spectroscopy (FTIR); the erosion damage caused roughening of the surface leading to a reduction in transmittance. The authors found that the transmittance declined much less on the nucleation side, indicating higher erosion resistance, than on the growth side of the diamond. This was attributed to the smaller grain size at the nucleation surface and the presence of nanocrystalline diamond. In contrast, the more extensive erosion of the growth surface was ascribed to intergranular cracking which originated at damage introduced into the diamond during the polishing process.

Although other erosion studies have used diamond particles as the erodent, for example Feng and Ball [32], few studies have used diamond as both erodent and target material. A previous study by the present authors [11] examined single particle impact damage on bulk CVD diamond (600 µm in thickness) eroded by diamond particles at a mean impact velocity of 268 m s-1. It found that erosion damage features resembling “elastic-plastic” damage could be generated in CVD diamond impacted by natural and synthetic diamond particles. Owing to its high hardness, it is rare that diamond coatings are subjected to erosion from particles of comparable hardness. Therefore, it is of particular interest to understand the erosion behaviour of diamond coatings when the Hp / Ht ratio is of the order of unity. The present study aims to continue the work of the earlier study [11] to evaluate the behaviour of diamond coatings under high velocity impacts from diamond particles for longer durations.
2.0 Experimental

The diamond coatings were deposited on tungsten (W) discs, 50 mm in diameter and 6 mm in thickness; no details of the deposition process were supplied. Although cemented WC is a more widely applicable substrate for diamond coatings, the presence of the binder phase (e.g. cobalt) can promote the formation of graphite during deposition, with detrimental consequences for coating adhesion. In the present study the use of W substrates enables the intrinsic erosion behaviour of diamond coatings with good adhesion to be studied.

The coatings were two thicknesses – 30 µm or 60 µm – and the mean grain sizes were 20 µm and 27 µm respectively. After deposition they had been lapped to a surface roughness (Ra) of approximately 0.2 µm. Figure 2 shows a map of the surface topography of a lapped diamond coating in the untested condition.
Although W was the substrate used for the specimens in the current study, X-ray diffraction of the diamond coatings in the as-received condition indicated the presence of WC reflections as well as those of W and diamond [33]. This observation was corroborated by nanoindentation measurements of a specimen of W substrate following removal of the diamond coating. Using a load of 300 mN (maximum depth 1 µm), these measurements revealed the mean hardness to be 13.7 ± 1.5 GPa. In contrast, measurements made on a W specimen from which the WC had been removed by grinding and polishing recorded a mean hardness of 8.3 ± 0.2 GPa. Therefore, although the deposition conditions employed in the production of these coatings are not known, these nanoindentation measurements suggest the presence of a WC layer at the surface region of the substrate.

The erosion tests were conducted using a high velocity gas-blast erosion test facility, which has been described in detail elsewhere [34]. The erodents used were two types of diamond particles (both 70/80 mesh), one being of natural diamond and the other of synthetic diamond. Both types can be seen in Figure 3. Although the mean particle size is approximately the same – between 220 and 230 µm – they differ in their morphology, as shown by their aspect ratios (AR), which is defined as the length of the particle divided by its breadth: an AR of 1.0 denotes a perfect sphere. The highly angular natural diamond had a mean AR of 1.43, while for the more blocky synthetic diamond it was 1.11. The mechanical properties of both erodent and targets were assumed to be identical. The relevant properties are listed in Table 1 [35]. 

In the experiments the mean particle velocity was 300 m s-1, the particle flux 0.5 kg m-2 s-1 and the direction of impact was 90° to the target surface, the angle at which brittle materials exhibit maximum erosion, and the nozzle-target stand-off distance was 30 mm. The erosion was monitored by weighing the specimens prior to, and at regular intervals throughout, the tests using a Mettler AT201 precision balance, the accuracy of which is ± 0.02 mg. The eroded coatings were examined using a Jeol JSM-6500 field emission gun scanning electron microscope (FEG-SEM) and an Alicona Infinite Focus optical profilometer (Alicona Imaging GmbH, Austria).
3.0 Results and Discussion

3.1 Erosion behaviour

In contrast to the previous studies of sand erosion of diamond coatings, erosion by diamond particles does not cause catastrophic failure of the coating. Instead, failure is a more gradual process in which the coating is penetrated at one or more locations. In the erosion tests using the synthetic diamond, the 30 µm coatings were seen to erode rapidly with the coatings being penetrated within 20 seconds of the start of the tests. The 60 µm coatings exhibited greater erosion resistance, the time to penetration being between 135 and 150 seconds. For both the 30 µm and 60 µm coatings, two specimens were tested under identical conditions and the times to failure were shown to be repeatable.
The erosion behaviour of the 60 µm coatings has been expressed in graphs of cumulative mass loss (CML) against time. Figure 4 shows plots of CML vs. time for 60 µm diamond coatings eroded by both natural and synthetic diamond particles. In both cases an initial incubation period can be seen where the mass loss is barely detectable before an upsurge in the rate of material loss. At this early stage of the erosion process, impact damage in the form of radial and lateral cracks is generated in the diamond surface, examples of which can be seen in Figure 5. The onset of significant mass loss is inferred to be when the individual impact sites begin to overlap. Figure 6 shows an electron micrograph in which several individual impact sites have overlapped.

One notable feature of this graph is that there does not appear to be a steady state erosion region. Instead, the rate of material removal from the coating accelerates throughout the tests. This is attributed to an increasing surface roughness in the area of particle impingement. Previous work by the authors [8] showed that diamond coatings that had not been lapped following deposition exhibited higher erosion rates. This was ascribed to the higher contact pressures generated on the as-grown coatings and also the reduced critical crack lengths for removal of material. As a result, a coating with a lapped surface exhibited an erosion performance that was three to four times better than an as-grown surface of comparable coating thickness [8]. Furthermore, cracks introduced by the impacting particles will further reduce the erosion resistance of the coating with continuing impacts, thereby rendering it more susceptible to removal from subsequent impacts.
As the erosion continues, the thinning coating offers progressively lower resistance to the impacting particles until penetration of the coating occurs. Penetration occurs at discrete locations in the coating and these regions increase in size until they intersect with adjacent penetrated regions and the entire coating is removed within the area of particle impingement. Figure 7 shows an electron micrograph of a 60 µm coating eroded by synthetic diamond particles for 150 s; a section of the coating that had been completely penetrated can be seen. A surface profile of another region of the same specimen in which the coating has been penetrated is shown in Figure 8: also shown in this Figure is a two-dimensional line profile in which it can be seen that the thickness of the penetrated region is approximately 50 µm.

For the diamond coating eroded by the synthetic diamond particles, the incubation period is approximately 15 s, after which the rate of material loss increases with time until the entire coating is removed from the area of impingement. In the present study the erosion tests were stopped when penetration of the coating was first observed, rather than continuing until complete removal of the coating in the area of impingement. On the diamond-coated specimens the area of particle impingement was approximately 18 mm in diameter. Therefore, the mass losses corresponding to complete removal of the coating in the area of impingement for the 30 µm and 60 µm coatings are 27 mg and 54 mg respectively.
The influence of the type of diamond erodent on the erosion behaviour was examined by eroding a 60 µm lapped diamond coating with natural diamond particles. All other test conditions were the same as the previous tests already discussed above. It has been seen in Figure 4 that the erosion rate of the coating eroded by natural diamond particles is significantly lower than the coating eroded by synthetic diamond. In the case of the former, no measurable mass loss was seen in the first 60 s. After 90 s a small mass loss (0.6 mg) was seen, which continued until 390 s, by which time all the diamond erodent had been used. However, at this point the coating had not been penetrated, making the life of the coating more than three times longer than the 60 µm coating impacted by the synthetic diamond particles. A second order polynomial function was used to fit the CML vs. time data for the diamond coating eroded by the natural diamond particles. The following equation was derived:

y = 8 x 10-5 x2 + 0.0012x – 0.0834
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The R2 value was 0.998. This expression was used to extrapolate the CML vs. time to estimate the time for penetration of the coating to occur. For the two 60 µm coatings eroded by the synthetic diamond particles, penetration of the coating was seen at a CML of between 23 and 25 mg. Assuming these values to correspond to initial coating penetration, this equation indicates that, for a 60 µm coating subjected to impacts from natural diamond particles, penetration of the coating would be expected to occur after between 530 and 560 s.
The results demonstrate the significantly more erosive nature of the diamond particles compared to silica sand. As an example, the 60 µm coating had lost approximately 4.5 mg in the first minute of the test; in contrast, when a diamond coating of the same thickness and surface roughness was subjected to 180-250 µm sand at a similar impact velocity the mass loss in one hour was only 0.4 mg. The greater hardness and fracture toughness of the diamond erodent results in greater contact pressures and tensile stresses being generated on impact. This is borne out by the impact damage features seen in the eroded diamond surfaces. The results also indicate the significantly greater erosivity of the synthetic diamond over the natural diamond. The reasons for this will be explored in more detail below. 
3.2 Erosion damage

Previous work by the authors [11] showed that the most common single impact damage of diamond particles on CVD diamond was in the form of features resembling the “elastic-plastic” damage observed in erosion studies of brittle ceramics. Such impact damage was also seen in the present study, examples of which have already been shown in Figure 5. The damage consists of radial and lateral cracks propagating from a zone of plastic deformation that forms immediately beneath the contact area [27]. However, in the case of diamond, plastic deformation is thought to be unlikely to occur. Although Brookes [36] has suggested that plastic flow is possible in diamond at room temperature under quasi-static loading conditions, the short impact durations (less than 1 µs) are thought to preclude this occurrence in the current study. An alternative explanation for the formation of these cracks is the penetration of the erodent into sites where debris has already been crushed or ejected with the resultant tensile circumferential stresses leading to the formation of radial cracks [37]. 

The initiation of the impact damage in the coatings is determined by the microstructural flaws present. According to Pickles et al. [38] bulk flaws, in the form of micro-fractures, were of similar size to individual grains. There are a number of origins for these fractures: (i) non-diamond carbon; (ii) grain boundaries; (iii) defective growth. The most likely explanation has been attributed to be defective growth, which leads to variations in the defect density in adjacent growth sectors [39]. This creates highly localised micro-stresses leading to fracture zones of a size close to that of the grain. On this basis, the flaw sizes of the 30 µm and 60 µm coatings are likely to be in the region of 20 µm and 27 µm respectively. It should be noted that the diamond erodent will also contain a distribution of flaws. Thus, any critically sized flaws present may cause fracture of the erodent.

Figure 9 shows a surface profile of two single impact sites on a lapped 60 µm CVD diamond coating on tungsten eroded by synthetic diamond particles. It can be seen that the diameters of the impact sites are in the region of 150 µm. The depth profile of one of the impact sites – also shown in Figure 9 – indicates that the maximum depth of the impact site is approximately 17 µm. In other impact sites from the same specimen, such as that shown in Figure 10, pile-up can be seen adjacent to the impact site, the maximum height of which is approximately 2 µm. This was not seen in the larger impact sites in Figure 9. Pile-up has been seen in both indentation [40,41] and impact studies [14] of both natural and CVD diamond, although those studies used spherical particles. In the indentation of natural diamond with WC spheres, Howes and Tolansky [40,41] measured pile-up of between 20 and 160 nm in height at the edge of the area of contact. In a more recent dynamic impact study, the present authors [14] used 2.38 mm diameter WC spheres to impact diamond coatings at a mean velocity of 37 m s-1. Using surface profilometry, the authors measured pile-up of between 2 and 3 µm surrounding the impact sites.

The cause of this pile-up has been attributed to micro-plastic deformation in the diamond by Howes and Tolansky [40,41] and to permanent elastic deformation due to poor healing of the internal cracks by Lawn and Komatsu [42]. More recently, Reid et al. [43] used Raman spectroscopy to study the {100} polished surfaces of type 1b synthetic diamond indented by polycrystalline diamond (PCD) in the form of a flattened cone. They argued that the greater width of the 1332 cm-1 Raman peak was consistent with non-hydrostatic strain in the lattice caused by plastic deformation. In the present study, the high strain rates associated with the particle impacts may have contributed to the pile-up generated in some of the impact sites studied.
The volume of material removed (V) from the impact sites imaged by surface profilometry was determined using the following equation:
V = πc2d
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Where c is the size of the lateral crack and d is the depth of the crack beneath the target surface [27]. From the surface profilometry measurements the volumes of material removed from the impacts sites ranged from 854 µm3 to 1304 µm3 with a mean volume removed of 1082 µm3. Assuming that these sites are all the products of single impacts, this gives an erosion rate of 1082 µm3 impact-1. However, as these impact sites were from a previously uneroded surface, this figure cannot be regarded as a steady state value. Moreover, as Wiederhorn and Hockey [27] have pointed out, and which has also been observed by the present authors in a previous study [11], not every individual particle will be oriented to impact on a sharp corner. Therefore, only a fraction of particles that impact on the target surface are effective in the removal of material. For this reason, the mean erosion rate described above is likely to be an over-estimate. Nevertheless, it is instructive to use this figure for comparison with erosion rates quoted in other studies.

As the particle impacts continue, the number of impact sites increases until coalescence of the individual impact sites occurs, at which point the initial coating surface has been entirely removed. Electron micrographs of the eroded surfaces of the coatings can be seen in Figures 11 and 12. The appearances of these surfaces are typical of a brittle fracture process caused by the impinging diamond particles with no indications of any ductility.

In addition to the erosion of the coatings by initiation and subsequent intersection of surface impact damage, coatings subjected to high velocity particle impingement have also been shown to debond by sub-surface shear stresses generated by the impacting particles and which can be explained Hertz dynamic impact theory [44]. As discussed in the Introduction, when the normalised depth of maximum shear stress (z( / CT) was in the region of unity rapid failure of the coating was observed. In contrast, when z( / CT was less than 0.3, the shear stresses were insufficient to generate coating delamination: in such cases, the life of the coating was considered to be limited only by the low rate of micro-chipping. For cases where z( / CT was greater than 0.3, the shear stresses were sufficient to initiate delamination at the coating-substrate interface, the extent of which increased with increasing z( / CT ratio. These delaminated regions were then susceptible to surface damage in the form of circumferential cracks, which were formed by a stress wave reflection and reinforcement mechanism; under continuing particle impacts the region within the circumferential crack can become removed, resulting in the formation of a pin-hole [13]. Therefore, despite the low Hp / Ht ratio in the case of sand particles impacting diamond surfaces, this did not preclude the formation of surface damage. Furthermore, the circumferential cracks and pin-holes can provide indications that the coating is becoming detached from the substrate. 
In the present study, owing to the more erosive nature of the diamond particles, the role of sub-surface shear stresses generated by the impacts has been eclipsed by the more detrimental radial and lateral cracks formed at the coating surface. Using Hertz theory [44], the various impact parameters were calculated and the results listed in Table 2. One significant feature of Table 2 is that the depth of maximum shear stress was 9 µm, making z( / CT = 0.31 for the 30 µm coating and 0.16 for the 60 µm coating. Therefore, despite the low normalised depths of maximum shear stress, significant erosion of the diamond coatings is still observed. This indicates that the rate at which the coating is becoming delaminated is exceeded by the rate of material removed by the generation of radial and lateral cracks. The surface damage features generated by the impacting diamond particles are more severe than those generated by SiO2 and this dominates the erosion response and, in doing so, renders the low normalised shear stresses less significant. 
In using the Hertzian approach it should be noted that in making the calculations of the impact parameters it is assumed that the contact is elastic and that both erodent and target remain undeformed during the impact process. Other studies using sand erodent have used the Hertzian approach and although significant fragmentation of the sand on impact has been observed the Hertzian theory has been shown to provide a reasonable agreement between observed ring crack diameters and the calculated contact diameters [6] despite the particles not being perfectly spherical in shape. In the present study the predominantly octahedral morphology of the synthetic diamond grit is closer to that of a sphere than many grades of sand used in other studies. Moreover, the greater similarities in properties between particle and target provides greater justification for this approach and although a certain amount of particle fracture on impact is still observed, it is less extensive than previous studies using SiO2 on diamond.
Another factor that could influence the erosion behaviour of a coating is the residual stress which arises from the mismatch in properties, notably thermal expansion coefficient, between coating and substrate. Residual stress can either impede or promote crack growth depending upon whether that stress is tensile or compressive. For ceramic coatings on metal substrates the residual stresses are typically in the range of 1-3 GPa [45]. They can be either tensile or compressive depending on the nature of the coating and substrate. For diamond coatings on tungsten, the residual stress in the coating is compressive owing to the greater thermal expansion coefficient of the substrate, which is more than four times that of the coating. For the coatings used in the present study, using Raman peak shift data, the average residual stress was estimated to be approximately 870 MPa [46]. However, although the overall residual stress is in a state of compression, it can vary through the coating and even across individual grains. Burton et al. [47] found that on square {100} facets tensile stresses were found at the grain boundaries, while at the centre of the grains the stresses were predominantly compressive. The presence of a compressive stress has been shown to increase the tensile stress required to form surface cracks. Roberts [48] investigated the effect of compressive residual stress on the fracture load in a Hertz indentation test indenting glass with a stainless steel sphere 5 mm in diameter. He found that the minimum load for fracture of chemically strengthened glass (which had a surface compressive residual stress of 450 MPa) was approximately an order of magnitude higher than that for annealed glass.
3.3 Comparison of natural and synthetic grit erodent

The large difference in coating life between the synthetic and natural diamond particles reflects the difference in their relative strengths. In a previous study [11], the present authors showed that the mean radius of lateral cracks in the diamond impacted by the synthetic particles (106 µm) was more than double that of the specimen impacted by the natural particles (48 µm). The smaller damage features produced by the natural diamond particles compared to those generated by the synthetic particles were thought to be due to greater fragmentation of the natural diamond particles, the consequence of which would be reduced energy available to produce damage in the target. 

Measurements were made from electron micrographs of natural and synthetic diamond particles used in the previous study [11] before and after impact. They showed that although both types of particles had undergone fragmentation as a result of impact, the degree to which this had occurred was significantly greater in the case of the natural diamond. The results are listed in Table 3. It can be seen that for the synthetic diamond the mean particle size has decreased from 222 µm to 179 µm, a reduction of 19 %. However, this is eclipsed by the natural diamond, where a reduction of 41 % was recorded, from 229 µm to 134 µm. Moreover, the micrograph of the used synthetic diamond revealed that approximately 23 % of the particles appeared not to have fractured during impact. This was in contrast to the micrograph of the natural diamond, which did not appear to show any intact particles. These observations highlight the difference in the characteristics of the various grades of diamond, notably strength [49]. Assuming that such differences between the natural and synthetic particles are of a similar magnitude in the present study this helps to explain the differences in coating life.
3.4 Summary of erosion damage features

In summarising the findings of this study, it is instructive to compare the erosion damage features with those seen in other studies, in particular to map them as a function of relative hardness ratio and impact velocity. Figure 13 shows a schematic diagram showing the effects of Hp / Ht ratio and impact velocity on the various erosion damage features observed in solid particle erosion studies of diamond coatings. The coloured regions in Figure 13 denote the ranges of velocities and Hp / Ht ratios over which the various damage features were observed. In addition to the damage features described by the present authors, the observations reported in other, similar, studies [6, 16] have also been included. For SiO2 erodent (Hp / Ht ≈ 0.075 – 0.12) Hertzian ring cracks have been seen at low velocities (34 and 59 m s-1) [6]. In another study by the present authors, some of which has been reported elsewhere [14], the impact of WC spheres (Hp / Ht ≈ 0.2 – 0.24) at low velocities (20 – 50 m s-1) also resulted in the formation of ring cracks. Another study [16] has shown that the impact of WC spheres causes the formation of ring and cone cracks. The circumferential cracks have also been seen at a range of velocities (63 – 268 m s-1) although, being due to the formation of debonding at the coating-substrate interface, the time required for them to be seen increase significantly at lower velocities. As the present study has shown, when using diamond particles (Hp / Ht ≈ 1.0) at high velocity (300 m s-1) as the erodent, the elastic-plastic radial and lateral cracks can be seen despite the particle fragmentation on impact [11]. For less angular diamond particles, some distorted Hertzian ring cracks have been seen, although they are less prevalent than the elastic-plastic damage.
4.0 Conclusions

This paper has examined the behaviour of diamond coatings when subjected to erosion by diamond particles at high velocity. The coatings were subjected to high velocity impingement from both natural and synthetic diamond particles at a mean impact velocity of 300 m s-1.
 In contrast to previous sand erosion studies, in which a very low steady state erosion rate is observed before sudden catastrophic failure of the coating, the diamond coatings eroded by diamond particles exhibited an acceleration in the rate of coating removal with time. The coatings were eroded by the formation of radial and lateral cracks caused by the particle impacts. This resulted in the removal of fragments of the coating following the intersection of these cracks with each other and with the surface.

The diamond coatings eroded by the synthetic particles exhibited much higher erosion rates than those eroded by the natural diamond particles. This is attributed to the greater friability of the natural particles, which undergo greater fragmentation on impact, thereby reducing the energy transfer between particle and target. The 60 µm coating eroded by the natural grit had not been penetrated after 6 minutes 30 seconds, which was approximately three times the life of a coating of the same thickness eroded by the synthetic particles (2 minutes 15 seconds). 

 The coatings were seen to fail quickly despite the normalised depth of maximum shear stress being a fraction of the coating thickness. This suggests that in the present case the rate of sub-surface damage at the coating-substrate interface is surpassed by the higher rate of surface damage caused by the impinging particles. 
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	Elastic modulus (GPa)
	1157

	Poisson’s ratio
	0.07

	Density (kg m-3)
	3520

	Hardness (GPa)
	80

	Fracture toughness (MPa(m)
	6.0


Table 1: Relevant physical properties of diamond. Data from Sussmann et al. [35].

	Parameter
	CVD Diamond

	Coating thickness, CT (µm)
	30
60

	Coating surface roughness, Ra (µm)
	0.2

	Velocity, V (m s-1)
	300

	Mean diameter of erodent (µm)
	200

	Calculated contact radius am (µm)
	29

	Calculated contact diameter dm (µm)
	58

	Calculated impact load, Fm (N)
	194

	Calculated contact pressure, Pm (GPa)
	72.2

	Calculated tensile stress, (m (GPa)
	31.0

	Particle kinetic energy, Ek (µJ)
	664

	Calculated contact time, te (µs)
	0.08

	Maximum shear stress, (m (GPa)
	33.6

	Depth of maximum shear stress, z( (µm)
	9.4 

	z( / CT
	0.31 (30 µm)

0.16 (60 µm)


Table 2: Calculated parameters for the impact of diamond particles on diamond. 

	
	Natural diamond
	Synthetic diamond

	Mean particle size before (µm)
	229
	222

	Mean particle size after (µm)
	134
	179

	Mean aspect ratio before 
	1.43
	1.11

	Mean aspect ratio after
	1.46
	1.31


Table 3: Results of particle size measurements both before and after erosion tests. 
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Fig. 1: Schematic diagrams showing impact damage formed in brittle materials by the impact of (a) angular particles; and (b) spherical particles.
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Fig. 2:
Map showing the topography of a lapped 60 µm CVD diamond coating in the untested condition.

[image: image3]
Fig. 3: Scanning electron micrographs of (a) natural diamond; and (b) synthetic diamond particles in the unused condition [11].

[image: image4]
Fig. 4: Graph of Cumulative Mass Loss (CML) vs. time for 30 µm and 60 µm CVD diamond coatings on tungsten eroded by natural and synthetic and diamond particles. The mass losses corresponding to complete coating removal in the area of impingement for the 30 µm and 60 µm coatings are also shown.

[image: image5]
Fig. 5:
Scanning electron micrographs of single impact sites in 60 µm diamond coatings impacted by natural diamond particles (a) and synthetic diamond particles (b).

[image: image6]
Fig. 6: Scanning electron micrograph of a 60 µm diamond coating eroded by synthetic diamond particles showing several overlapping individual impact sites.

[image: image7]
Fig. 7: Scanning electron micrograph of a 60 µm coating eroded by synthetic diamond particles for 150 s showing a section of the coating that had been completely penetrated.

[image: image8]
Fig. 8: Surface profile taken from a 60 µm coating eroded by synthetic diamond particles for 150 s showing a section of the coating that had been completely penetrated (a); line profile through the penetrated region (b).

[image: image9]
Fig. 9: Surface profile of two single impact sites on a lapped 60 µm CVD Diamond coating on tungsten eroded by synthetic diamond particles at 300 m s-1 (a); and a line profile through one of the impact sites (b).

[image: image10]
Fig. 10: Surface profile of a single impact site on a lapped 60 µm CVD Diamond coating on tungsten eroded by synthetic diamond particles at 300 m s-1 (a); line profile through the impact site (b).

[image: image11]
Fig. 11: (a) Scanning electron micrograph of the surface of a 60 µm diamond eroded by natural diamond particles at 300 m s-1 for 150 s; (b) Detail from (a) showing the brittle fracture surface.

[image: image12]
Fig. 12: Scanning electron micrograph of the surface of a 60 µm diamond eroded by natural diamond particles at 300 m s-1 for 390 s.

[image: image13]
Fig. 13: Schematic diagram showing the effects of Hp / Ht ratio and impact velocity on the various erosion damage features observed in solid particle erosion studies of diamond coatings. The coloured regions denote the ranges of velocities and Hp / Ht ratios over which the various damage features were observed.
[image: image14.png]300
200

(1-s W) Axoojan

100+

1.0

0.8

.6

0

0.4

0.2

Hp/ He



[image: image15.png]SEI 100KV X1000 10gm WD 12.9mm



[image: image16.png]¢

g el
P 7\

100KV X1000  10um

.I

( 4 /«
g ttle fracture ”
surface 4

100kv  X2500  10um

WD

WD 12.7mm



[image: image17.png]T O
N I I

° o ¥ @
(wn) souejelIq [eoaA

®

150

100

50

Lateral Distance (um)



[image: image18.png]um

Vertical Distance (um)

410 4

0

100 200 300 400 500 600

Lateral Distance (um)



[image: image19.png]30

20 A

10 4

-10 4

-20 4

-30

Vertical Distance (um)

-40 4

-50 4

0 500 1000 1500 2000 2500

Lateral Distance (um)



[image: image20.png]Eroded coating
surface

EMC SEI  100kV X100

S S

100um WD 12.9mm



[image: image21.png]


[image: image22.png]EMC SEl  100kV X1000 10um WD 125mm

EMC SEl  100kV X750  10um WD 13.0mm



[image: image23.png]60

0

100

200
Time (s)

300

400

—5—60 um (Synthetic)
—=—60 um (Synthetic)
—&—60 um (Natural)

——30 um (Synthetic)
——30 um (Synthetic)
——Complete coating

removal (30 um)

——Complete coating
removal (60um)




[image: image24.png]


[image: image25.png]


[image: image26.png]Impinging
particle

l

Target surface

Lateral
crack
Radial
crack
Impinging
particle

l

O Target surface
/
Hertzian ring and
cone crack



