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Hydropower generation faces challenge in withdrawal of clean water from sand-laden rivers. This may lead to silt erosion and which, when compounded with cavitation-induced erosion of turbine blades, may lead to unexpected shutdowns. To address this issue, we have developed novel polyurethane (PU) coatings reinforced with boron carbide (B4C) or silicon carbide (SiC) nanoparticles on 16Cr-5Ni martensitic stainless steel substrate to improve resistance to silt and cavitation erosion. To the best of our understanding, the synergy between silt and cavitation erosion behaviors cannot be simulated with the available ASTM or non-standard test rigs. To overcome such shortcoming we developed a new test facility, where the submerged slurry jet impinges upon a stationary specimen, and focused ultrasonic transducer is used for cavitation erosion studies and this facility explores the possibility of synergetic effect of silt-cavitation erosion mechanisms. An interesting finding from the results is that there is an optimum amount of nanoparticles (20 wt.% B4C and 10 wt.% SiC) with respect to silt erosion and (10 wt.% B4C and 2 wt.% SiC) with respect to cavitation erosion, where mass removal is the minimum. Comparison of pure silt, pure cavitation and combine silt-cavitation erosion characteristics obtained using this experimental test facility, demonstrate enhanced erosion in case of combined silt-cavitation studies. This has been explained in terms of surface characteristics of coatings using scanning electron microscopy (SEM) images.

INTRODUCTION

Hydropower is one of the most promising renewable sources of energy. In most of hydropower plants withdrawal of clean water from sand-laden rivers is a major challenge, specifically during the monsoon season. Due to high cost, effective sediment settling systems remove only coarser particles (>300 µm) [START_REF] Grewal | Parametric study of slurry-erosion of hydroturbine steels with and without detonation gun spray coatings using taguchi technique[END_REF]. More than 90% of silt is quartz which causes severe silt erosion [START_REF] Kaushish | Silting problems in hydropower plants. 2 nd International Conference on Silting Problems in Hydro Power Plants[END_REF]. Mann and Arya [START_REF] Mann | Abrasive and erosive wear characteristics of plasma nitriding and HVOF coatings: their application in hydro turbines[END_REF] reported that silt erosion causes a huge loss every year due to drop in efficiency and repairs.

Another problem that often plagues hydroturbine is cavitation. One of the detrimental effects of cavitation in hydraulic machinery is cavitation erosion. The violent process of cavity collapse takes place in a very short time of about few microseconds and could result in the emission of large amplitude shock waves, as demonstrated by Avellan and Farhat [START_REF] Avellan | Shock pressure generated by cavitation vortex collapse[END_REF]. A high-speed liquid micro-jet directed towards the boundary can also occur in cavities collapsing close to a solid surface [START_REF] Philipp | Cavitation erosion by single laser-produced bubbles[END_REF]. The impingement pressure caused by the cumulative collapse of bubbles was estimated in the literature to be in the order of 900 MPa [START_REF] Franc | Fundamentals of cavitation[END_REF] which can lead to local strain hardening and an eventual fatigue failure of ductile materials, or to crack propagation in brittle materials as demonstrated by Hammit [START_REF] Hammit | Cavitation erosion: the state of the art and predicting capability[END_REF] and Arndt [START_REF] Arndt | Recent advances in cavitation research[END_REF].

There are some preliminary results showing that cavitation erosion enhances in silt environment and greatly accelerate damage mechanisms due to the following reasons [START_REF] Zhang | Assessment of resistance of nonmetallic coatings to silt abrasion and cavitation erosion in a rotating disk test rig[END_REF][START_REF] Dunstn | Cavitation enhancement of silt erosion: numerical studies[END_REF]:

 The silt particles can act as nuclei for the formation of cavitating bubbles.  The eroded surface formed by solid particles could act as preferential site for cavitation to occur.  The silt erosion of rough surface is more prominent than that of smoother surface. Thus roughened surface created by cavitation could enhance the silt erosion.

Erosion due to individual effect and synergistic effect of silt and cavitation are more complex which cause serious degradation and are unsolved problem in hydraulic machines [START_REF] Truscott | Literature survey of abrasive wear in hydraulic machinery[END_REF][START_REF] Borkent | The acceleration of solid particles subjected to cavitation nucleation[END_REF]. Reduction of material damage under combined cavitation and silt erosion is therfore an important research area and forms the focus of the present work.

In Section 1 of this paper, we discuss design and development of experimental facility and the protocol that was followed. Section 2 presents results of erosion obtained under different experimental condition. It also brings out different possible mechanisms of wear and finally Section 3

summarizes the major findings.

EXPERIMENTAL METHODOLOGY

In the present investigation 16Cr-5Ni (nominal composition of wt. 0.09% C, 15.6% Cr, 5.1% Ni, 1.00% Mn, 1.00% Si, 0.50% Mo and bal. Fe) martensitic stainless steel was used as a substrate material, because of good high mechanical properties combined with high toughness [START_REF] Syamsundar | Experimental characterization of silt erosion of 16Cr-5Ni steels and prediction using artificial neural network[END_REF].

Hard metallic coatings are found to be not advisable in the long run [START_REF] Barber | The development of subsurface damage during high energy solid particle erosion of a thermally sprayed WC-Co-Cr coating[END_REF], and so in this work we have used polyurethane (PU) coating for it high elasticity and damping characteristics. In one of an earlier works [START_REF] Syamsundar | Erosion characteristics of nanoparticle reinforced polyurethane coatings on stainless steel substrate[END_REF], we have used nanoparticle-reinforced PU coating which showed improved resistance against silt erosion. Similar coating was also studied here. Surface preparation and PU coating technique are addressed elsewhere [START_REF] Syamsundar | Erosion characteristics of nanoparticle reinforced polyurethane coatings on stainless steel substrate[END_REF] and is not discussed here. The coating thickness was maintained to be around 1 mm and Table 1 shows details of different coatings performed for current studies. 

Experimental facility and methodology

Figure 1 (a and b) shows a schematic of the developed experimental facility. The test facility consists of a conical vessel of 50 litres capacity made with SS 304 steel grade, in which the erodent particles (SiO2) were mixed to a required concentration and circulated by a pump (Johnsonmake).The pump directed the erodents through a tungsten carbide nozzle with an internal diameter of 6 mm, on a test specimen placed in its path (Fig. 1(a)). Flow rate was measured by magnetic flow meter (Mag-Flow -7501E). We also used focused ultrasonic transducer (FUT) of maximum power of 250 W, with center frequency of 20 kHz,(Concord Electroceramic Industries) to produce required acoustic field (Fig. 1(b)).

All tests were conducted by using tap water. Dissolved oxygen levels were measured using a LDO101 DO probe (Hach-make) and found to be 5.6 ppm at typical water temperature around 30°C. For all experiments, temperature was found to be ~30°C.

Before and after each test, each specimen was rinsed in tap water, dried in a jet of cold air. The specimens were weighed on an analytical balance with a precision of 0.1 mg and weight loss was calculated at different time interval and bulk fluid temperature was monitored by using a thermocouple. To characterize and study the morphology of the eroded surfaces and to understand the mechanism of material removal, worn surfaces were observed using a scanning electron microscope (SEM), and erosion wear mechanisms were discussed.

Experimental procedure of silt erosion tests

Exhaustive literature review on erosion behavior reveal that impact velocity, impingement angle, average erodent size and slurry concentration mainly influence the erosion rate [START_REF] Syamsundar | Experimental characterization of silt erosion of 16Cr-5Ni steels and prediction using artificial neural network[END_REF][START_REF] Syamsundar | Erosion characteristics of nanoparticle reinforced polyurethane coatings on stainless steel substrate[END_REF]. In the present work, the experiments were carried out on PU coatings reinforced with B4C and SiC nanopowders with different wt.% and subjected the test specimen (50 mm x 50 mm x 5 mm) to erodents with impact velocity of 20 m/s, impingement angle of 45°, and average erodent particle size of 305 μm of silica sand (SiO2) of irregular particles as well as slurry concentration of 60 kg/m3. These parameters were chosen as this combination represents the worst case scenario for maximum mass removal [START_REF] Syamsundar | Experimental characterization of silt erosion of 16Cr-5Ni steels and prediction using artificial neural network[END_REF][START_REF] Syamsundar | Erosion characteristics of nanoparticle reinforced polyurethane coatings on stainless steel substrate[END_REF].The angle of impingement and 50 mm stand-off distance was maintained. Fresh slurry was prepared for each test run to ensure the same erodent conditions for each specimen.

Experimental procedure of cavitation erosion

FUT was driven by analog output from a multifunction data acquisition device (National Instruments, BNC-2120) amplified by a power amplifier (Brüel&Kjaer, 2713). The transducer was characterized in a stand-alone setup to determine driving frequency and focal length, which helped us to determine the location of the target material in actual experiments. Based on the test in stand-alone setup, cavitation induced erosion studies were conducted at a frequency of 20.4 kHz and input voltage of 95 V.

Experimental procedure of synergistic studies

Specimen exposed to combined submerged slurry suspension jet and ultrasonic field produced by FUT was used to investigate combined silt and cavitation erosion characteristics and helped to evaluate the actual performance of all these coatings.

EROSION KINETICS OF COATINGS-RESULTS AND DISCUSSION

Silt erosion studies

Silt erosion studies are carried out for different nanoparticle concentrations till 75 wt% (with respect to Part A-polymer) for both B4C and SiC reinforced PU coating. With the increasing reinforcement of nanoparticles, the wear resistance (measured as the reciprocal of the wear rate) of both the coatings rose gradually, reached the maximum (20 wt.% for the B4C and 10 wt.% for SiC nanoparticle reinforced PU coating) and then declined gradually (Fig. 2).

Wear mechanism analysis

SEM observations of eroded surfaces both 16Cr-5Ni steel and nanoparticle reinforced PU coatings give important information about the material removal mechanisms in solid particle impingement (Figs. 3456). After removal of the SiC particle, there could be a layer of PU material bonded on the SiC particle. This indicated the favorable effect of good interfacial bond strength on the solid particle erosion wear performance-which helped prolong the lifetime of the SiC particle to bear solid particle erosion and protect the coating before it is removed away. However, observations at high magnification of eroded surfaces of the coatings revealed (Fig. 6 (a)) crater formation associated with microcutting.

Less surface wear with use of nanoparticle reinforced PU coating percentage shown in these Figs. 5 and6, is achieved due to the good adhesion property of the coating with the substrate when compared with coatings having higher concentration of nanoparticles [START_REF] Syamsundar | Erosion characteristics of nanoparticle reinforced polyurethane coatings on stainless steel substrate[END_REF]. When too much B4C and SiC nanoparticles is added (>20 wt% B4C and > 10 wt% SiC nanoparticles), the interface area may have been too large and particles may touch each other directly which leads to interfacial defects and cracks could prominently emerge as explained in an earlier publication [START_REF] Syamsundar | Erosion characteristics of nanoparticle reinforced polyurethane coatings on stainless steel substrate[END_REF].

To summarize the wear mechanism, the erodent silica particle has much higher hardness than PU coatings. At high velocity impact, the sharp edges of erodent plough the PU coatings and form cluster of crater formation (Fig. 4). In case of embedded B4C/SiC particles in PU coatings, during the erosion process there is a local removal of PU material from the impacted surface, results to exposure of embedded B4C/SiC particles because of high hardness, there may be damage to erodent's or less erosion to B4C/SiC particles.

Cavitation erosion studies

To find out the kinetics of erosion caused by imploding cavitation bubbles on PU coatings, an overall examination, that is changes in the rate of mass loss as a function of testing time (which is not constant with time), and eroded surface analysis helps us to describe the erosion behavior. Erosion rate of base material (16Cr-5Ni MSS) is compared with pure PU and (B4C and SiC) nanoparticle-reinforced PU coatings at different weight percent's for baseline information as shown in Fig. 7 (a andb).

After 10 hours of testing, results showed that PU coatings has superior cavitation wear resistance compared with substrate material (16Cr-5Ni steel) and it is interesting that there is an optimum nanoparticle weight percent (10 B4C and 2 SiC) to give maximum performance which declined gradually. All the results and conclusions presented herein are limited to the steady state zone of damage (after 10 hrs of cavitation exposure), where the rate of damage does not change with time. -16.The 16Cr-5Ni MSS specimen is examined after a longer period (10 hrs) of cavitation exposure, more and more cavitation bubbles implode with different amounts of energy in already deformed surface, there are different sizes of pits with large depressions, and lip formations are observed on the surface (Fig. 8 (a) and (b)).The effect of successive impacts is to flatten and to strain further the lips, creating thin platelets of highly stressed metal that are finally knocked off the surface by succeeding impacts.

Wear mechanism analysis

For pure PU coatings (Fig. 9(a) and (b)), the appearance of the whole specimen surface shows crack interaction, pit clusters and large size grooves. In general at the beginning, the deformation corresponds to the cohesion strengthening up to a maximum. A continued loading would lead to cracks begin to form. The spreading cracks because of alternating load of jets at high velocity, extend widely over the surface as shown in Fig. 9 (a).

Surface morphology of the PU coated samples with 10 and 2 wt.% B4C and SiC nanoparticle reinforcement PU coated samples respectively after 10 hours of cavitation exposure are shown in Figs. 10 and11 (a andb). The erosion damage is associated with localized material removal from the coating surface resulting mainly due to elongated pits and extensive micro cracking in the coating surface. The observed microcracks developed in the coating. However, they did not penetrate to the coating/substrate interface, no coating delamination is observed. Brittle fracture is evident form the SEM micrographs, indicated by the formation of cracks.

Silt-cavitation synergy erosion studies

An interesting finding from Sections 2.1 and 2.2 is that there is an optimum amount of nanoparticles (20 wt.% B4C and 10 wt.% SiC) with respect to silt erosion and (10 wt.% B4C and 2 wt.% SiC) with respect to cavitation erosion, where the mass removal is the minimum. Now comparison of silt, cavitation and combined silt and cavitation erosion characteristics are demonstrated here, to show the enhanced erosion rate in case of combined silt and cavitation studies.

Figure 12 (a-d) shows and compares the results of 16Cr-5Ni MSS, pure PU, 10 and 2 wt. % B4C and SiC reinforced PU coatings, for pure silt erosion, pure cavitation erosion and combined silt-cavitation erosion, which clearly shows the existence of synergy. This accelerated damage is because of silt particles causing more roughened surfaces which make these rough surfaces more liable to cavitation. In a reverse fashion, silt erosion produced more intense damage on the pitted surface produced by cavitation, since the uneven surfaces are much more prone to silt erosion than smooth ones. Also silt particles act as nuclei for the formation of cavitation bubbles.

Wear mechanism analysis

The silt-cavitation synergy erosion mechanism is probably one of the complex mechanisms to understand and explain. The paper successfully demonstrated preparation of stable PU coatings embedded with B4C and SiC nanoparticles to increase the wear resistance properties and to protect the material which is very much useful for hydroturbine applications. 2. Extent of erosion increased several times in the case of combined silt and cavitation induced case and thereby establishes the synergistic effect. 3. Considering the maximum mass loss rate, it is found that nanoparticle-reinforced PU-coated substrate performs the best. Base material shows a mass loss rate of ~22 mg/hr, pure PU has ~9 mg/hr while nanoparticle (B4C or SiC) has ~ 1.5 mg/hr. 4. The higher wear resistance of PU coatings reinforced with B4C and SiC nanoparticles compared to pure PU is attributed to the enhanced hardness due to particle reinforcement and absorb the force of the cavitation impacts and reduce the pit formations on the surface. 5. There is an optimum level of nanoparticles (20 wt% for B4C and 10 wt% for SiC) for silt erosion and (10 wt.% B4C and 2 wt% SiC reinforced particles) for very good cavitation erosion resistance, beyond which the performance deteriorates, and these coatings with appear to be virtually unchanged and provide longterm resistance compared with other coatings.

Figure 1 .

 1 Figure 1. Schematic showing facility for combined slurry jet and cavitation induced erosion studies, (a) front view of the test chamber with flow loop of slurry jet, and, (b) side view showing ultrasonic transducer and instrumentation.For purposes of brevity, an attempt has been made to analyze the SEM micrographs taken at impact area, and at trailing edge (away from the impact area). To bring out the roles played by PU and nanoparticles, comparisons are shown with base material (16Cr-5Ni steel) also.

Figure 2 .

 2 Figure 2. Content of nanoparticles vs. silt erosion wear resistance of polyurethane coatings The SEM features of the eroded surface of 16Cr-5Ni steel are shown in Figs. 3 (a) and (b). It reveals that lips and crater formation (Fig. 3(a)), and several deep ploughing marks at the trailing edge (Fig. 3(b)) are responsible for erosion. After impingement of the first few erodent particles crater and lip are found, further elongate along the surface by the subsequent impingement of erodent, leading to a

Fig 5 (

 5 Fig 5 (a) shows good wear resistance due to 20 wt.% B4C reinforced particle. Furthermore, craters and grooves are observed on the surface and there is no appreciable material removal and the surfaces of the coatings are found to be relatively smooth even on a scale of microns (Fig 5 (b)). Similar studies are conducted for different SiC wt.% and Figs. 6(a and b) shows SEM images of 10 wt.% of SiC reinforced PU coating.
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 6 Figure 6(b) shows a hole formed after a SiC particle is removed from the surface. The inside surface of the hole indicates that one SiC particle wholly debonded from PU coating with the propagation of interfacial cracks.

Figure 3 (

 3 Figure 3 (a and b). Worn surface of substrate material 16Cr-5Ni MSS.
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 4 Figure 4 (a and b). Worn surface of pure PU coatings.
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 5 Figure 5 (a and b). Worn surface of PU coatings reinforce with 20 wt.% B4C nanoparticles.

Figure 6 (

 6 Figure 6 (a and b). Worn surface of PU coatings reinforce with 10 wt.% SiC nanoparticles.

  Cavitation eroded samples are examined by SEM for mode of erosion damage and erosive processes. For purposes of clear understanding, an attempt has been made to analyze the SEM micrographs taken at central heavily damaged region (shown as (a)) and a transition region (shown as (b)) in Figs. 8-11 and Figs. 13

Figure 7 .

 7 Figure 7. Rate of mass loss vs exposure time of PU coatings exposed to cavitation for 10 hrs. duration, (a) refer to reinforcement of B4C nanoparticles, and, (b) refer to reinforcement of SiC nanoparticles in PU coatings.

Figure 8 .

 8 Figure 8. 16Cr-5Ni MSS specimen after 10 hrs of cavitation load.

Figure 9 .

 9 Figure 9. Surface damage of PU coatings on 16Cr-5Ni MSS specimen after 10 hrs of cavitation load.

Figure 10 .

 10 Figure 10. Surface damage of PU coatings with 10 wt.% B4C particles after 10hrs of cavitation load.

Figure 11 .

 11 Figure 11. Surface damage of PU coatings with 2 wt.% SiC particles after 10hrs of cavitation load.

Figure 12 .

 12 Figure 12. Rate of erosion vs exposure time for pure silt erosion, pure cavitation and combine silt-cavitation erosion of (a) 16Cr-5 Ni MSS, (b) PU coating, (c) PU coating with 10 wt.% B4C nanoparticles and (d) PU coating with 2 wt.% SiC nanoparticle reinforced polyurethane coatings.
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 13141516 Figure 13. 16Cr-5Ni MSS specimen after 5 hrs of combined silt and cavitation load

Table 1 :

 1 Details of different experiments performed

	No. Coating	Description of sample
	1 PU-0	Pure PU coatings (0 wt.% nanopowder)
	2 PU-1 B4C	PU coatings with 1 wt. % nano-B4C powder
	3 PU-2 B4C	PU coatings with 2 wt. % nano-B4C powder
	4 PU-10 B4C	PU coatings with 10 wt. % nano-B4C powder
	5 PU-20 B4C	PU coatings with 20 wt. % nano-B4C powder
	6 PU-35 B4C	PU coatings with 35 wt. % nano-B4C powder
	7 PU-50 B4C	PU coatings with 50 wt. % nano-B4C powder
	8 PU-75 B4C	PU coatings with 75 wt. % nano-B4C powder
	9 PU-1 SiC	PU coatings with 1 wt. % nano-SiC powder
	10 PU-2 SiC	PU coatings with 2 wt. % nano-SiC powder
	11 PU-10 SiC	PU coatings with 10 wt. % nano-SiC powder
	12 PU-20 SiC	PU coatings with 20 wt. % nano-SiC powder
	13 PU-35 SiC	PU coatings with 35 wt. % nano-SiC powder
	14 PU-50 SiC	PU coatings with 50 wt. % nano-SiC powder
	15 PU-75 SiC	PU coatings with 75 wt. % nano-SiC powder
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