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Abstract
As the use of marine systems grows and the requirements for seawater lubrication grows, the performance of key marine alloys used in propulsion, bearings and mechanical seals is under scrutiny. For example, the increased use and size of bulk carriers and ocean liners requires performance of propellers to be better understood and cavitation resistance needs to be predicted and improved. The growth in marine autonomous and renewable energy systems as well as aquaculture also places emphasise on greater understanding of marine alloy tribocorrosion performance. Therefore, this paper will review marine wear and tribocorrosion and focus on candidate or existing materials for the components must at risk of wear (i.e. propulsion and seawater handling systems) and the mitigating strategies used to limit effects of wear in aggressive ocean environments. It will look at recent research into the performance of cast nickel aluminium bronze, a propulsion material of choice, under cavitation erosion and sliding wear conditions in saline solutions. The mass loss and in-situ electrochemical measurements during cavitation erosion corrosion over time will be presented along with detailed reference to microstructural and compositional changes on the surface and subsurface. The influence of surface films and their stability will be explored. For sliding wear tests the temporal aspects of film removal and repair as a function of sliding frequency will be presented along with complimentary wear rates, friction and corrosion currents. Some initial results on coatings and bulk composite alternatives to NAB will also be presented. Research into solid particle erosion-corrosion will also be presented for NAB. The challenges in quantification of the interactions between mechanical and electrochemical processes present under marine tribocorrosion are discussed in detail. 

1. Introduction and need to study marine wear

The area of marine wear, it would appear, is underrepresented in the academic literature but as legalisation, economics and environmental impact of shipping are of increasing concern this is expected to change in the decades ahead. By simply searching for ‘marine wear’ in web of science only 35 papers are found with only a handful in academic journals covering topics such as diesel engine wear modelling, condition monitoring, bearing wear and oil/debris analysis and water stern tube lubrication and biofuel affects, and 25 journal papers are listed in the reference [1-25]. This search misses wear studies of specific marine alloys and systems but the majority of research activity appears to be focused on model systems such as stainless steel 304 and 316L, and bronzes.
The paper aims to focus on a selection of marine materials and use different tribocorrosion tests to look at their performance. The paper will look at the value of studying temporal and spatial aspects and use cast nickel aluminium bronze as a case study where cavitation and solid particle erosion-corrosion and sliding wear tests have been used. NAB was chosen as it is still the material of choice for marine propellers and propulsors as well as internal engine cooling systems and components within seawater handling systems. The paper will review related literature. A separate review paper would be needed to include the diverse and wide applications found in the literature. 



Historic perspective 

More broadly, tribology at sea is not a new subject with its origins probably as far back as 6000B.C. when the first dugout is believed to have taken to the water as evidenced by a recent discovery in Denmark [26]. Certainly propulsion even by paddles probably involved friction and subsequent wear when the handle of paddles or oars made contact with the vessel structure. The famous ‘Papyrus’ boats in Egypt, dated around 3500BC [27], had 40 oars and metal circular and ‘U shaped’ hooks (rowlocks) used to place paddles have just been found in the funeral boat for Pharaoh Khufu (2550 BC). These were designed to prevent friction of wood against wood [28]. In more modern times, the SS Great Eastern designed by Isambard Kingdom Brunel suffered months of delays in launching due to high friction (static friction values for cast iron on cast iron dry are reportedly around 1.10, falling to 0.07 if lubricated or greased, engineeringtoolbox.com) between her iron hull and rails. Finally she (Brunel called her ‘Great Babe’) was finally launched in 31st January 1858 [29].
To focus on challenges ahead, the enviable rise in demand for autonomous systems in the future will require the tribology to be robust, and smart tribological systems (self-sense and self-heal) maybe needed. Propulsion materials are under investigation once again for marine applications as container ships get larger and cavitation issues are limiting performance. Light weighting trends in marine systems mean coatings and composites are being considered but tribological aspects including wear resistance are ill understood. Legalisation is pushing the trends introduced above but an additional drive is to be much more environmentally responsible and hence once through and/or seawater lubricated systems are being adopted replacing mineral oil systems. These might find use in the new subsea remote vehicles and tidal and wave power generators which need bearing and seal materials and lubrication that withstand deep water conditions. Readings are directed to chapter 16 ‘tribocorrosion in marine environments’ in the book edited by Landolt and Mischler on ‘tribocorrosion of passive metals and coatings’ [30]. The chapter gives an overviews the costs to operations of tribocorrosion, the testing and material qualification and practical case studies of tribocorrosion failures relating to offshore oil and gas extraction and in particular piston rods as well as moorings, operation of bow ports, material handling by cranes and hoisting systems, riser tensioning, heave compensation and rotation equipment during drilling. 
Seawater lubricated propeller shaft bearings
Recently, merchant vessels are now adopting seawater lubrication and replacing oil based systems, [31], this is in response to two drivers, (1) to the revised United States Environmental Protection Agency’s Vessel General Permit (VGP) requirement of December 2013 and (2) advances in polymer science and seawater lubrication modelling of bearings that increase wear life and reduce ship maintenance costs. As well as limiting the maximum operating temperature to 40°C, another important consideration in wear life performance is the quality of the water in which the bearing operates so removal of abrasive particles is critical and can significantly extend the wear life of the polymer bearing. Operational experience indicates that filtration to 150µm, or preferably 100µm, can extend bearing life to beyond 15 or 20 years.
Tribocorrosion aspects

Marine wear is typically accompanied by corrosion activity and therefore is a sub-set of the vibrant tribo-corrosion area. Tribocorrosion involves the tribological interaction between the mechanically induced interactions with electrochemical processes, causing the materials to corrode at a substantially higher rate than those experienced under static or quiescent conditions and enhanced wear processes due to corrosion. Marine wear covers the usual spectrum of mechanisms (cavitation erosion, solid particle erosion, abrasion, sliding wear (dry and lubricated), adhesive (galling), fatigue (RCF) and 
fretting. This paper will focus on just a few of these and their interaction with seawater induced corrosion.

This leads to need for greater tribocorrosion understanding and informed experimentation. This subject area investigated the interactions and performance of surfaces exposed to mechanical and electrochemical simultaneously. The health of passive or oxide surface films formed in the marine environment is critical to understand if the design service life is to be reached. The current state of the art relies on simplified test strategies and typically misses the spatial and temporal effects (i.e sliding frequency and localised (micro-galvanic) responses are important. We also need more intelligence and evidence of what the film recovery time/composition is during marine service. Complex interactions and many parameters influence the system response as shown in Figure 1.
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Figure. 1. Schematic of the inputs into a tribocorrosion systems taken from Mischler et al  [32]

However, Figure 1 misses certain important aspects of tribocorrosion relevant to marine wear-corrosion interactions. Mainly that erosion parameters are not included as it was intended for sliding contacts but also temporal aspects of the contact be added such as frequency of reciprocation (or over sliding), transient loading and intermittent use should be mentioned along with friction and frictional energy pulse/power intensity. Also the role of fouling of seawater wetted surfaces should also be added. For solid particle erosion the important parameters are size, shape, erodent composition and hardness, impact velocity and angle, erodent friability and concentration while cavitation and liquid droplet erosion would add further terms. This paper will look at varying normal force and sliding velocity under reciprocating sliding conditions in salt solution while maintaining the other parameters constant. The composition of oxide films formed will be determined.    

1.1 Erosion–corrosion 

Erosion-corrosion in the marine environment occurs due to cavitation and /or solid particle impingement. During ship and boat propeller operation, fluctuation of pressure from high to below vapour pressure and then high again causes the formation of cavitation bubbles, which if their collapse near a solid surface, form high velocity fluid microjets directed toward the surface. These microjets (typically 100 µm in diameter and impacting at >300 m/s) cause high water hammer and fluid pressures to be applied to the material surface at magnitudes that cause yield in most engineering alloys and hence erosion and loss of material as well as loss of integrity of surface films with respect to the metal substrate [33].

In marine as well as other fluid systems, the cavitation damage is generally caused by the combined affects of surface erosion and corrosion. In a review by Wood [34], the rationales behind the selection of erosion resistant surfaces for fluid handling equipment were reviewed. The paper highlighted the various issues encountered during the surface exposure to harsh environments comprising of sand particles or cavitation in a corrosive medium. It was noted that material selection for tribocorrosion systems is extremely challenging and is based on optimizing performance against the combined degradation processes.

Ogino, Hida, Kishima and Kumanomido [35] investigated susceptibility of materials to cavitation erosion-corrosion  for martensitic type 431 stainless steel with a variety of strengths and corrosion resistance introduced by tempering at high temperatures of 200 - 750°C and quenching from 1060°C by vibratory corrosion in corrosive media of 3% NaCl solution, 0.1 N HCl and 0.1 N H2SO4. The tests were conducted at either a low frequency of 6.5 kHz with a double amplitude of 75μm or at 20 kHz with 50 μm amplitude at 22°C. The susceptibility of 431 SS to erosion-corrosion was investigated as a function of tempering temperature. The results indicated that the maximum erosion rate as well as minimum corrosion resistance occurred for samples tempered at 550°C irrespective of the vibratory conditions. A much used term to try and map the cavitation erosion resistance of different materials is the ultimate resilience UR [36]. This is defined as:

 						(1)

where UTS is the ultimate tensile strength and E is the elastic modulus of the target surface.

Several investigations on effect of microstructure of the material on the cavitation morphology lead to a correlation between the cavitation erosion behaviour and its resulting mechanical properties as wells as microstructural changes. Li, Zou, Zheng and Yong [37] discuss the changes of surface layer mechanical properties for 2205 duplex stainless steel and austenitic stainless steel after cavitation corrosion in 3.5% NaCl solution using nanoindentation, and the relationship of surface layer mechanical properties with cumulative mass loss and microscopic corrosion morphologies was further investigated by mass loss and SEM. The results showed obvious effects of the microstructures on the changes of surface layer mechanical properties with indentation depth. Although stainless steel with different microstructures have different corrosion morphologies after cavitation corrosion, the threshold for the degradation of surface layer mechanical properties remained constant for all of them, below which the stainless steel were heavily subjected to cavitation corrosion and the microscopic morphologies of their corroded surfaces changed markedly. This threshold however is not related with the microstructures of the stainless steel . 

Neville and McDougall [38] studied the characteristics of a commercially pure titanium (CP-Ti) and three alloys in two wear–corrosion situations which were: (a) erosion–corrosion, where the wear was due to solid abrasives in a liquid medium and (b) cavitation–corrosion, where the wear was generally due to cavitation. The erosion–corrosion characteristics of each material was assessed using an impinging-jet apparatus. The tests were performed at an angle of impingement of 90°C at a particle velocity of 17 m/s and in a saline solution of 3.5% NaCl at 18°C. A series of experiments was conducted to determine the mass loss by combined erosion–corrosion before independently determining the electrochemical corrosion contribution to mass loss. It was seen that exposure to liquid–solid erosion caused disruption of the passive film on Ti, which lead to active corrosion of the Ti layer. In contrast, the materials exhibited passive behaviour in static conditions and when exposed to a cavitating liquid only CP-Ti became active.

The cavitation erosion and corrosion characteristics of various engineering alloys including grey cast iron, steels, copper-based alloys and stainless steel were studied by means of a 20 kHz ultrasonic vibrator at a peak-to-peak amplitude of 30 μm in distilled water as well as in 3.5% NaCl solution at 23°C [39]. The contributions of pure mechanical erosion, electrochemical corrosion, and the synergism between erosion and corrosion to the overall cavitation erosion–corrosion in 3.5% NaCl solution were determined. It was found that in 3.5% NaCl solution, the effect of corrosion on the overall cavitation erosion–corrosion was most pronounced in mild steel and grey cast iron, whereas the stainless steel only suffered pure mechanical erosion in 3.5% NaCl solution in the presence of cavitation owing to the unfavourable local environment for pit growth. These results are further analysed in section 4.1.

Al-Hashem, Caceres, Riad and Shalaby [40] investigated the cavitation corrosion behaviour of nickel aluminium bronze (NAB) in natural seawater using a 20-kHz ultrasonic vibrator under free corrosion and cathodic protection conditions. They also studied the cavitation corrosion behaviour of a commercial cast duplex stainless steel (DSS) in seawater using the same ultrasonic facility [41]. In another experiment, Al-Hashem and Riad [42] investigated the effect of the microstructure of NAB on its cavitation corrosion behaviour in seawater using the same ultrasonic facility. Shalaby, Al-Hashem, Al-Mazeedi and Abdullah [43] further conducted a field investigation on the cause for the failure of a NAB (not clear what type but probably CC333G or UNS C95800) vertical type pump during service in seawater. From their investigations, it was found that NAB was susceptible to selective phase attack. Optical and scanning electron microscopy showed NAB immersed in stagnant seawater suffered from selective corrosion of the copper-rich α phase at boundaries with intermetallic κ precipitates, with microcracks of up to 5 -10 μm in length forming at the grain boundaries along the cross section of the material. In the case of the pump, the average depth of penetration ranged from 17 to 48 μm. Selective phase corrosion and cavitation stresses were implicated as the causes of cracking, and also the failure of the pump. The κ precipitates and precipitate-free α regions were found not to suffer any corrosion. Cavitation erosion was found to cause large cavities, ductile tearing, and corrosion of the boundaries of α columnar grains. Under cathodic protection the number of cavities were in fact found to increase, however, there was a reduction in grain-boundary attack. In their study involving DSS, they found that the erosion rate was negligible in quiescent seawater, however, the erosion rate was 0.64 mg/h-cm2 after testing for 11 hours in the presence of cavitation and that cavitation had caused an active shift in the free-corrosion potential by similar to 140 mV. It also increased the cathodic and anodic currents, shifting the corrosion potential in the noble direction by 75 mV, and decreased the breakdown potential by 50 mV. Cathodic protection was found to reduce the rate of mass loss by 19%, and unlike NAB, it helped decrease the number of cavities slightly. During polarization in the absence and presence of cavitation, the alloy passivated spontaneously without an active-to-passive transition under the free-corrosion condition, small cavities initiated in the ferrite matrix and at the ferrite-austenite boundaries. Cross-sections showed microcracks initiating from the ferrite matrix at the bottom of cavities, propagating into the ferrite phase and was associated with ductile tearing, cleavage-like facets, river patterns, and crystallographic steps at later stages. Crack propagation was however impeded by the austenite islands and instead ran along parallel slip systems of the boundary. From the electrochemical measurements it was observed that the presence of cavitation negatively shifted the free corrosion potential of the material by 70 mV towards the anodic direction..

Tribocorrosion modelling

There are limited papers looking at modelling tribocorrosion but Jiang et al [44] have modelled tribocorrosion for aqueous sliding conditions although this has made some simplifications to enable the model to be developed in does form a sound basis to build on. However, for marine alloys the microstructure, presence of multiple wear mechanisms, localised corrosion and complex film formation show there is much work needed to develop this approach so it can be applied in service. The paper does however take repassivation times of surfaces into account quoting typical values of  ~150-200 ms [44]. 

Very limted work at present. One particular approach is that by Mischler, Debaud and Landolt, from [45], where they developed an analytical expression for the wear accelerated current on un-passivated surfaces subject to reciprocating sliding motion as shown in equation (2) below:

	
	(2)



Where: 
Wear accelerated current = Ir
Real repassivation area = Ar
Real repassivation current density =ir
Sliding distance = l
Sliding frequency = f
Normal load = Fn
Hardness of test material = H
Proportionally constant = Kw
Anodic current density = ia

Landolt in [46] reviewed the tribocorrosion models available in 2006. He mentions the repassivation model for two body contacts taking into account film nucleation and film growth by high field kinetics and including Ohmic potential drops  was proposed by Jemmely et al [32]. A similar two body repassivation model, but assuming that oxide growth is controlled by interfacial kinetics, was been subsequently proposed by Olsson and Stemp [47]. Landolt et al [48, 49] pointed out the critical role of depassivation rate for tribocorrosion and that it depends not only on mechanical forces and operating parameters but also on the surface topography and materials’ properties of both surfaces. This was confirmed by experimental results forTi6Al4V alloy in NaCl [50]. Tribocorrosion models for sliding contacts neglect possible effects of wear particles and therefore they are strictly applicable only if dissolved reaction products are formed exclusively. The evolution of wear processes over time, surface topography and mechanically mixed surface layers are not included yet in models.

As mentioned above, Jiang [44] developed a model for corrosive sliding wear of metals and the synergistic effect. According to this model, the effect of wear on corrosion, or the wear-induced corrosion, is caused by the removal of passive surface films by the rubbing action of the counter body, leading to accelerated dissolution corrosion. The generation of wear debris particles is regarded as a micro-crack initiation and propagation process analogous to a low cycle fatigue process. The presence of the corrosive environment contributes to increased wear for two major reasons: (a) localised corrosion attacks increase the micro-crack initiation/nucleation rate; and (b) chemical/electrochemical interactions between active species from the environment and bonding at the crack tips accelerate the micro-crack propagation

 Surface films on NAB

Figure 2 attempts to demonstrate the tenancy for sliding contacts to depassivate surfaces, which once out of the contact tend to repassivate themselves.
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Figure. 2. The role of the oxide film is critical to wear and tribocorrosion performance

The mixed oxide film that forms on aluminium bronze consists of a copper-oxide-rich (Cu2O) outer layer and of an alumina-rich (Al2O3) inner layer. Sullivan and Wong [51] found that alumina (Al2O3) is easily removed from nickel aluminium bronze at the initial stages of kerosene lubricated boundary lubricated sliding and adhered very strongly to the hard steel mating material, forming a stable aluminium-rich transfer layer on the steel and leaving a stable wear resistant copper oxide-rich (Cu2O) film on the aluminium bronze. It is this combination of a strongly adhesive alumina-rich transfer film on the counter-face and of a stable copper-oxide-rich film strongly bonded to the aluminium bronze which gives aluminium bronze its excellent wear resistance. Sullivan and Wang also mention the importance of elastic modulus (E) and any mismatch with its substrate as important for stable interface performance with the alumina oxide having far higher E than copper or the copper oxides and thus functions well on tool steel or on bulk alumina in the case of the alumina ceramic ball sliding on NAB discussed in the current paper. It is widely recognised that a stable oxide film, such as copper oxide (Cu2O), is an essential feature for wear resistance because it reduces or prevents adhesion (scuffing or galling) but in a tribocorrosion scenario it is also essential to passivate the surface and slow or prevent electrochemical activity and dissolution of vulnerable (anodic) phases (selective phase attack). The rate at which the oxide film is removed is likely to be a function of friction, load, speed and temperature. It is essential, therefore, that oxidation or passivation should constantly renew this film as it wears (it is oxygen in solution in the lubricant which causes oxidation). Indeed, if the load and speed conditions are too severe, then the rate of growth of the copper oxide is less than the rate of surface removal and Cu2O debris form and cause severe galling or even seizure.  According to Poggie et al [52], the copper-oxide-rich layer has mechanical properties similar to those of the parent aluminium bronze and is resistant to mechanical disruption during sliding. 

The alumina -rich inner layer, on the other hand, has poor mechanical strength. Poggie et al found that, in the case of binary copper-aluminium alloys having aluminium contents of less than 6 wt %, if the aluminium content is increased and the alumina-rich (Al2O3) inner layer is disrupted, the chances of a bond forming between the aluminium bronze and the counter-face is increased. Since the shear strength of this bond is greater than the shear strength between the alumina-rich film and its parent metal, the process of adhesive wear explained above takes place. Hence, the higher the aluminium content of the binary copper-aluminium alloy, the greater the degree of transfer to the counter-face. It has also been observed [52] that, at a temperature of 600K (327°C), aluminium segregates towards the surface and displaces the oxygen bonded to copper. 

They found that the microstructure of this range of aluminium bronze alloys, both at its surface and at its sub-surface, determines its wear behaviour. By adjusting the structure of the alloy, a balance is struck between plasticity and hardness. A "soft" structure is more plastic and more prone to adhesion and distortions. Consequently, it results in a high wear rate. A hard structure is likely to be abrasive and to lead to rapid deterioration of at least one of the surfaces in contact. An intermediate structure results in the lowest wear rate, which also correspond with the lowest coefficient of friction and the most favourable tensile and yield strength.

2. Materials and Methodology 

The aims of the work presented in this section are for sliding contacts on marine alloys to test equation (2) for depassivated regions as well as investigate the interactions between friction, wear rate, and corrosion current over different reciprocating sliding frequencies that cover near full film recovery (for NAB full film recovery typically requires 3 months of exposure in seawater) to continuous removal. For cavitation erosion it was to obtain synergy levels of NAB and erosion resistance of emerging marine composites. 
This section will mainly focus on marine nickel aluminium bronzes. The reason NAB (in as cast or heat treated form) is of interest is that it is the material of choice for propulsion systems (ships propellers and thrusters etc), Figure 3 shows a 5-blade propeller made out of NAB. NAB is also widely used for many internal seawater handling systems (i.e. heat exchanger manifolds, valves and pipework fittings) due to its superior mechanical properties and complex microstructure that has been attributed for its good corrosion resistance property. And hence, it is important to understand its performance. However, it is known to suffer from selective phase attack of anodic phases (a form of localised corrosion) in marine environment. Such attack can lead to premature failure of components through cracking and subsequent loss of containment and / or propulsion. However, NAB is also known for its unpredictable performance on vessels where starboard side components can function well while port side components suffer excessive corrosion issues. This unpredictability has led to new marine alloys being introduced such as the CuNiCr alloys, but these are not fully evaluated and designers are reluctant to specify them without service experience data and appropriate evaluation. A need was identified to examine the effects of cavitation erosion damage on marine composite materials. GRP and Carbon Fibre composites have often been used as an alternative to metals in some engineering applications, due to similar material strength properties, with the additional advantages of superior light-weight and corrosion resistance characteristics. GRP E-glass made to the G-10 specification was acquired from Newcastle University while Carbon Fibre samples with a polyurethane resin matrix was supplied by Lloyds Register.
Cavitation erosion-corrosion of NAB has been studied most extensively to understand the behavioural response of NAB to cavitation, its microstructural characteristics, and more importantly the relation between cavitation erosion and corrosion of NAB. The tribocorrosion process which involves mechanical as well as electrochemical interactions is known as synergism of wear and
corrosion [53]. One way to determine this relationship is via performing a synergy experiment that involves three different types of test [54, 55]: (1) pure erosion tests to determine the erosive wear rate; (2) pure corrosion tests to determine the corrosive wear rate; and (3) combined erosion and corrosion tests to determine the total wear rate. These experiments allow evaluation of the synergistic effect, by using Equation (3) conforming to ASTM G119 standards [56]:

	
	(3)



Where,

S is the synergistic wear rate,
E the erosive wear rate (test (1))
C the corrosive wear rate (test (2)), and
T the total wear rate (test (3)).
S, T, E and C can be either mass loss or depth-of-penetration rates.
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Figure. 3. One of the two 33-tonne adjustable bolted NAB propellers from the Queen Elizabeth class carrier capable of producing 40 MW of thrust made by Rolls Royce [57]

Materials investigated and the type of test used to evaluate their performance:

I. NES747 Part 2 (heat treated) NAB – tested under cavitation erosion-corrosion 
II. AC-NAB As-cast UNS C98500 (CuAl10Fe5Ni5) (non-heat treated) NAB – tested under solid particle erosion-corrosion and reciprocating sliding wear-corrosion 
III. GRP E-glass and carbon fibre/PU composites - tested under cavitation erosion-corrosion

Table. 1. Mechanical properties of the materials tested
	Material
	Source
	Modulus of elasticity (GPa)

	Ultimate Tensile Strength (MPa)
	Vickers Hardness
	Initial Roughness, (μm)

	NES 747 NAB
	DSTL
	130
	660
	150
	0.1

	AC-NAB As-cast UNS C98500 (CuAl10Fe5Ni5) (non-heat treated) NAB
	Lloyds Register
	125
	650
	160
	0.1

	316L austenitic stainless steel 
	UoS
	193
	515
	155
	0.05

	GRP E-glass
	University of Newcastle
	25 (0° Fibre Orientation)
0.5 (90° Fibre Orientation)
	360 (0° Fibre Orientation)
15 (90° Fibre Orientation)
	Hv1.0 = 94.6
	2.80

	Carbon and polyurethane composite
	Lloyds Register
	-
	-
	Hv1.0 = 51.9
	8.83




Table. 2. Chemical composition of the individual phases in the C98500 AC-NAB samples as tested under EDS (using 15 kV)
	Micro-structural Phases
	Chemical composition in weight %
	Morphology
	Structure

	
	Cu
	Si
	Al
	Mn
	Fe
	Ni
	
	

	Alloy
	80.25
	0.03
	8.79
	3.56
	4.63
	5.10
	-
	-

	Α
	85.39
	-
	7.19
	0.87
	3.35
	3.20
	FCC solid solution
	-

	κI
	15.08
	1.66
	13.29
	1.72
	57.53
	10.72
	Rosetta globular
	Fe3Al (DO3)

	κII
	17.61
	1.52
	14.02
	1.50
	51.90
	13.44
	Dendritic
	Fe3Al (DO3)

	κIII
	45.15
	-
	18.76
	1.19
	10.90
	24.00
	Lamellar
	NiAl 
(B2)

	κIV
	13.00
	7.00
	19.00
	2.00
	64.00
	6.00
	Cuboidal
	Fe3Al (DO3)
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Figure. 4. Microstructural morphology of AC-NAB (as-cast) at a magnification of 1000x and 4000x. κI is the globular dendritic structure, κIII is the lamellar “finger-like” structure, and κIV is the very fine particulate imbedded within the α matrix [58].
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Figure. 5. NES 747 NAB microstructure [59]

The general mechanical properties for the materials tested are given in Table 1. The chemical composition of the AC-NAB is given on Table 2. The microstructure of the AC-NAB tested is shown at high magnification in Figure 4. Figure 5 shows the microstructure of the NES747 NAB tested.  The predominant phases are labelled. 
In sliding tests, alumina balls were used, as they are inert to corrosion environment, with an E=215 GPa and  = 0.21. Figures 6-9 show the two experimental setups used for reciprocating and cavitation erosion studies and their associated 3-electrode corrosion cells. 
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Figure. 6. Modified TE77 with Delrin holder and electrochemical cell with silver / silver chloride reference electrode 
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Figure. 7. Sonotrode vibrating horn cavitation rig and water bath
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Figure. 8. Schematic of reciprocating contact generated on reciprocating rig showing three electrode cell geometry



	[image: ]Figure. 9. Schematics of the cavitation rig with specimen connected to the electrochemical potentiostat, GAMRY Ref600, for cavitation erosion and corrosion measurements [54]




A set of reciprocating wear tests rubbing a 6 mm diameter alumina ball against NES 747 NAB in 3.5% NaCl solution at room temperature (pH 7.5-8.2) have been conducted with a stroke length of 21.5 mm between 1-12 Hz frequency and 5-35 N applied load. This resulted in mean Hertzian contact stresses between 0.61 and 1.18 GPa and contact radius between 50 and 100 µm for the alumina on NAB couple. For these tests, NES 747 Part 2 NAB was used that was heat-treated to remove/minimise the anodic beta phases of the microstructure. The samples where covered by a mixed oxide film formed in air after a week. The electrochemical response is presented in Figure .10. The test comprised of a 1 hour static immersion period with the pin loaded onto the test surface without reciprocation which was followed by a 1 hour wear-corrosion test. The samples were held at OCP in static salt solution.
Volume loss measurements were made using an Alicona G4 infinite focus profilometer. Electron probe microanalysis was conducted using a JXA-8230 with an EDS 350 probe. The cavitation rig has been described elsewhere [41]. Cavitation tests on composites: In order to induce cavitation erosion damage on the NAB samples a piezoelectric vibratory horn to the ASTM – G32-10 standard was used. Mass loss and erosion rate measurements were taken periodically from each of the samples and recorded. The samples were exposed to a 3.5%.wt of NaCl solution with a 2 mm gap between the sample surface and the vibratory horn tip.  The sonotrode was operated at a frequency of 19.5 kHz and peak-to-peak amplitude of 80 (±0.2) μm. Once the samples were exposed to the cavitation, the damage and mechanism of erosion was assessed by microscope imagery, surface profiling and roughness measurements (Alicona Infinite Focus) and surface mapping using Talysurf. 
3. Sliding wear contacts

NAB 

From the results obtained, it was observed that the level of increased current is dependent on a combination of load and speed as shown in Figure 10. Figure 11 shows the current responses from a set of sliding wear-corrosion experiments conducted at 35 N but with varying frequencies. Clearly, it can be concluded that the corrosion current increases, but in non-linear fashion, with increasing frequency. A transition from relatively low current (40 µA) between 1-5 Hz and higher currents (80+ µA) above 10 Hz is seen. The interesting trend is seen at 8 Hz where initially the current is low (40 µA) but rises steadily throughout the wear test period to 80 µA. This indicates a transition between predominantly passivated to depassivated conditions in the wearing contact. This frequency coincides with the expected repassivation time for this material of between 150-200 ms [39]. However, it is unclear whether the trends predicted for depassivated surfaces hold here. Equation (2) predicts wear current for non-passivating surfaces and shows a dependence on load to the square root times the frequency, [45, 52]. However, such trends are neither seen here nor between wear volume or friction as a function of frequency. Hence, temporal effects of repassivation are clearly important but the varying wear mechanisms and friction levels complicate analyses, which illustrate the complex nature of tribocorrosion of sliding couples.       
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Figure.10. Sliding wear-corrosion current transients of NES 747 NAB in 3.5% NaCl solution
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Figure. 11. Sliding wear-corrosion current transients of NES 747 NAB in 3.5% NaCl solution at 35N and at Room Temperature

The corrosion resistance of NAB has been attributed to the formation of a protective oxide layer when exposed to a corrosive environment, between 900 and 1000 nm thick, containing both aluminium and copper oxides. The oxide layer is aluminium-rich adjacent to the base metal and richer in copper in the outer regions [60-62]. Under free corrosion conditions it appears as a duplex film with an inner adherent layer of Al2O3 and an outer layer of Cu2O, Cu2(OH)3Cl, and Cu(OH)Cl. In the experiments here the duplex film is not fully formed as this takes some weeks and the tests conducted here sweep the surface every ~100 ms. 
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Figure. 12. Average dynamic coefficient of friction for alumina sliding on NES747 NAB lubricated by 3.5%NaCl solution for various applied loads and frequencies
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Figure 13: Average tribocorrosion current for alumina sliding on NES 747 NAB lubricated by 3.5%NaCl solution for various applied loads and frequencies. A nominal average current plotted from equation (2) (solid blue line) shows the slope expected for non-passivated surfaces
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Figure.14. Total volume loss for alumina sliding on NES747 NAB lubricated by 3%NaCl solution for various applied loads and frequencies
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Figure. 15. Specific wear rate for alumina sliding on NES747 NAB lubricated by 3.5%NaCl solution for various applied loads and frequencies





Figures 12 to 15 show the average coefficient of friction, average current and wear volume loss as a function of sliding frequency at the four applied loads. There appears to be no obvious correlation between them and that there may be a complex interplay between them. Figure 14 looks at volume loss but is not normalised to sliding distance. Further, Figure 15 shows the specific wear rates (SWR) which normalises the wear volume against load and sliding distance. This shows a general decline in wear rate with increasing frequency and thus a non-Archard like behaviour or influence of running-in which suggests some strain hardening or oxidation process reducing wear rate. It is interesting to note that the ratio of ‘depassivated’ over ‘passivated’ wear-corrosion rates at 35N i.e. the volume losses at 10Hz over 5Hz is 265.8/57.7 = 2.3. It would be predicted that removal and inability to reform the passive film enhances the wear rate and /or changes wear mechanisms and hence this system would be non-Archard like and has a dependency on frequency.  
Wear-corrosion mechanisms of NAB

This section looks at the degradation mechanisms generated by the tribocorrosion contact and references the original microstructure (Figure 5) to check if there is any correlation between the two. 
Z Shi et al [63] carried out a rolling-sliding unlubricated wear test on a NAB CuAl10Ni5Fe4 to BS 1400 CA104 against hardened En19 steel. They found that two types of wear took place: a) adhesive wear and b) delamination wear. They also found that saline solution lubrication appeared to add additional wear mechanisms as well as corrosion mechanisms to this. In the current investigation, the micrographs in Figure 16, 17 and 18 show mid stroke images and a complex degradation of the surface including oxidation, plastic flow, adhesive and abrasive processes are present. The micrographs are however evidence of the last stroke, and the vacuum environment has dehydrated the passive/ tribofilm, resulting in visible cracks (Figure 17 (a) and 18 (a)), which are not part of the tribocorrosion processes.
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	Figure. 16. SEM micrograph of worn surface for (a) 5N-5HZ (magnified 600 times) (b) 35N-5HZ (magnified 500 times)
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	Figure. 17. SEM micrograph of worn surface for (a) 35N-1HZ (magnified 600 times) (b) 35N-5HZ 35N-5HZ (magnified 500 times)
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	Figure. 18. SEM micrographs of worn surface for (a) 25N-1HZ (magnified 600 times) (b) 25N-5HZ (magnified 500 times)
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(a)                                                    (b)                                                 (c)
Figure. 19. Worn NES 747 NAB samples (a) optical image of the wear track for 25 N 5 Hz (Mid stroke), (b) 1.5 mm by 1 mm scan of wear scar for 25N 5 Hz (Mid stroke) with 20 micron vertical axis range and (c) 1.5 mm by 1 mm scan of wear scar for 25N 25 Hz (end of stroke) and 24 micron on Figure 19(c)
Figure 19 shows an optical image of a wear scar from tests under 25N load and 5 Hz frequency and Alicona images of the surface topography of mid stroke and end of stroke regions of the wear scar from such tests. As seen, Figures 16-19 show multiple wear and corrosion mechanisms are activated by reciprocating sliding but damage patterns suggest no obvious relationship to the original microstructure. This is expected as the surface microstructure will be modified by the reciprocating motion with grain refinement and associated strain hardening likely a mechanically mixed layer developed on the surface Figure 16 shows images from 5Hz tests at 5 and 35 N at the mid-stroke point where the sliding direction is horizontal. At 5N there is evidence of plastic work on the surface and some delamination/flaking of near surface material. There is also evidence that spherical IV phase might be detached and free to roll/slide within the contact. At the higher load of 35N there is a partial film coverage evident and ‘tear’ shape features that could be sub-surface pitting and/or cohesive film failures at the 1 to 10 µm scale. Figure 17 shows the effect of frequency at 35N. Partial film coverage is seen on both surfaces. The film cracking seen on Figure 17 (a) is a result of film dehydration rather than the tribological stimulae. Again sub-surface pitting and/or cohesive film failures at the 1 to 10 µm scale are evident. Figure 18 shows the effect of frequency at 25N where film coverage is more complete at 1Hz but etching, pitting and cohesive features are seen on the surface at 5Hz.  These images show the mechanisms of degradation involve partial depassivation/film, partial film removal or cohesive and adhesive failures, plastic deformation, abrasion and selective phase attack.
The tear shape features are probably linked to the alpha phase or classic adhesive junction via transfer material of NAB to the alumina counter surface. The original air formed oxide film is quickly replaced by a tribofilm or tribo-activated passivate film which appears not be susceptible to a critical load or frequency suggesting competition between depassivation/repassivation rates and an oxidational process.  
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Figure. 20. SEM micrograph of worn NES 747 NAB surface for 35N-5HZ (a) magnified 1200 times (b) magnified 2000 times
As shown in Figure 20(b), point 1 and point 2 are selected on each of two areas, and point 3 lies at the boundary between them. Table 3 shows that Point 1 with dark coloured area has higher oxygen content than Point 2, and hence may be the protective film, however, the light colour area may not be due to low oxygen content.
Table. 3. Content of elements of the 3 points in Figure 20 (b)
	Elements
	Weight ration / wt%

	
	Point 1
	Point 2
	Point 3 (A point in transition zone)

	O
	15.51
	2.39
	10.03

	Al
	8.12
	5.24
	6.13

	Si
	0.66
	/
	0.58

	Cl
	1.20
	/
	0.49

	Fe
	1.40
	6.43
	1.44

	Ni
	0.98
	3.26
	2.01

	Cu
	72.81
	82.68
	80.30



From EDX analysis, it was found that the three points included the same element types and similar weight ratio for each element, in which the oxygen content was very high and there was also presence of chlorine element. According to some literatures concerning the protective film formed on the surface of NAB in seawater, it is thought the reason for a surface full of microcracks could be the presence of oxidized protective film, whose main components are Al2O3 and Cu2O. The film is more fragile than the bulk of NAB due to the property of Al2O3 and Cu2O, so it is reasonable that the massive microcracks occur on the worn surface during the reciprocating sliding of the ceramic ball. 
4. Cavitation erosion-corrosion

NAB

A dozen NAB samples of dimensions 25 mm x 25 mm x 5 mm (±2 mm) were prepared for the cavitation erosion-corrosion tests. The samples were wet polished with 120-, 800, 1200- and 4000- abrasive grit papers. 6 of the samples were kept aside to form air-formed films for a maximum of 1 week, while the other 6 samples were submerged in initially aerated 3.5% NaCl solution for 3 months in a covered tank to form a layer or partial layer of water-formed oxide film on the samples. An oxide film comprising mainly of Al2O3 and Cu2O formed on the NAB sample after 3 months of immersion in 3.5% NaCl solution. Figure 21 (a) shows the optical images of microstructures of NAB before the formation of oxide film and (b) after 1 week of exposure to air. In Figure 21 (b) slight selective phase attack can be noticed at the α-κIII eutectoid phase boundaries. Figure 22shows a thick layer of water-formed oxide layer and crevice corrosion above the substrate formed after 3 months of immersion in 3.5% NaCl solution showing selective phase corrosion attack 40 μm deep below the surface. These figures are at similar magnifications of x500 to x 600 to wear scar images to help correlate microstructural influences on the wear processes.  
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(b)

	Figure. 21. Optical image of AC-NAB (a) microstructure before formation of oxide film at 500x; (b) after 1 week of exposure in air showing selective phase attack of the the α-κIII eutectoid phase boundaries (dark regions) at 600x
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Figure. 22. Transverse section of the AC-NAB submerged in 3.5% NaCl solution for 3 months [59]
Then the samples were tested in three different test conditions. For pure corrosion (C), the samples were subjected to polarization test for 6 hours in 3.5% NaCl solution using the GAMRY Reference 600 potentiostat and the subsequent mass loss was calculated using current density. For pure erosion (E) test the samples were cavitated in 5 L of distilled water for 1 hour. Finally, for the combined cavitation erosion-corrosion (T), the samples were cavitated in 5 L of 3.5% NaCl solution for 1 hour while subjected to electrochemical tests kept under OCP (i.e. the samples were allowed to remain at OCP without outside interference and monitored during the tests). The tests were conducted at a room temperature of 17 ± 0.5 °C and pH of 7-9. The gravimetric weights of the samples were recorded before and after each experiment with precision mass balance for gravimetric analysis (±0.01 mg). The samples were analysed for microstructural characterization using SEM employed for microstructural morphology analysis before and after cavitation.
The synergy was calculated for the two types of oxide filmed NAB samples using Equation (3). The results are tabulated in Table 4, comparing the synergism obtained for air-formed filmed samples with the water-formed filmed samples. It should be noted that some of the water-formed filmed samples were only partially filmed but for ease of a descriptor will be referred to as just filmed in the discussion. 


Table. 4. Synergism summary for NAB samples with oxides formed under two different conditions. 
	NAB sample type
	T (mg)
	E (mg)
	C (mg)
	S=T-(E+C) (mg)
	
(S/T)x100

	Air
formed filmed
	1.48  ± 0.02
	1.00 ± 0.05
	0.02 ±
 0.01
	0.46 ±
0.08
	31%

	Water-formed filmed
	24.39 ± 
2.00
	7.34 ± 0.30
	0.002 ±
0.001
	17.05 ± 2.30

	70%






From Table 4, it can be seen that the total mass loss incurred under T with water-formed film was about 20 times higher than the mass loss observed for air-formed oxide filmed sample. Also, the mass loss incurred in distilled water for the water-formed film was 5.6 times lower than that found under T for water-formed film. The resultant synergy calculated for samples with water-formed film was found to be 70% whereas the synergy calculated for samples with air-formed film was 31% [59].
Figure 23 shows the cavitated surface of the water-formed filmed sample where the phases are easily distinguishable due to selective phase attack and wear at the α-κIII as well as α-κIV phase boundaries.
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(a) (b)
Figure. 23. SEM images of AC-NAB (a) the distinguished phase erosion of the oxide filmed sample in 3.5% NaCl solution after 1 hour of cavitation, (b) the magnified image of the selected area in (a) showing distinct phases
Upon transverse sectioning of the samples, it was seen that the α-κ phase boundaries continued into the substrate in the form of microcracks originating from the erosion sites, especially along the α-κ grain boundaries, see Figure 24.
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Figure. 24. SEM image of transverse sections of AC-NAB after 1 hour of cavitation erosion-corrosion test in 3.5% NaCl solution with water-formed film showing cracks propagating along the lamellar eutectoid grain boundaries
From the synergy investigation conducted for the AC-NAB samples with oxide films formed under the two different conditions, air and immersion in 3.5% NaCl solution, it was concluded that both the types of NAB samples had measurable synergy under cavitation erosion and corrosion. The water-formed filmed sample underwent higher mass loss than the sample with air formed oxide film. NAB samples with both types of oxide films underwent selective phase attack at the α-κIII eutectoid phase boundaries. The selective phase attack and corrosion of water formed filmed NAB was more prominent due to the presence of chloride with the corroded depth reaching up to 20 μm beneath the exposed surface as seen in Figure 24. 
Figure 25 show optical images of the transverse section of an air-formed filmed surface eroded in 3.5% NaCl solution for 5 hours showing a series of cracks formed under the surface up to a depth of 150 μm and interesting crack formation along the α-κ phase boundaries especially beneath the largest cavity, about 50 μm in size. There are a number of stresses acting upon the surface, such as the tensile/compressive shear stress, repetitive loading of the cavitation cloud, subsurface shear stress build-up, as well as the material property itself that may mitigate cracks along the weakest grain boundaries, and several subsurface cracks, as seen in Figure 25.
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Figure. 25. Optical images of AC-NAB showing dendritic surface and potential subsurface cracks at 200x [59]
SEM analyses revealed that the wear mechanisms of the cavitated sample surfaces with both air and water formed oxide films were found to be similar in nature with the first site of attack to take place at the α-κIII eutectoid phase boundaries. The sites of most aggressive attack exhibited large cracks propagating into the microstructure along the α-κIII phase boundaries, hence the regions with high lamellar κIII phases were most susceptible to wear, crack initiation and propagation. It was also found that the softer α-matrix surrounding the hard secondary phases was more vulnerable to cavitation attack compared to the κ phases and the precipitate-free α zones, leaving the islands of harder iron-rich κ phases to be exposed, especially at the highest concentration of grain boundaries. κI phases islands and threads of κIII phases were seen at the erosion boundaries. Also particulates of κIV phase were seen to become more prominent due to the α-phase erosion at the phase boundaries. However, the wear features of the cavitation erosion-corrosion of water-formed oxide filmed sample surfaces were much rougher than the wear scars observed for the samples with air-formed film. 
Table. 5. OCP vs mass gain for the AC-NAB samples. 
		
Samples
	OCP ranges
	Mass changes
	Comments (on the films)

	
	
	
	Before test
	After test

	Air-formed film 1
	-206 to
-212 mV
	(-) 0.61 ± 0.04 mg
	
None to very light brown colouration
	
Light colouration to no visible change to the film

	Air-formed film 2
	-211 to
-220 mV
	(-) 0.89
± 0.05 mg
	
	

	

Oxide filmed sample 1
	

-158 to
-189 mV
	3.57 mg ± 0.07 mg
	
Fully formed dark Al2O3 film (intact) with light greenish-blue brittle and soft CuO film
	
Partial removal of copper oxide layer without any visible affect on Al2O3

	
	
	3.19 ± 0.08 mg
	
	

	
	
	3.08
± 0.08 mg
	
	

	



Oxide filmed sample 2

	



-168 to
-222 mV

	1.92
± 0.04 mg
	


Fully formed film with brown Al2O3 film and no copper oxide film
	



No visible change to the Al2O3 film

	
	
	1.45 ± 0.05 mg
	
	

	
	
	2.20 ± 0.06 mg
	
	

	
	
	1.92
± 0.04 mg
	
	

	
Oxide filmed sample 3
	
-141 to
-153 mV
	0.92 ± 0.02 mg
	
Partially formed film with brown Al2O3 film
	
No visible change to the Al2O3 film

	
	
	0.98 ± 0.05 mg
	
	

	

Oxide filmed sample 4
	

-153 to
-173 mV

	4.22 mg ± 0.05 mg
	
Fully formed dark Al2O3 film (intact) with light greenish-blue brittle and soft CuO film
	
Partial removal of CuO layer without any visible affect on Al2O3

	
	
	5.32
± 0.02 mg
	
	

	
	
	6.39
± 0.06 mg
	
	











Figure. 26. Mass loss plotted against initial OCP after pure static corrosion tests in 3.5%NaCl for 6 hours for air and salt solution formed oxides on AC-NAB. There are 4 separate water filmed samples which were tested multiple times with their average OCP values plotted. 
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Figure. 27. Extended S/C versus E/C map after Wood and Hutton [64]. The data for this map is given in Table 6.

Table. 6. Data used for S/C vs E/C map (Figure 27) and their references  
	point number
	Material
	Ref.
	point number
	Material
	Ref.
	point number
	Material
	Ref.
	point number
	Material
	Ref.

	1
	A514
	[65]
	14
	G cast Fe
	[66]
	27
	Cu
	[55]
	40
	Fe
	[67]

	2
	SS-316
	[65]
	15
	MS1020
	[68]
	28
	Cu
	[55]
	41
	Grey cast iron
	[39]

	3
	SS-316
	[65]
	16
	MS1020
	[68]
	29
	Cu
	[55]
	42
	Mild steel 1050
	[39]

	4
	REM 500
	[65]
	17
	MS1020
	[68]
	30
	Cu
	[55]
	43
	Tool steel W1
	[39]

	5
	REM 500
	[65]
	18
	SS-304
	[68]
	31
	Cu
	[55]
	44
	Copper
	[39]

	6
	A514
	[65]
	19
	SS-304
	[68]
	32
	Cu
	[55]
	45
	Brass
	[39]

	7
	SS-316
	[65]
	20
	SS-304
	[68]
	33
	Cu
	[69]
	46
	Bronze
	[39]

	8
	SS-316
	[65]
	21
	Cu
	[55]
	34
	MS1020
	[70]
	47
	NAB with air formed film
	[58]

	9
	REM 500
	[65]
	22
	Cu
	[55]
	35
	Fe
	[71]
	48
	NAB with air formed film
	[58]

	10
	REM 500
	[65]
	23
	Cu
	[55]
	36
	Fe
	[67]
	49
	Duplex Stainless Steel
	[58]

	11
	Cu
	[69]
	24
	Cu
	[55]
	37
	Fe
	[67]
	
	
	

	12
	Cu
	[69]
	25
	Cu
	[55]
	38
	Fe
	[67]
	
	
	

	13
	Cu
	[69]
	26
	Cu
	[55]
	39
	Fe
	[67]
	
	
	



Table 5 lists the average OCP for different samples and the mass gain or loss for the AC-NAB as well as comments re the extent of film coverage. Figure 26 plots the data from Table 5 and shows an interesting correlation between mass loss under static corrosion conditions in 3.5% NaCl solutions against initial average OCP values. It shows that for 3 month immersed samples of NAB, the more electropositive the OCP the higher the mass loss. Suggesting that the more passivated/filmed the sample is reflected by more electropositive OCP values the higher the corrosion loss. The mass loss values vary from 1 to over 6 mg of loss which will influence the quantification of the synergy S term.  The slope of the points shows a 8 mg per 100 mV increase in OCP. The points for air filmed samples show a negative mass loss (i.e. mass gain). Samples with only partial film coverage do not lie on the approximate linear trend seen. Partial film coverage was identified by optical microscopy. 
Figure 27 plots the new data for air formed AC-NAB and three month filmed in salt solution AC-NAB on the S/C versus E/C map originally published by the author some 25 years ago ([54]) along with some recent data from Man’s group. The original map showed two possible groups of material one with medium sensitivity to synergy and one with high sensitivity and magnitudes of synergy. The large difference in performance between air filmed and salt water filmed NAB samples is clearly seen. It suggests more data is needed for materials that have been pre-exposed to a seawater simulant as this appears to a vital factor in synergy levels and material performance under cavitation erosion-corrosion. It is also interesting to note the variation in performance for Grey cast iron, point 14 versus 14,  The E/C ratio is different for point 52 being tested at 20 kHz at 23ºC in 3.5%NaCl at 30 µm amplitude than point 14 which was created at higher intensity by a 15 micron amplitude at 20 kHz at 50ºC in 3%NaCl. The resulting S/C is highly sensitive to this change in E/c being markedly reduced for the higher E/C ratio. 

Cavitation erosion-composite

Cavitation erosion tests on the two composite materials are given in Table 7. Two standoff distances were used to vary the cavitation cloud intensity and thus erosion rate. 
Table. 7. Results of each material when subjected to cavitation at different intensities.
	
	GRP
	Carbon Fibre

	Mass loss after 120 minutes at 1 mm stand-off distance
	0.107 g
	0.156 g

	Mass loss after 120 minutes at 2 mm stand-off distance
	0.044 g
	0.012 g

	Erosion rate at 1 mm
	0.054 g/hr
	0.0853 g/hr

	Normalised incubation period at 1 mm stand-off distance
	12 minutes
	2.2 minutes



Figures 28 and 29show the trends in mass loss and erosion rate as a function of cumulative exposure time. As seen the E-glass G-10 had greater cavitation erosion resistance than the Carbon Fibre/polyurethane composites at higher intensities (1 mm stand-off). However at lower intensities (2 mm stand-off) the Carbon Fibre/polyurethane composite proved to have greater cavitation resistance. This is due to the varying levels of easily eroded top layer resin on the surface of the two samples and when fibres are exposed to cavitation and their resistance to erosion. The carbon fibre sample having less resin top layer showed good resistance due to the exposed fibres at the lower intensities. The E glass sample had a much thicker resin layer but more erosion resistant fibres and layout. 
Mass loss plots for all composites show an accelerated Erosion Rate just after the incubation period. This was identified to be the rapid mass loss due to the penetration of the top layer of resin. This is shown in Figure 30 where there in an increased acceleration period at 2 minutes of cavitation exposure on an E-glass sample at 1 mm. This graphical evidence is corroborated by Figure 31 which shows significant removal of resin from the tops of the weaves closest to the surface without any fibre damage. Once the top layer of resin was penetrated the resin around the fibres would be eroded by microjets formed by cavitation bubble impingements.. The fibres now free of their resin matrix, move around in the cavitation bubbles, eventually failing by brittle shear. The modes of failure of the composites tested were not a tensile failure (no fibre necking was observed) but a mixture of mechanisms including brittle failure of the fibres and a delamination between the adhesive element (resin matrix) and the fibres.
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Figure. 28. Mass Loss data for the Mass Loss verses cumulative exposure time for both composites for different gaps.
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Figure. 29. Plot of Erosion Rate against Cumulative exposure time for the composites at differing intensities
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Figure. 30. Mass Loss at 1mm for 10 minutes whilst examining the incubation period of an E-glass sample. There is clearly acceleration in the mass loss which can be attributed to the initial resin removal



Figure. 31. E-glass sample cavitated for 10 minutes at 1 mm. The resin is clearly removed from the top of the weaves. Pitting in the other sections of the resin is due to Microjet impingement on the samples surface
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Figure. 32. Map of relative erosion resistance normalised by bronze plotted against the ultimate resilience [72]

Figure 32 shows that UR does not give a good indication of resistance for pre-exposed and corroded/filmed surfaces or for the two composites tested. However air filmed NAB results match expected values for cast bronzes relative cavitation erosion resistance of unity. An additional point is included for 3D printed ABS polymer which although not reinforced by fibres gives comparable resistance to the fibre composites.  
5. Synergistic effects and their quantification

5. Synergy quantification:

We have understood that there are very complex interplays between wear and corrosion for decades. The trend in the literature is to try and quantify the synergy which often exists as expressed by S=T-(E+C) equation (1). There are ASTM guidelines, see ref [56], as to how to measure synergy but typically to determine the individual contributions of E and C as well as measure T requires several techniques to used (i.e. electrochemical (cathodic protection and polarization) and gravimetric and/or profilometry (volumetric and penetration depth)). Quite often accelerated test methods are deployed which may not allow real service conditions to be simulated or service relevant damage mechanisms to be studied as corrosion mechanisms are often time dependent over different orders of magnitude to erosion mechanisms. 

This fusion of accelerated testing and different measurement of material loss can lead misleading results as these techniques used are often sensitive to different aspects. For example, surface effects such as passive films, transformations, strain hardening, grain refinement/orientation etc will influence the electrochemical measurements of C and C+C while others are bulk material measurements such as gravimetric and some profilometry. This author has for some time focused on the T only performance of surfaces and the mechanisms involved in the surface degradation associated with this material loss. The concerns with synergy measurements and even their component parts (S=E+C) have been heightened by the work in authors own lab where for solid particle erosion-corrosion of NES 747 part 2 NAB negative S was recorded (or antagonism). Table 8 summarises this work on jet erosion-corrosion tests on NES747 NAB from work by Barik et al [48]. The tests conditions were conducted on a sand slurry jet impingement rig with a horizontal salt solution jet impinging a NAB sample at 90 with sub-angular silica sand particles with a mean size of 135 µm or 235 µm at 3% w/w concentration.   Pure erosion rates E were obtained by Cathodic Protection of the sample at 200mV below the corrosion potential under erosion-corrosion conditions. Flow corrosion and total combined loss rates were determined with no solids added and no CP applied respectively.





Table. 8. Mass loss measurements and synergy quantification for sand erosion-corrosion of NES747 NAB  [61]
	Jet Velocity 
(ms-1)
	Sand diameter
(µm)
	Ek
(µJ)
	T
(mg)
	E
(mg)
	C 
(mg)
	S
(mg)

	3.1
	135
	0.016
	3.3
	2.9
	1.5
	-1.1

	5.0
	135
	0.040
	8.2
	7.6
	1.7
	-1.3

	5.0
	235
	0.230
	12.1
	10.5
	1.7
	-0.1

	6.0
	235
	0.330
	13.3
	12.2
	2.4
	  -1.3



The results show that a negative synergy is generated. This was explained by sectioning erosion scars and looking at subsurface microstructure and the depth profile of mechanical properties. This analysis revealed a strain hardened layer under eroded surfaces. This layer was more pronounced under T conditions than under E suggesting corrosion had enhanced plastic flow and increased strain in the near surface compared to the pure erosion case. This increase in strain hardening reduced the erosion rate under T conditions.  
Other issues are that the errors for E, C and T sum when you quantify S. This can lead to significant errors that make reporting S difficult with any significance. The techniques used to obtain E, C and T often have quite different sensitivities. There considerable concerns in obtaining E as using distilled water or cathodic protection do not necessarily inhibit electrochemical activity on the surface and can inadvertently promote other degradation mechanisms such as hydrogen embrittlement. Buffered pH solutions can be used to move the surface from being corrosion active to immune (based on system Pourbaix diagram). There are issues with varying C as seen above in section 4.1 of this paper, depending upon the type oxide/passive film present and C is sensitive to pre exposure conditions particularly for marine alloys such as NAB which take three months to develop a fully formed multi-oxide film in seawater and the added complication of biofouling associated with seawater immersion.
The discussion above shows temporal and spatial variation and just measuring S missed the subtly of the degradation mechanisms which are site specific and probably linked to the surface films and microstructure and their evolution. The work reported above also shows that synergy is three dimensional. For NAB the selective phase attack can be to ten of microns in depth over a month or so exposure to seawater making this a very complex interaction.
If this was not enough, the vales of E and T should be under steady state erosion conditions to make meaningful comparisons and S quantification. Little focus has been given to this issue from a glance at the literature. 
Direct comparisons between AC and NES747 NAB are difficult but for pure corrosion  the values found for AC-NAB are 0.02 mg/hr while for NES747 values of 0.07mg/hr are recorded by Barik for 6 month exposure to immersion in Solent waters [73]. For heat-treated NAB samples such as NES 747 part 2 NAB the synergy between erosion and corrosion has been reported to be negative [61]. This is attributed to the lack of low percentage of beta phase, removed during the heat-treatment process, thus changing the microstructure of the material. This, in turn, would also result in higher corrosion resistance as the ordered beta phase has been established to be one of the most vulnerable phases to corrosion attack [74]. Which further affects the T and S values, giving differing results compared to non-heat-treated NAB. 
1. Future challenges
Although forensic tools are evolving including non-destructive evaluation of the wear mechansims, the test facilities used in marine tribocorrosion need upgrading to allow site specific details to be more easily linked to electrochemical and mechanical parameters / measurements being made and that these should be in-situ and real time ideally. Testing should also move to sampling local environment in real-time to measure real products that tribocorrosion releases into test fluid.
1. Conclusions
The paper uses a few examples of tribocorrosion investigations into cast nickel aluminium bronze performance to illustrate the need for both spatial and temporal aspects of experimental design and instrumentation to be considered. Temporal aspects were found to be important particularly for sliding contacts. There is a complex interplay of wear, corrosion and friction as sliding frequency increases. Repassivation/refilming or tribofilm formation rates (kinetics) need to be better understood for marine materials if better prediction and modelling is to be used for informed material selection for marine systems. Tribocorrosion is seen to be 3D thus surface site specific information needs to be complimented by subsurface analysis of mechanisms that occur and related to the specific microstructure. Better testing facilities with high data acquisition, site specific analysis and through depth characterisation is therefore needed. 

Synergy quantification for these marine alloys can be a challenge where the mechano-electrochemical interactions are small. Total damage rates and synergy or antagonism is seen to be dependent on the initial state of the tested sample and changes when pre-immersed in salt solution compared to air filmed for example. Techniques used to quantify synergy levels need to be carefully selected and analysed. Gravimetric, topographical and electrochemical approaches look at different aspects (i.e. gross damage compared to surface film sensitivity) and thus resolve to different scales and the resolution of component synergistic terms may not be possible.  This is important if mapping of synergy is to be undertaken across different corrosion and mechanical damage severities. Changes in synergy levels was found to be dependent on tribocorrosion test type (i.e. Cavitation, sand impingement or sliding wear). Under the test conditions used in the paper solid particle erosion produced negative synergy (antagonism), cavitation erosion-corrosion produce slight positive synergy expect when pre-exposure to salt solution for three months and complex interactions were seen for sliding wear where corrosion currents can be trebled by sliding but the influence of this corrosion activity on overall wear-corrosion rates was not obvious.  

The simple reliance on ultimate resilience or other simple material property ratios that rely on values obtained under low strain or quasi-static conditions to predict cavitation erosion-corrosion resistance is challenged particularly for composites. Dominant failure mechanisms in marine alloys are likely to be material or coating system specific making generic modelling difficult. Future tribocorrosion modelling needs to accommodate complex microstructure, contact roughness, tribofilm and microstructure evolution, residual strain and micro-galvanic corrosion cell behaviour and be based on temporal and spatial understanding.  

All data supporting this study are openly available from the University of Southampton repository at http://dx.doi.org/10.5258/SOTON/xxxxx
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