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Abstract 
In this thesis, the aim is to study possible tribo-materials for a rotating inlet valve and to find 

a suitable material combination for the contact. The valve is part of a modern oil-free and high 

temperature steam engine. Systematic material selection together with tribological tests and 

wear analyses are performed. The metals Nitronic 60 and Stellite 6B are tested as self-mated 

metals, and run against graphite. None of these combinations are found suitable. However, the 

tests show carbon-based materials to be promising. After further study another carbon-based 

material, antimony impregnated mechanical carbon is selected as valve seat. For the mating 

part valve distributor, the material ZrO2-MgO is selected. This tribo-pair has shown friction 

and wear in the same interval as oil-lubrication. The friction and wear are 50% respectively 

10% of the second best tribo-pair found in this thesis. The valve seat material is realizable if 

supported by a valve block of a Ni-resist cast iron with thermal expansion similar to the valve 

seat. Lastly a redesign of the valve distributor is suggested to comply with ceramic design 

guidelines.  
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Sammanfattning 
Målet med denna rapport är att studera möjliga tribo-material för en roterande inloppsventil 

och att hitta en lämplig materialkombination för kontakten. Ventilen är en del av en modern 

oljefri och högtempererad ångmotor. Ett systematiskt materialval tillsammans med 

tribologiska tester och nötningsanalyser utförs. Metallerna Nitronic 60 och Stellite 6B testas 

dels mot sig själva, och dels mot grafit. Ingen av dessa kombinationer finns lämplig. Testerna 

visar dock att kolbaserade material är lovande och eftervidare studier är ett annat kolbaserat 

material, antimonimpregnerat mekaniskt kol, väljs till ventilsätet. Till motytan till ventilsätet, 

ventilfördelaren, väljs materialet ZrO2-MgO. Detta tribo-par har visat friktion och nötning i 

samma intervall som oljesmörjning. Friktionen och nötningen är 50 % respektive 10 % av det 

näst bästa tribo-paret som hittats i denna avhandling. Ventilsätets material är realiserbart om 

det stöttas i ett ventilblock av ett ”Ni-resist” gjutjärn med en värmeexpansion som liknar 

ventilsätets. Slutligen föreslås en omkonstruktion av ventilfördelaren för att uppfylla 

riktlinjerna för keramisk konstruktion.  
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1 Introduction 
Global warming, harmful emissions, depletion of resources and increasing fuel prices are 

challenging industries across the world. Industries strives to minimize all drawbacks which 

comes from energy consumption [1]. In a short to medium perspective, it is more effective to 

reduce the energy demand instead of implementing renewable energy sources [2]. One way to 

reduce energy the demand is to increase overall efficiency of industries and to reduce the 

amount of waste heat. Jouhara et al [1] describes waste heat as “Energy that is generated in 

industrial processes which is not put into any practical use and is lost, wasted and dumped 

into the environment”.  

One promising solution to the energy problem is waste heat recovering. In waste heat 

recovering, the input is a hot source which previously has been considered waste heat. Part of 

its thermal energy is converted to mechanical work or electrical energy [1], and the rest is 

remaining waste heat, but a significantly lower amount than without waste heat recovery. 

Machines that operate on a cycle and performs heat recovering are called heat engines [3]. The 

amount of waste heat in the world is significant. For example, in trucks 40% of the energy input 

is estimated to pass through the exhaust pipe [4]. And in UK the waste heat suitable for 

recovering is estimated to 40 TWh/year. Some industries with high amount of waste heat are 

cement, iron, glassforming, chemical, paper and pulp and food and drinking [1]. 

Steam technology in heat engines is one approach which several companies have followed in 

the 21:st century [5, 6].  This thesis is conducted in collaboration with the consultant company 

Invencon AB and their customer RANOTOR AB. RANOTOR is developing a modern steam 

engine for waste heat recovering. The steam engines in early industrialization were large with 

low efficiency. The efficiency of modern steam engines has possibilities to be higher because of 

modern materials and new designs. Modern materials and new designs have the possibility to 

increase the operation speed and temperature and by that reach high efficiency with long wear 

life. In contrast to bulky steam engines during the industrial revolution, portable steam engines 

are discussed today [7].  

In previous thesis work at RANOTOR, the inlet valve concept: rotating inlet valve is selected. 

Furthermore, design of the rotating inlet valve are selected and materials for the tribological 

contact are studied. However, RANOTOR is still looking for suitable tribo-materials for the 

contact. The contact pressure and service clearance of the contact are not specified, but contact 

pressure is considered to be low and a tight clearance is expected. The motor will operate at 

2000-6000 RPM, which for a previous design [8], results in approximately 4-13 m/s. Lastly 
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the atmosphere is composed of supercritical steam of 240 bar and 450 °C, and in such an 

atmosphere oil lubrication is not possible. 

1.1 Aim 

The aim of this thesis is to study possible tribo-materials for the rotation inlet valve and to find 

a suitable material combination for the contact. 

1.2 Research questions 

• What material combination is suitable for the tribological contact of a rotating inlet 

valve? 

• How does the previous design of rotating distributor comply with the materials 

selected? 

• What design configuration for the valve seat is suitable?  

1.3 Delimitations 

The material study is limited to mainly focus on bulk materials. Contact pressure and service 

clearance are unknown and no CFD analysis, structural analysis or heat simulation will be 

performed to determine those parameters. Neither any absolute study of patented solutions is 

performed. No design of the rotating distributor will be performed. 
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2 Literature study 
The literature study covers tribology in general, the RANOTOR engine, thermal expansion, the 

rotation inlet valve, but the focus is on tribo-materials for the rotating inlet valve. 

2.1 Tribology 

The study of surfaces in motion and their friction, wear and lubrication is called tribology. The 

mechanisms present between two surfaces are difficult to predict because the mechanisms are 

dependent of multiple different parameters. The parameters can be divided into design-, 

material- and environmental parameters. Those groups together include contact geometry, 

load, velocity, surface roughness, chemical reactions, mechanical properties, lubricants, 

surrounding medium, wear debris etc. Because of the large number of different parameters, 

tribology relies on empirical data and a new application commonly must be physically tested 

[9]. 

2.1.1 Friction 

Coefficient of friction is defined as the fraction of friction force divided by normal load of a 

body. Low coefficient of friction is usually desirable to avoid performance loss and frictional 

heat in machines. In the tribological contact between two materials (a tribo-pair) there are 

mainly two components affecting the coefficient of friction; the adhesive component and the 

ploughing component. Atomic attraction forces influence the adhesive component and it is 

affected by the composition of the tribo-pair and its surfaces. The ploughing component is 

more of a mechanical component which is affected by the hardness and surface roughness. If 

the harder material in the tribo-pair is considerably harder and also has a rough surface, there 

will be a high ploughing component. Typical friction coefficients are shown in Table 1 [9], for 

a tribo-contact with high sliding speed in a steam engine 0,1 is considered to be a maximum 

value [10]. 

Table 1: Typical coefficient of friction for different types of contacts. [9]. 

 

 

The most beneficial contact in a tribo-pair is a hard bulk material which supports a thin and 

easily sheared film. Figure 1 demonstrates how the thickness of the indium film on top of a tool 

Type of contact Coefficient of Friction

Unlubricated 0,2-0,6

Boundary lubrication 0,01-0,1

Mixed lubrication 0,001-0,01

Hydrodynamic lubrication 0,001-0,01
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steel affects friction [11]. Too thin film will wear off and too thick film will result in larger 

contact area of asperities and therefore a larger adhesive component. Nevertheless, a thin film 

of easily sheared material has usually lower friction than self-mated hard and self-mated soft 

material [9]. 

 

Figure 1: A steel sphere sliding against a tool steel with indium coating. Different thicknesses results 

in different frictions [11]. 

 

2.1.2 Wear 

The loss of material in tribological contact is called wear. The main categories of wear are 

sliding wear, wear by hard particles and erosion. In sliding wear adhesion between the two 

materials is of high importance. Wear is commonly described with a wear rate with the unit 

mm3/Nm and for simplicity, wear is commonly said to be proportional to load and sliding 

distance. However, this is not quite the case. High sliding speed results in increased friction 

heat. High temperature may change mechanical properties or start chemical reactions with the 

atmosphere. Change in contact pressure may result in abrupt change in wear rate. Lastly the 

surrounding atmosphere composition can have extreme effect on wear rate. For example, 

water vapor and oxygen are reactive and strongly affects wear rates [11]. Depending on the 

amount of wear rate it can be categorized as mild or severe wear. Severe wear, with values of 

10-4-10-2 mm3/Nm is typically too high to be accepted in engineering applications. Common 

intervals of wear rate for different wear mechanisms are listed in Table 2 [11].  10-7 mm3/Nm 

is considered to be a maximum value for an economic sliding contact at high velocity in a steam 

engine [10]. 

Wear by hard particles is generally a more severe wear mechanism than sliding wear. Wear by 

hard particles may be present when a harder and rough material is sliding against a softer 
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material, in this case it is called two body abrasion. In three body abrasion hard particles from 

the bulk material or worn oxide film are freely sliding or rolling between the surfaces in a tribo-

pair. In a fluid system slurry erosion may occur where hard particles are transported together 

with the fluid and are impacting machine parts with a high velocity [11]. Lastly cavitation 

erosion is specially happening in systems with phase transformations between steam and 

water. In steam turbines, piping systems and housings, up to 10 mm of material may be worn 

by cavitation erosion per year [12]. However, phase transformations are not expected in the 

valve system. 

Table 2: Typical wear rates of different wear mechanisms [11]. 

Category Wear mechanism Wear rate 

Sliding wear 

Unlubricated severe 10-4 - 10-2 

Unlubricated mild 10-6 - 10-4 

Solid lubrication ~ 10-6 

Boundary lubrication 10-10 - 10-6 

Hydrodynamic lubrication 10-13 - 10-9 

Abrasive wear 
Two-body 10-4 - 10-3 

Three-body 10-3 - 10-2 
 

2.1.3 Lubrication 

A well-used method to reduce friction and wear is lubrication. With use of fluids which 

commonly is some type of oil, two surfaces can either be completely or partly separated. 

Hydrodynamic lubrication is the name for fully separated surfaces and partly separated 

surfaces is called boundary lubrication, there is also a region in between with the name mixed 

lubrication. The different lubrication regimes are shown in Figure 2 [9]. 
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Figure 2: Stribeck curve showing different lubrication regimes [11]. 

 

Most of the literature states that oil lubrication is unsuitable in a steam engine [4, 7, 10, 13], 

even though small amount of turbine oil has been found useful at the relatively low 

temperature 300 °C by Matsumoto et al [5]. When oil can not be used, solid lubricants may be 

a suitable alternative. Some common examples of solid lubricants are graphite, MoS2, WS2, 

PTFE and soft metals such as tin, copper, silver, gold [11] and antimony [14]. Of those PTFE 

and MoS2 are not suitable up to 450 °C, but soft metals, graphite and WS2 are [11].  

Graphite lubrication is beneficial in a humid atmosphere and is claimed to need condensable 

vapor [911], however it is not specifically said to be insufficient in superheated steam or 

supercritical steam. In one study superheated steam is engineered to condense on a graphitic 

sliding surface [5]. In vacuum, it is certain that graphite lubrication suffers because of the 

graphite structure. Graphite is an allotrope of carbon where the carbon atoms form hexagonal 

patterns in the planar layer. In the plane every atom is covalently bonded to three other carbon 

atoms and there are weak van der Waals bonds between the hexagonal layers [15]. This 

structure is further weakened by vapors such as water vapor which results in a transfer layer 

with beneficial sliding properties [10].  

Solid lubricants may be used in different forms such as powders, coatings, solid parts or 

embedded in composites. Powders may escape and thin coatings eventually wear off, in 

contrast solid parts and composites are considered as self-lubricating. A self-lubricating 

system stays lubricated during its lifetime without adding lubricants from any external source 

[11]. 
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2.1.4 Surface engineering 

Since tribology is the study about surfaces in motion one approach to enhance tribological 

properties is to engineer the surface. One benefit of surface engineering is that expensive 

materials may be used at small quantities at just the surface and a less costly material can be 

used as bulk material. Other benefits are that a tougher material can be used as bulk material 

and coating materials may not be available as bulk solutions. For coatings, there is typically a 

sharp interphase which may result in delamination as in Figure 3. The risk of delamination 

depends on adhesion between substrate and coating, coating thickness and difference in 

thermal expansion [11]. Delamination is an unwanted failure mode since it leads to abrupt 

failure and hard coating fragments may damage other parts of the system [9]. At the presence 

of a diffusion zone like in Figure 3 a), the risk of delamination is small. Common methods 

which result in a diffusion zone are for example hardfacing, nitriding and carburizing. In 

hardfacing a material is welded on top of another. During nitriding and carburizing the 

substrate is heated in a nitride or carbon rich atmosphere to form hard nitrides or carbides [9]. 

 

Figure 3: In a) there is a diffusion interphase which is beneficial in terms of adhesion. In b) there is a 

sharp interphase which may result in delamination as seen in c) [11]. 
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2.2 The RANOTOR engine 

The RANOTOR steam engine is following the Rankine cycle, which is similar to the ideal 

Carnot cycle. Simplified, the engine can be divided into four main components: pump, steam 

generator, expander and condenser which are shown in Figure 4. The Rankine cycle operates 

in the four steps: 

• 1-2  Liquid is pressurized in a feed pump 

• 2-3 Heating in a steam generator 

• 3-4 Isentropic expansion in a expander 

• 4-1 Heat rejection in a condenser. 

 

 

Figure 4: a) An illustrative simplification of the RANOTOR steam engine and in b) the Rankine cycle 

in a temperature-entropy graph [16]. 

 

Different expanders are suitable at different power ranges. For large scale and high-power 

expanders turbines are commonly used. The rotating speed of such an expander can reach 200-

300 m/s at the outer most perimeter.  If such a turbine would be scaled down, an extremely 

high value of revolutions per minute would be needed to be efficient. An axial piston expander 

is found to require lower rotation speed and is also found to be less sensitive to droplet erosion. 

In operation pressurized steam enters the rotating inlet valve which deliver steam to the 

pistons. The vertical movement of the pistons forces the wobble plate to rotate. The wobble 

plate is connected to the engine shaft which also rotates [16].  The main parts of an axial piston 
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expander are shown in Figure 5. The cylinder block and valve block are the same part in the 

picture. In this report, this part is called valve block. 

 

Figure 5: The main parts of an axial piston expander [16]. 

 

2.3 Steam 

The property of steam is highly dependent of temperature and pressure. Boiling water which 

is a mixture liquid and gas is called a saturated mixture. If heat is added until the point where 

the phase is 100% gas, the water vapor is saturated. If the saturated steam is further heated, 

the superheated region is reached [3]. Superheated steam has the advantage that drop in 

temperature does not result in condensing. Superheated steam together with supercritical 

steam (also called supercritical water) have the advantage to enable high efficiency in 

thermodynamic cycles. Supercritical steam which is used in the RANOTOR engine occupies 

the region above 22,1 MPa and above 374 °C which is illustrated in Figure 6 [17]. High 

temperature steam is demanding for materials. Hot steam is described to behave acidic where 

higher temperature can be thought of at lower pH-value [18]. Regarding material selection, 

there are limited available data of tribological systems involving steam at temperatures higher 

than 320 °C [4].  
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Figure 6: Schematic illustration of different types of water states [17]. 

 

2.4 Thermal expansion 

In ideal cases when the thermal expansion coefficient α is assumed constant, and the 

temperature difference ∆T is uniform, Equation 1 can be used to calculate the expansion 

length ∆L for a nominal length L0 [19]. In such a case the expansion is uniform [20]. For a 

circular hole and a circular outer diameter of the same dimension and same coefficient of 

thermal expansion, the expansion will be equally large. This ideal case is applied to a block 

with a hole and a ring, its thermal expansion is illustrated in Figure 7. 

∆𝐿 = 𝐿0 ∗ 𝛼 ∗ ∆𝑇         (1) 

 

Figure 7: Schematic illustration of thermal expansion of a block with a hole (grey) and a ring 

(yellow). The contour lines in the expanded state is marked with dashed lines. 
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One tribological contact where clearance is important is the piston-cylinder assembly. In a 

piston and cylinder assembly, expansion differs from the ideal case. The piston material most 

commonly has a higher thermal expansion coefficient than the cylinder material. Sometimes 

the piston may have as high as 80% higher thermal expansion. A small gap at service 

temperature is desirable to avoid leakage of pressurized media which does not result in 

mechanical work (blow-by) [21]. Too small gap may increase friction and wear [11]. A small 

gap together with large difference in thermal expansion may also result in seizure if the 

designated service temperature is slightly exceeded [21]. Figure 8 illustrates two different 

material combinations and how the safety for seizure varies between the two cases, when the 

gap at service temperature is equally large. 

The selected service clearance also must account for temperature fluctuations and temperature 

difference along the piston and cylinder. High thermal conductivity prevents asymmetric 

heating along parts. Another thing to account for is that the cylinder is commonly cooled or is 

in contact with cooler air on its outside surface. In contrast the piston is embedded in a hot 

environment by the cylinder. For this reason, a piston commonly expands more than the 

cylinder even in case they are made of materials with the same coefficient of thermal expansion 

[20]. Because of this, the same material in piston and cylinder tend to behave like Figure 8 a. 
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Figure 8: Schematic graphs of dimensions of different materials at different temperatures of for 

example an engine. The grey material may represent a cylinder or a valve seat and the yellow 

material may represent a piston or a rotating distributor. The grey part is the same in both cases, 

the yellow material has lower thermal expansion in a) than in b), but the clearance at service 

temperature is the same in both cases. The temperature for seizure because of overheating in closer 

to service temperature in b) than in a). 

 

2.5 Rotating inlet valve 

The rotating inlet valve consists of a rotating cylindrical part, which is called valve distributor. 

The valve distributor is sliding against a countersurface which is called valve seating. This valve 

seating may be the surface of the valve block or a separate part which is shown in Figure 9. The 

purpose of the valve system in a steam engine is to control flow of the steam. The rotating inlet 
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valve controls flow of inlet steam to the cylinders [22]. Talent [22] describes that rotating inlet 

valves are not a common valve solution in engines. Difficult to seal, demanding lubrication in 

internal combustion engines together with mechanical and thermal distortion are the main 

drawbacks. The benefits of a rotating inlet valves are simple geometry, quiet operation, stable 

at high RPM, compact and one valve may control multiple cylinders. Furthermore, actuation 

time can be varied by moving the valve distributor along its axis. This movement adjusts the 

hole area in the valve distributor which aligns the valve seat hole. Figure 10 is a schematic 

sketch of the rotating inlet valve where the actuation time is intermediate. 

 

Figure 9: Nomenclature of the rotating inlet valve. 

 

 

Figure 10: Schematic sketch of interaction between valve distributor (yellow), pistons (blue) and 

valve block (grey). The valve distributor is sliding inside the valve seat (grey). 
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2.6 Metals 

High toughness, relatively low cost and easy to manufacture are attributes commonly assigned 

to metals. In tribological applications metals are prized for their high thermal conductivity, 

good combination of hardness and toughness, formation of oxidation film and their ability to 

deformation harden. High thermal conductivity decreases flash temperatures during sliding, 

high flash temperatures are usually not beneficial. A good combination of hardness and 

toughness is beneficial within tribology because hardness generally increases wear resistance, 

but hard materials tend to be brittle and may fail because of crack formation. Oxidation films 

commonly reduce adhesive forces and thereby friction, it may also increase wear resistance if 

it is not stable or has poor adherence. Ability to deformation hardening enables metals to wear-

in. During the wear-in, wear rates are high, but after the wear-in process, wear rates reach a 

lower steady-state value [9]. 

2.6.1 Stellites 

Stellite is at tradename for a for a group of cobalt-base alloys with high chromium content. The 

alloys have an endured starlike luster and thereafter comes the name Stellite which refers to 

the latin word “stella” for star. Cobalt-based alloys are known for their wear-, corrosion- and 

heat resistance. Furthermore cobalt-base alloys generally have higher sliding wear- and 

erosion resistance compared to other alloys such as stainless steels and nickel-base 

superalloys. The reason is partly because of high work hardening rate, high strength, and 

fatigue resistance. Cobalt alloys may also undergo a phase transformation which can absorb 

energy and increase tribological performance [18]. 

For pure cobalt, a HCP phase is stable below 422 °C and above this temperature the FCC phase 

is stable [18]. The common alloying elements Ni, Fe and C stabilize the FCC phase and Cr, W 

and Mo are common HCP stabilizers [18, 23]. For multiple alloying elements there is not a 

well-defined transition and most common alloys consist of the FCC phase which is metastable 

at room temperature. However, at elevated temperatures high stress or time can trigger phase 

transformation [18]. 

Two similar types of Stellite which are commonly used in steam environment such as erosion 

shield for turbine blades and steam valves are Stellite 6B and Stellite 6 [23]. The chemical 

composition is shown in Table 3. Stellite 6B is a wrought alloy and Stellite 6 is the hardfacing 

representative. The main difference is that the wrought alloy has higher corrosion resistance 

because of more even distribution of alloying elements. Another difference is that the geometry 

of hard particles in Stellite 6B is more beneficial in terms of abrasive resistance. The beneficial 
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geometry of hard particles is the main expalation for the low wear of Stellite 6B in Figure 11 

[18]. 

Table 3: Chemical composition of Stellite 6B and Stellite [18]. 

Alloy Co Cr W Mo C Fe  Ni Si Mn 

Stellite 6B bal 30 4 1,5 1 3 2,5 0,7 1,4 

Stellite 6 bal 29 4,5 1,5 1,2 3 3 1,5 1 
 

 

 

Figure 11: Volume loss for cobalt-based alloys together with some iron-based alloys at low stress 

abrasion test [18]. 

 

Chromium, which is highly used in Stellite 6B, increases both corrosion and oxidation 

resistance because of passive film formation consisting of Cr2O3 together with CoO [23]. 

Chromium is also the main carbide former. The predominant carbide is Cr7C3. The carbide 

content and thereby the hardness is highly dependent of the carbon content. In the case of 

Stellite 6B with 1 wt% carbon, it consists of 13 wt% carbides. Tungsten and molybdenum with 

their large atomic size work as solid solution strengtheners. In other Stellites with higher 

amounts of tungsten and molybdenum the two elements commonly form carbides, but this is 

not the case in Stellite 6B. However intermetallic phases such as Co7W6 and Co3W have been 

found in Stellite 6B. Tungsten and molybdenum also improve general corrosion resistance 

[18]. 

For tribological properties the FCC to HCP transformation is the main mechanism because it 

reduces friction and increases hardness [23, 24]. For a hardfacing Co-alloy with approximately 

the same chemical composition as Stellite 6B and Stellite 6 the phase transformation is studied. 

From room temperature up to 700 °C the transformation is triggered by stress and a thin film 
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of <50 nm consists of stress induced HCP phase. Persson [23] also observes a thin HCP film 

and describes the mechanisms behind the beneficial tribological properties. In contrast to FCC 

which have twelve slip systems, HCP only have three slip systems which are parallel to the 

basal planes (0001). Because the slip planes are parallel, the crystals have to be perfectly 

orientated in a material to enable dislocation movement, and the probability for that is very 

low [19]. However, the most superficial stress induced HCP line up with the basal planes 

parallel to the sliding direction and creates a beneficial self-generated and easily sheared film. 

[23]. The superficial layer is well supported by a hard HCP-phase which is randomly 

orientated. A schematic illustration of a Stellite which is subjected to high stress at elevated 

temperature is shown in Figure 12. 

 

Figure 12: Schematic illustration of location and orientation of FCC and HCP in Stellites after high 

pressure sliding wear at elevated temperature [23]. 

 

Stellites are especially suitable for self-mated contact in an environment which triggers the face 

transformation. Stellites perform well in contact with other metals too, this is in some cases 

because Stellite-Stellite contact will arise under high pressures [23]. Batchelor et al [25] 

present another result of beneficial trobological contact involving Stellite. At 400 °C in air the 

wear of self-mated Stellite in a pin on disc test is reduced to only one hundredth by adding a 

second pin made of graphite. In addition the wear of the graphite pin is only moderate. 

Stellites also come with some uncertainties and drawbacks. One drawback of Stellites is that 

the beneficial phase transformation may not form at low contact pressures. In the study by 

Persson [23] only a small fraction of phase transformation and no alignment of HCP is 

observed at a low contact pressure of 20 MPa. However, unintended high surface pressures 

from for example misalignment may result in phase transformation and alignment of HCP 

phase [23]. Another drawback of this wear resistance material is a high machining cost, 
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although it is possible to machine with WC tools [18]. In environments with absence of oxygen 

friction and wear increases for many materials because there is problem to form a stable oxide 

film. This is partly the case with Stellites, but since the beneficial easy to shear layer of aligned 

HCP phase, friction is marginally affected, and even though wear is increased, it is limited. 

Another concern is that the use of cobalt is challenged because of the working conditions in the 

main producing mines. Working conditions in the cobalt mines of Congo are poor. Child labor 

and lack of safety equipment is common in the cobalt mines of Congo and at the same time 

Congo is the main producing country of cobalt [26]. 

2.6.2 Nitronic 60 

Because of concerns regarding the use of Stellites steam valves in the nuclear power plants, 

possible replacement materials have previously been investigated for such a sliding application 

[27, 28, 29]. Nitronic 60 is considered one of the main candidates for replacement material 

[30]. AK steel [31] describes a high temperature wear test of self-mated Stellite 6B and self-

mated Nitronic 60 at 260 °C in steam and air. In this test the wear volume of Stellite 6B is 

almost three times higher than that of Nitronic 60. 

Nitronic 60 is a highly alloyed austenitic steel which is specially developed to prevent 

adherence to other materials in galling [32]. This is unique since austenitic stainless steels 

generally are known for their high adherence, poor wear characteristics during sliding and 

limited galling resistance [11, 23, 27, 33]. One reason is that austenitic stainless steels generally 

have high stacking fault energy [33] and there is a correlation between galling resistance and 

stacking fault energy [11, 33, 34]. The effect of stacking fault energy comes from the fact that 

massive plastic deformations occur during galling. Such plastic deformations are partly 

dependent of how high the tendency to cross-slip is. High tendency to cross-slip and thereby 

tendency for galling is connected to high stacking fault energy [34]. Some common materials 

with low stacking fault energy a low tendency to galling is bronze and silver. High galling 

tendency and high stacking fault energy is found in nickel and aluminum [33]. 

Except from low stacking fault energy, the increased galling resistance of Nitronic 60 comes 

from oxidation film formation, and high work hardening rate [27].  Nitronic 60 also has both 

good mechanical and corrosion properties at elevated temperature. Even though it is suggested 

an all-purpose stainless steel [35], Nitronic 60 is by far not as widely used as the AISI 300 

series, Nitronic 60 is also considered relatively understudied [30]. 

The microstructure of Nitronic 60 consists to a very large extent of an austenitic gamma phase. 

There are also commonly some precipitated delta-ferrite and chromium carbides. Some 

fraction of delta ferrite is commonly beneficial because the interphase boundaries restricts 



18 
 

grain growth and dislocations, therefore delta ferrite also increases strength [32]. The 

drawback is that delta ferrite embrittles the material and is detrimental to corrosion. The effect 

on corrosion resistance comes of a high chromium content in the delta phase. In the interphase 

between gamma and delta phase there will be a difference in chromium content which 

detriments resistance to pitting corrosion [35]. At high stress in for example sliding, strain 

induced BCC alpha prime and/or epsilon BCT martensite may form. The tendency is higher at 

low temperature. The alpha prime phase induction is easily characterized since phase induced 

wear debris is ferromagnetic [36]. 

The alloying elements of stainless steels can be divided into gamma- and delta-stabilizers. Cr, 

Si, Ti, Al, Mo, V, Nb and W stabilizes delta phase. The gamma stabilizers are Ni, Mn, C, N, and 

Cu. The composition of Nitronic 60 is shown in Table 4. Nickel is commonly used as gamma 

stabilizer, but it is also a large contributor to the limited galling resistance of austenitic stainless 

steels. In Nitronic 60 the nickel content is lower and replaced with other gamma stabilizers. 

Manganese does not have the same side effects as nickel. A relatively high amount of silicon is 

also used in Nitronic 60. Silicon is shown to produce a thin and adherent film which promotes 

mild oxidative wear [27]. Even though the nitrogen content is a small fraction of the alloy, the 

name Nitronic 60 comes from this element. 0,08-0,18 is a high nitrogen content compared to 

other austenitic stainless steels [36]. Nitrogen has several advantages. Nitrogen decreases 

stacking fault energy [30]. Interstitial solid solution strengthening is much more potent than 

substitutional solid solution in austenitic stainless steels, and nitrogen is the most potent of 

them all. Nitrogen also increases the strengthening of grain size [36].  

Table 4: Alloying elements of Nitronic 60 from CES EduPack. 

Alloy Fe Cr Ni Mn Si N C 

Nitronic 60 bal 16-18 8-9 7-9 3,5-4,5 0,08-0,18 0-0,1 
 

2.6.3 Ni-resist cast irons 

Ni-resist cast irons are divided into two groups depending on the shape of the graphite. The 

groups are Ni-resist cast iron with flaked graphite and spheroidal graphite. The second one 

with spheroidal graphite is more commonly used because it is stronger, is more temperature 

stable and is not as brittle, another name for it is therefore ductile Ni-resist cast iron. Ductile 

Ni-resist cast irons are known for their corrosion resistance which is considerable higher than 

that of other groups of cast irons. The corrosion performance is not as superior as austenitic 

stainless steels, but alkalis, mild acids, seawater and steam are common application 

environments. Some common applications are housings for steam compressors, piston rings, 

housings for water pumps, and valves [37]. Another common application is exhaust system in 

automobiles which is a harsh corrosive environment [38].  
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Table 5: The chemical composition of the ductile Ni-resist cast irons D2 and D3 [37]. 

 

 

The high nickel content of approximately 30 wt% provides a low thermal expansion and also 

stabilizes the full austenitic matrix [38]. The grades D-5B and D-5S possess the lowest thermal 

expansion of to 5 × 10-6 /°C [38]. The reason is that in Fe-Ni alloys there is a huge drop in 

thermal expansion at approximately 35% nickel [18] which is illustrated in Figure 13. The high 

nickel content also contributes to the corrosion and oxidation resistance as well as good 

mechanical properties at elevated temperature. Chromium increases corrosion resistance, but 

it also increases strength because it forms hard carbides. The hardness highly relies on the 

carbon content because it forms the hard carbides together with chromium. The spheroidal 

graphite phase which consists of carbon is responsible for high machinability, low friction and 

excellent galling resistance of ductile Ni-resist cast irons. This cast iron has high castability and 

complex and generally complex shapes are possible to cast. Carbon contributes to beneficial 

melting and pouring behavior. Silicon improves fluidity and high temperature corrosion 

resistance. The chemical composition of the two grades most suitable for steam environment 

D2 and D3, together with the grades D-5B and D-5S with low thermal expansion are shown in 

Table 5 [37]. 

 

Figure 13: Coefficient of thermal expansion at room temperature for nickel-iron alloys [18]. 

2.7 Technical ceramics 

Ceramics with high mechanical properties are called technical ceramics and are used in more 

advanced applications than an ordinary ceramic. Some technical ceramics are aluminum oxide 

(alumina), zirconium oxide (zirconia), silicon nitride and silicon carbide, further on these 

technical ceramics are simply referred to as ceramics.  Ceramics are known for showing high 

Alloy Fe Ni Cr Si Mn C Cu

Ni-resist D2 bal 18-22 1,75-2,75 1-3 0,7-1,25 <3 <0,5

Ni-resist D3 bal 28-32 2,5-3,5 1-2,8 <1 <1 <0,5

Ni-resist D-5B bal 34-36 2,0-3,0 1,0-2,8 <1 <2,4 <0,5

Ni-resist D-5S bal 34-37 1,15-2,25 4,9-5,5 <1 <2,3 <0,5
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strength, hardness and stiffness at elevated temperatures [11]. These properties are related to 

the strong and stiff primary bonds of ceramics, these bonds are mainly ionic or covalent bonds 

[19]. Ceramics also show high wear resistance in hot-, corrosive- and unlubricated contacts 

and have low thermal expansion [9]. However, they are commonly more brittle than metals 

since it is difficult for dislocations to propagate and because of the natural porosity of ceramics 

[19]. Ceramics are also more expensive to produce in complex shapes, tend to microcrack 

instead of deformation hardening and a damaged surface may not be worn in again. Regardless 

of application for low friction and wear, the tribological properties are highly dependent on 

surface roughness and surface roughness as low as possible is recommended to avoid wear by 

hard particles [9]. Typical surface roughness’s of ceramics in the literature lie in the interval 

Ra 0,02-o,05 μm [4, 7, 39, 40, 41]. 

Ceramics are relatively simple, they are normally pure with some additives to facilitate 

manufacturing or to affect the mechanical properties [11]. Pores are a common part of 

ceramics’ microstructure. Size and distribution of pores highly affects brittleness and tensile 

strength of ceramics [19]. Ceramics are commonly divided into carbides, nitrides and oxides. 

Oxides are naturally more oxidation resistant. Non oxide ceramics may react with oxygen or 

water vapor and form an easily sheared tribo-film. Silicon nitride in water for example may 

form silicon oxide and in a later step also another hydrated low friction film as the Equations 

2 and 3 2 show [11]. Alumina and zirconia may also form a hydrated film in water, however 

some grades are sensitive for humidity and may result in increased wear and cracking [9, 11] 

𝑆𝑖3𝑁4 + 6𝐻2𝑂 → 3𝑆𝑖𝑂2 + 4𝑁𝐻3        (2) 

𝑆𝑖𝑂2 + 2𝐻2𝑂 → 𝑆𝑖(𝑂𝐻)4        (3) 

Among zirconia ceramics, the yttria doped type is only stable in steam environments up to 

approximately 70 °C, whereas the magnesia doped type (ZrO2-MgO) is stable in steam up to 

500 °C. In a study of self-mated ZrO2-MgO at high contact pressure 1,32 GPa and low sliding 

velocity 0,008 m/s friction and wear is studied. The highest tested temperature 400 °C has the 

lowest wear rate 2 × 10-7 mm3/Nm this is result is shown in Figure 14. No beneficial tribological 

reaction between the ceramic and the steam is found. At similar test conditions alumina shows 

a tribological reaction with steam. The friction of alumina is slightly lower, and the wear rate 

is lower in the whole test interval from room temperature up to 300 °C [4]. 
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Figure 14: Wear rate of self-mated ZrO2-MgO at different temperatures in dry- and steam 

environment [4]. 

 

Silicon nitride and silicon carbide have the lowest thermal expansion among the common 

ceramics. Silicon carbide is the one with the highest conductivity, highest stiffness, highest 

hardness and highest thermal conductivity. Silicon nitride has the highest thermal shock 

resistance, but is also the most expensive [9]. Both the silicon ceramics may except from 

forming tribofilms of SiO and Si(OH)4 also show a wear-in behavior in water [9] The surface is 

polished to a very fine surface finish and the initial surface roughness do not affect the steady 

state condition [42]. The friction coefficient between silicon nitride and silicon carbide in 100 

°C steam at low load and high speed mostly varies from 0,6 to 0,2 when the sliding speed is 

increased to 11 m/s. Under a limited period, the coefficient of friction is approximately 0,02, 

but the reason is believed to be because steam transforms to liquid water which forms elastic-

hydrodynamic lubrication [7].  

To design with ceramics is difficult. It is mainly difficult because ceramics are hard and brittle. 

Hardness means difficult to machine and consequently designs may be very costly. The 

brittleness means that the design may crack. The main design guidelines are according to 

International Syalons [43]: 

• Avoid tight tolerances. By allowing tolerances of ± 1-3%, ceramics may be used as-

sintered and costly diamond grinding is avoided. 

• Limit the component thickness to reduce risk of large defects 

• Avoid stress concentrations. 
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• Keep component design as simple as possible. 

• Keep wall thickness uniform. 

• Design for load in compression, this may be achieved by shrink-fitting. 

2.8 Carbon-based materials 

Graphite, amorphous carbon and mechanical carbon do not possess the typical ceramic 

properties and it is debated whether they should belong to the group ceramics or not [44]. To 

make a distinct separation between the typical ceramics and the carbon-based ceramics, 

graphite and mechanical carbon are referred to carbon-based materials.   

 

Figure 15: The carbon allotropes amorphous carbon and graphite are shown in comparison to the 

strong diamond structure [45].  

2.8.1 Isotropic graphite 

The material which is commonly referred to as graphite is a highly anisotropic structure, this 

structure is shown in Figure 15. Isotropic graphite, also called isostatic graphite is cold 

isostatically pressed to a dense and strong isotropic structure [15, 46]. In Figure 16 the 

difference between anisotropic and isotropic polycrystalline graphite is shown. Isotropic 

graphite still possess the self-lubricating effects and is easily machined [15]. High service 

temperature, chemical stability, low thermal expansion, high thermal chock resistance are 

other properties of isotropic graphite. In previous research of material combinations for the 

rotating inlet valve and its valve seat isotropic graphite is tested. In this research the isotropic 

graphite ISO 63 sliding against alumina shows relatively low friction and wear [8]. 
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Figure 16: Polycrystalline anisotropic graphite to the left and isotropic polycrystalline graphite to 

the right [47]. 

 

2.8.2 Mechanical carbon 

Amorphous carbon is much harder and wear resistant and possesses much higher friction than 

graphite. For sliding contact low wear resistance of graphite and high friction of amorphous 

carbon can be avoided by blending the two carbon allotropes to form mechanical carbon [48]. 

Mechanical carbons have many similarities to isotropic graphites. For example, mechanical 

carbons, have low thermal expansion and high thermal shock resistance, high service 

temperature and are self-lubricated [49]. However, a difference is that the transfer layer of 

graphite is kept to a minimum in mechanical carbons [48]. Some examples of applications are 

piston rings, labyrinth seals, bearings [49], valve seats, rotor housings and pistons [50].  

There are no standardized recipes of mechanical carbon [45] and there exists hundreds of 

different mechanical carbons for different applications [48]. Not even the name is 

standardized, mechanical carbon may also be referred to as carbon-graphite, [45], carbon 

sliding material [49], sintered carbon [5] or just carbon [51]. Typical properties of amorphous 

carbon, carbon graphite and graphite are shown in Table 6. Even though mechanical carbon is 

not well standardized, it is not a new material. There is documented use of mechanical carbons 

in the early 20:th century [51].  

Table 6: Typical properties of amorphous carbon, carbon-graphite and graphite [48]. 

 

Amorphous 

Carbon 100%

Carbon-graphite 

(70%-30%)

Carbon-graphite 

(30%-70%)

Graphite 

100%

Relative hardness 100 85 65 40

Compressive strength 

(MPa)
300 208 145 55

Modulus of elasticity 

(GPa)
21 17 14 10

Thermal conductivity 

(W/m*K)
5 9 12 85

Temperature limit Air °C 320 320 320 450
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2.8.2.1 Impregnation of mechanical carbon 

Unfilled mechanical carbons typically consist of approximately 15% pores. The pores can be 

filled with for example resins or soft metals to increase mechanical properties and oxidation 

stability [52]. As seen in Table 6, the temperature limit of a typical mechanical carbon is lower 

than the service temperature of the RANOTOR steam engine, which is 450 °C, but 

impregnation may push the temperature. Antimony impregnated mechanical carbon is 

commonly used in steam environment [6, 14, 48, 53, 54, 55] and it may work in steam 

environment up to 700 °C [51]. Metal impregnates are described as having good tribological 

and also high melting point for high temperature applications [54]. Antimony has great 

tribological properties since it is a solid lubricant [14] and it also has a rather high melting 

temperature of 631 °C. Furthermore, antimony is also more cost effective than other fillers such 

as silver and copper [53] and antimony is suitable for high pressures and high speeds [54]. 

Antimony impregnated mechanical carbon is stated to have the highest compressive strength 

and flexural strength of all mechanical carbons [10]. One example of how antimony 

impregnation may affect carbon-based materials is shown in Table 7. 

Table 7: The increase of different parameters in a carbon-based material after antimony impregnation [53]. 

 

 

2.8.2.2 Hardness of mechanical carbon 

The hardness of mechanical carbon is not found in Vickers in the literature, and when the 

hardness is converted to Vickers there is a wide range. One antimony filled mechanical 

carbon EK305 has the hardness 115 Rockwell B, [56] which is converted to 421-432 HV [57]. 

The metal impregnated mechanical carbons from Toyo Tanso varies between 88-110 Shore 

hardness D [49]. The lower value, 88 Shore D is translated to 787 Vickers. The higher value 

110 Shore hardness D exceedes the translation limit where 98 Shore D represents 940 

Vickers [58]. Because of low modulus of elasticity, mechanical carbon is said to be difficult to 

measure hardness of. For sliding contact of mechanical carbon, hard counter materials are 

recommended such as ceramics of ferrous metals [50]. 

2.8.2.3 Mating material to mechanical carbon 

Kleemann et al [6] has performed research of sliding pairs in wet steam environment which 

aims to be equivalent to the piston ring against cylinder contact in a steam engine. Friction and 

Increase

Density 27%

Compressive strength 26%

Hardness 29%

Thermal expansion -25%

Porosity -94%
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wear of some of the highest performing material combinations are shown in Table 8 and 9. The 

material combination of ZrO2-MgO sliding against the antimony impregnated mechanical 

carbon EK 3245 shows the best result. Further tests are performed with this combination 

where sliding speed, temperature and surface roughness is varied. The lowest friction and wear 

are found at 400 °C, but the tribological performance is almost as high at 450 °C. At 400 °C 

the friction is constantly low during the whole test, the lowest friction 0,008 occurs at polished 

surface with Rpk-value 0,011 μm. The wear rate is approximately 3,3 10-8 mm3/Nm. Both the 

coefficient of friction and wear rate are the smallest values found in this literature study. The 

main reason for the low friction and wear is attributed to formation of easily sheared zirconium 

hydroxide. An easily sheared tribo-layer of zirconium oxide and antimony oxide are also found. 

No transfer layer of graphite is found which is stated to be very surprising [6].  

Table 8: Wear of different tribo-pairs with the carbon-based materials ISO 88 (Isotropic graphite) and EK 3245 
(antimony filled mechanical carbon). The wear rate is presented in factors of 10-7 mm3/Nm [10]. 

 

 

Table 9: Coefficient of friction of different tribo-pairs with the carbon-based materials ISO 88 (Isotropic graphite) 
and EK 3245 (antimony filled mechanical carbon) [10]. 

 

 

2.8.2.4 Drawbacks of mechanical carbon 

Even though mechanical carbon has many benefits and the most promising tribological 

properties found in this literature study involve mechanical carbon, there are some drawbacks. 

First, the specific material combination mechanical carbon and ZrO2-MgO in steam engines is 

connected to a patent [59]. Also other material combinations including mechanical carbon are 

connected to patents [59, 60] and a Chinese patent regarding valve seats of carbon graphite is 

active [61]. Secondly mechanical carbon is considered to be a brittle material and is difficult to 

machine. Thirdly mechanical carbon has special design guidelines and can not be produced in 

long lengths [51]. There are no specified design guidelines for rotating valves, but for 

cylindrical bearings. A cylindrical bearing in mechanical carbon shall always be supported by 

a housing and recommended length to thickness ratio is shown in Figure 17 [50]. Those design 

guidelines do not serve with the prototype of rotating valve designed by Thirunavukkarasu et 

al [8], since the valve seating is considerably longer than the diameter. Lastly, unfilled 

mechanical carbon is ecological [51], but antimony impregnation adds some health concerns. 

Particles of antimony may cause be irritation during skin contact or inhalation, though it is 

Material ZrO2-MgO WC Si3N4 SiC Incoloy 800H

ISO 88 5,8 4,2 12 21 5,1

EK 3245 1,2 3,1 4,8 5,4 8,7

Material ZrO2-MgO WC Si3N4 SiC Incoloy 800H

ISO 88 0,03 0,03 0,07 0,07 0,04

EK 3245 0,008 0,02 0,02 0,02 0,01
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said to be a low risk for the end consumer. Antimony is considered hazardous to local wild life 

and therefore recovery or otherwise chemical waste landfill is recommended at end of use [62]. 

 

Figure 17: Design guideline for cylindrical bearing in mechanical carbon, where the light grey is 

mechanical carbon and the dark grey is the housing [50]. 

 

2.8.2.5 Fits with mechanical carbon 

Fits with mechanical carbon are tricky over wide temperature ranges. For example, NASA 

have struggled with a shrink fit of a cylinder liner of mechanical carbon in a Stirling engine. 

The problem was to withhold interference over a wide temperature range together with a 

significant difference in coefficient of thermal expansion. [63] There are design guidelines for 

how to perform a press fit or shrink fit for bearings of mechanical carbon. Shrink fit includes 

heating of the outer diameter part (OD) and/or cooling if the inner diameter part (ID) and 

press fit does not include heating or cooling. Shrink fit is commonly used for high 

temperature application where residual interference is required at a higher temperature [64]. 

Standard solutions for mechanical carbon bearings consist of either cast iron or stainless 

steel housings where the maximum service temperature is 300 °C [50]. Common housing 

materials in that interval are grey cast iron or stainless steel [65] and common coefficients of 

thermal expansion are up to 12 × 10-6 /°C. 500 °C is mentioned to be possible with 12 × 10-6 

/°C. However, it is uncertain if this is valid for all mechanical carbons, fine grained 

mechanical carbon which includes EK 3245 is not the most suitable mechanical carbon for 

fittings [66]. EK 3245 has 4,8 × 10-6 /°C in thermal expansion [67].  
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3 Method 
This chapter includes methods for material selection and also for preparing, testing and 

analyzing the discs tested in physical tests. 

3.1 Systematic material selection 

For material selection a method described by Ashby [68] is mainly used. This method for 

systematic material selection includes the steps translation, screening, ranking, 

documentation and local conditions. In translation the functions, constraints, objective and 

free variables are translated to material parameters. At the screening step materials that do 

not meet the constraints are sorted out. In the ranking step material candidates are listed 

depending on their performance. Usually there are more than one objective and in those cases 

an optimization criterion can be used, where the criteria is supposed to cover all objectives. 

Usually, the top ranked material is not simply selected, because other attributes may also be 

important. In documentation handbooks, suppliers’ datasheets and case studies are covered 

to find a materials strength and weaknesses, but also to find its general reputation, availability, 

price and detailed information from similar cases. Ashby [68] also describes a nonsystematic 

step. In the step Local conditions, in-house expertise, availability from previous suppliers and 

in-house equipment is used to make the final decision. 

In a tribological study, the step ranking may not be meaningful to perform on its own. A 

tribological contact is very complex and the objectives can not be summarized in one material 

criteria. Tribological performance does not only depend on material parameters but also highly 

relies on design and environmental parameters such as surface roughness, speed, load, 

temperature and surrounding medium [9]. For sliding contact a ranking will rather be 

performed based on data from the step documentation.  

In the chapter “4.1”   different material combinations in different environments and loadings 

are ranked by giving them a number regarding similarity and performance. A high number for 

similarity means that the test conditions are similar to the intended service conditions. The 

similarity ranking is based on temperature, load, medium and speed. A high ranking of 

performance means that the friction and wear are low.  

3.2 CES EduPack 

CES EduPack comes with different tradenames, in this project the program Granta EduPack 

2021 is used. It is a program consisting of multiple databases with consolidated information 

from multiple producers. The consolidated data makes up an EduPack datasheet for each 
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materail. Both within one producer and between producers there is variation in property data 

which results a property range in the databases. Data sheets from producers have errors and 

sometimes as large as 1000%. To find errors CES EduPack, is using data checking procedures 

to fand data outside acceptable ranges. Some data in the databases do not come from a 

datasheet. In those cases the property is marked and the value is estimated based on 

fundamental physics [69]. 

In this thesis, the material database level 3 is used. It is the largest database for materials and 

it includes thousands of materials. In the program materials can be sorted out based on 

material class or based on limits of properties. Materials data can also be plotted in property 

charts [69]. 

3.3 Ranking matrix 

Different types of ranking matrixes are used to compare material candidates. Depending of the 

amount of candidates and spread of properties different scales can be used. Independent of the 

scale, a higher number has a higher rank and a lower number has a lower rank. 

3.4 Relative decision matrix 

A relative decision matrix is used to make a decision based how well a solution satisfies 

different criteria. In this thesis a relative decision matrix inspired by the well-known Kesselring 

matrix is used [70]. Criteria are weighted based on their importance. Performance of solutions 

to the problem are scored on how well the criteria are satisfied relative to a base solution where 

all criteria are scored with zero. The score system is shown in Table 10. Lastly scores are 

multiplied with corresponding weight factor and summed at the bottom of the matrix. 

Table 10: The score system for relative decision matrix. 

 

3.5 Test equipment 

The test equipment is shown in Figure 18. Two small discs are connected to a rotating shaft 

and they are sliding against the large disc which is stationary. The shaft is rotating with 1000 

RPM. During operation the chamber is encapsulating the discs. The steam pressure and 

temperature is highly dependent of leakage of leakage between the discs. If there is a larger 

leakage between the discs more inlet water is required, and the heater may have problem to 

Much better 2

Better 1

Base 0

Worse -1

Much worse -2
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heat all water and consequently pressure will not raise. The leakage also determines contact 

pressure, because pressure difference between the discs results in contact pressure. 

 

Figure 18: Picture of the test equipment for sliding discs. 

 

3.6 Disc preparation 

The discs representing the valve seating and valve distributor are mainly manufactured in the 

workshop of Karlstad University, for grinding and polishing the automated mode of a Struers 

TegraPol-21 is used. The discs are polished to a surface roughness of 0,05 μm in Ra-value. 

Nominal dimensions and interaction between the large disc and the two small discs are shown 

in Figure 19. For the small discs of Nitronic 60, the raw material is a rod of diameter 22 mm 

which is turned to final diameter, drilled, and cut off to discs. A manual turning machine with 

manually handled cooling fluid is used. The same turning machine is used to turn the large 

discs in Nitronic 60. A rod of diameter 50.8 mm is turned to final dimension 50.0 mm. The 

discs are cut off from the rod with an electrical discharge machine (EDM). Two holes which are 

supposed to transfer rotational motion to the disc are machined in a manual mill. For grinding 

of Nitronic 60 discs, 220 grit silicon carbide paper and thereafter 9 μm diamonds are used. 3 

μm diamonds are used for polishing.  

All Stellite 6B discs are cut out with EDM from the same 3.4 mm thick plate. The discs are also 

split in half with EDM to reduce the thickness. The first grinding step is 120 grit silicon carbide 
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paper at highest load 100 N. After the silicon paper, the same 9 μm diamonds and 3 μm 

diamonds are used as for Nitronic 60. 

 

Figure 19: Nominal dimensions and the interaction between the large disc (yellow) and small discs 

(grey). The small discs are rotating around the center of the large disc, while the large disc is static. 

 

The isotropic graphite discs are not prepared in controlled way. It is the same discs which have 

been used in a previous thesis project with RANOTOR. Wear marks are present and surface 

roughness is not measured. 

3.7 Profilometry 

The surface of the large discs are measured with a profilometer. The profilometer is run radially 

from an unworn area close to the center of the disc toward an unworn area close to the edge. 

The scanning area and coordinate system is illustrated in Figure 20. The data from the 

profilometer is processed in the computer program Vision64. One 2D-graph showing x- and z-

direction as well as one 3D-graph is generated for each disc. All graphs have the same z-axis 

for ease in comparison. The filter Remove curvature and tilt is used to isolate wear. 
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Figure 20: Coordinate system in the profilometry. The darker yellow color illustrates the worn area. 

The red area represents the scanning area of 20 mm in x-direction and 3 mm in y-direction. 

 

3.8 Hardness test 

In hardness testing Vickers hardness (HV) is measured. The hardness is measured after 

physical tests. In the literature study it is found that the potential stress induced phase 

transformation is approximately 0-40 μm under the surface. To measure the hardness of this 

region, the discs are not polished and a low load of 500 g is used. For each large disc, 15 

hardness tests are performed in unworn region and 15 in highly worn region. A large amount 

of measurements are carried out because an unpolished surface may cause large variation in 

hardness measurements [71]. 
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4 Result 
The results from the described methods are presented in this chapter, together with a brief 

design which is based on the literature study rather than any specific method. 

4.1 First material selection for rotating inlet valve 

A systematic material selection was conducted for the valve distributor and valve seating which 

forms a tribo-pair. The material selection was conducted with the use of CES EduPack. 

4.1.1 Translation 

The function of the two parts valve distributor and the valve seating is to slide with low friction, 

low wear and low leakage. The objective was therefore to minimize friction and minimize wear. 

It was also important with low coefficient of thermal expansion and it was important that the 

valve distributor and valve seating possessed low difference in thermal expansion. An upper 

limit for difference had not been defined, but for example 80% as in some piston-cylinder 

assemblies was considered too high. The constraints are listed in Table 11. The first five 

constraints were set to be able to handle the steam environment and oxygen which might be 

present, at least during start, stop and stand by. Only acceptable durability in salt water was 

set because presence of salt was uncertain. Excellent galling resistance for metals was set to 

represent low adhesive wear and friction. Since no design had been set before this study of 

possible material candidates, no loads were known. Therefore, the two mechanical constraints 

fracture toughness and hardness was just set to a rather small value to sort out materials that 

obviously were not suitable. The price was also set to a rather high value to sort out very exotic 

materials. Finally, a rather high upper limit for thermal expansion was applied. 

Table 11: Constraints for the valve distributor and valve seating. 

 

Type of constraint Limit

Maximum service temperature Minimum 450°C

Durability water (fresh) Excellent

Durability oxidation at 500 °C Excellent

Durability weak acids Excellent

Durability weak alkalis Excellent

Durability water (Salt) Acceptable, Excellent

Durability Galling (Adhesive wear) Excellent (Only applicable for metals)

Fracture toughness 2 MPa*m^0.5

Maximum price 500 SEK/kg

Minimum hardhess 100 HV

Thermal expansion 19 * 10
-6

 /°C
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4.1.2 Screening 

The constraints in Table 11 were added in CES EduPack for screening. Some passed materials 

that were far from applicable were removed manually. Some examples were pure foil and wire 

vanadium and chromic oxide, pure chromium. All ceramics except the four main technical 

ceramics alumina, zirconia, silicon nitride and silicon carbide were also excluded to narrow the 

documentation step down to the most common technical ceramics. One large group of 

materials that almost passed all constraints was nickel-based superalloys. These superalloys 

failed the galling constraint since most of them were marked with “limited use” in CES 

EduPack. 

 

Figure 21: An EduPack chart of hardness versus thermal expansion is visualizing the remaining 

materials after screening. The materials are color coded as following. Silicon nitrides (lime), silicon 

carbides (black), Aluminas (aqua), Zirconias, Ni-resist cast irons (teal), cobalt-alloys (red) and 

austenitic stainless steels (green). 

 

4.1.3 Ranking and documentation 

In Table 12 the multiple results from case studies, suppliers’ documents and handbooks are 

summarized. Different Stellites, especially Stellite 6 was highly ranked in both similarity to the 

RANOTOR contact conditions and in performance. Mechanical carbons, graphite, silicon 

carbide, silicon nitride MgO stabilized zirconia, alumina and Inconels were also highly ranked. 

Isotropic graphite was found promising in the documentation step, but it did not not pass the 

screening process. It failed the screening step because of poor oxidation resistance at 500 °C, 
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but the literature suggest that it will work in steam. Mechanical carbon which also was found 

promising in the literature study was not part of the EduPack database. 

Data for the documentation step was covered in the literature study. In the literature study it 

was found that cobalt-based superalloys are more suitable than nickel-based superalloys in 

sliding, for erosion. This was found consistent with the generally limited galling resistance of 

nickel-based superalloys. The high performing Inconel 718 in Table 12 is not as high 

performing as Stellite 6 in the same study by Almström et al [29]. Therefore nickel-based 

superalloys were not decided to pass the systematic material selection. In Table 13 different 

Ni-resist spherical cast irons are ranked. From the available information in Table 13 the type 

D-2 D-3 of Ni-resist cast iron were considered most suitable because they were explicitly said 

to be suitable in steam environments. Of the two types D-3 was considered the most suitable 

since it has a lower thermal expansion. In the EduPack datasheet of Ni-resist cast irons a note 

was found saying that these materials are revised in 1986 and may no longer be available. 

However, Ni-resist cast irons were found present at suppliers’ websites, for example two 

German producers [72, 73].  

The materials Stellite 6, Nitronic 60, mechanical carbon, isotropic graphite, the Ni-resist cast 

iron type D-3 and the highest performing ceramics silicon carbide and silicon nitride were 

passed to the last step “local conditions”.  
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Table 12: Ranking matrix of different material combinations in different test conditions. The ranking “S” stands for 
similarity with the RANOTOR steam engine. “P” stands for tribological performance. The score range is from 1 to 5 
where 5 is the highest rank. 

S P Material 1 Material 2 Environment Temp Velocity Source 

4 4 SiN YTZP Steam 100 °C <18m/s [7] 

4 4 ZrO2-MgO ZrO2-MgO Steam 400 °C 0,008 m/s [4] 

4 4 Mechanical carbon 20 Rc <Hardness Air <454 °C 12,5 m/s [52] 

4 4 Al2O3  Al2O3 Steam 400 °C - [40] 

4 4 Stellite Stellite Air 400 °C 3,6 m/s [25] 

4 4 Stellite Stellite Air 400 °C 3,6 m/s [25] 

3 5 Graphite Graphite Steam - 6,8 m/s [74] 

3 5 Mechanical carbon SiC Air humid 120 °C 11 m/s [50] 

3 5 Stellite 6 - Water 20 °C - [23] 

3 5 Inconell 718 EN 1.4923 Air 620 °C - [29] 

3 5 Stellite 6 EN 1.4923 Air 620 °C - [29] 

3 5 Stellite 6 Stellite 6 Air 620 °C - [29] 

4 3 SiN SiC Steam 100 °C <11m/s [7] 

3 4 Al2O3 - Air humid 20 °C 0,4 m/s [41] 

3 4 SiC - Air humid 20 °C 0,4 m/s [41] 

3 4 Inconel 690 Inconel 690 Water 100 bar 290 °C 1,2 mm/s [75] 

4 3 Stellite 3 Stellite 3 Water  250 °C 0,21 m/s [76] 

3 4 Stellite 21 - Water 20 °C - [23] 

2 5 SiC SiC Water 20 °C 0,12 m/s [42] 

2 5 Si3N4 Si3N4 Water 20 °C 0,12 m/s [42] 

3 3 Si3N4 - Air 100% humid 20 °C 0,4 m/s [41] 

3 3 Nitronic 60 Nitronic 60 Air 500 °C - [28] 

3 2 ZrO2 PSZ - Air 100% humid 20 °C 0,4 m/s [41] 

3 1 316 316 Air 500 °C - [28] 

3 1 316 Nitronic 60 Air 500 °C - [28] 
 

 
 
 

Table 13: Ranking matrix of spherical Ni-resist cast irons. The score range is from 1 to 3 where 3 is the highest 
rank and a minus sign means that the information is not available. [37]. 

  
D-2 

D-
2B 

D-
2C 

D-3 D-4 
D-
5B 

D-
5S 

Wear resistant 2 3 1 2 3 1 1 

Corrosion- and erosion resistance  2 3 1 2 3 2 1 

Frictional wear against Inconel 600 3 - 3 - - - - 

Steam environment 3 - - 3 - - - 

Thermal expansion 1 1 1 2 1 3 3 
 

4.1.4 Local conditions 

Lastly the local conditions were considered in the material selection. Easily available materials 

and materials that were machinable in the workshop of Karlstad University were two main 

local conditions. Those conditions reduced possible candidates to the metals Stellite 6B and 
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Nitronic 60. Only metals were found possible to machine in the workshop and no order of Ni-

resist cast iron was closed within the timeframe of this thesis. The hardfacing alloy Stellite 6 

which was highly ranked in Table 12 was not selected. The wrought alloy Stellite 6B was in the 

literature study shown to be very similar but had some advantages in terms of corrosion and 

abrasive wear resistance. A wrought alloy was also found to have less variables, since a bulk 

material must be selected in combination to the hardfacing alloy. Nitronic 60 did not show 

high ranking in Table 12, however no previous test was considered to have high similarity. In 

the literature study there were found indications that the wear rate of Nitronic 60 in steam may 

be lower than that of Stellite 6B. An isotropic graphite material was easily accessible because 

the project owner had prepared discs of this material for a previous project. The project owner 

wanted to test the graphite material since it had shown low wear in previous research [8]. 

Table 14: Test matrix for valve seat and valve distributor. 

 

 

The test matrix was put together in Table 14. In the literature study and in Table 12 Stellite 6B 

was found suitable for self-mated contact, therefore a Stellite 6B couple was selected for 

testing. Since Nitronic 60 also had shown possibility for self-mated contact in the literature 

study, self-mated Nitronic 60 was selected for physical testing. Valve seat of isotropic graphite 

was selected against valve distributor of Stellite 6B and Nitronic 60. The graphite material was 

selected for valve seat because lower thermal expansion of the part valve seat was found to be 

desirable and because the valve seat could be supported by another material which was not 

found to be as brittle as graphite.  

4.2 Disc preparation 

There was a significant difference in preparation time between Stellite 6B and Nitronic 60. The 

typical duration of the first grinding step was 5-10 minutes for Nitronic 60 and 60-120 min for 

Stellite 6B. After grinding Nitronic 60 discs were thinner than Stellite 6B discs because of 

higher material losses. Each contact surface was visually flat after grinding and appeared flat 

against a flat table. The surface after polishing appeared mirror-like with some scratches.  

4.3 Tests 

Because of different leakage and different performance of the material combinations the test 

parameters were different. Self-mated Nitronic 60 was just tested for 1 min in dry condition 

Valve seat Valve distributor

Nitronic 60 Nitronic 60

Stellite 6B Stellite 6B

Isotropic graphite Nitronic 60

Isotropic graphite Stellite 6B
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before the test was abrupted. The sound and frictional moment of the motor was too high to 

continue the tests. Self-mated Stellite was run at 180 °C and 10 bars of steam for 7 min. It was 

not possible to reach a larger pressure or temperature because of a large leakage. Nitronic 60 

against isotropic graphite was run for 30 min. Stellite 6B against isotropic graphite was run in 

20-50 bar and approximately 210 °C. After 13 min of running the test equipment failed, the 

pins which prevents rotation of the large disc broke and the large disc started to rotate. 

In Figure 22 it can be seen that Nitronic 60 was still blank in the middle of the small discs and 

also in the corresponding part of the large discs. The other discs were worn over the whole 

contact area. Nitronic 60 against isotropic graphite showed significant graphite transfer. 

Stellite 6B against isotropic graphite showed less graphite transfer and it also showed two 

marks from the steam nozzles of the test equipment. One additional observation was that the 

discs did no longer appear flat against a flat surface. 

 

Figure 22: Pictures of the discs after sliding tests. The pictures show a) self-mated Nitronic 60 b) self-

mated Stellite 6B c) Nitronic 60 against Isotropic graphite d) Stellite 6B against isotropic 

graphite.Stereo microscope 

 

4.4 Stereo microscopy 

For self-mated Nitronic 60 in Figure 23 a) it can be seen that the entire contact area was 

actually not worn. Close to the middle of Figure 23 a), the worn area shows a coarser wear 
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surface which indicates more severe wear, possibly adhesive wear. For self-mated Stellite 6B, 

the worn surface was smoother with darker tracks in between lighter tracks. Those darker lines 

had a similar color to the unworn surface and were possible unworn material. For Nitronic 60 

run against graphite, the wear was homogenous with fine tracks. For Stellite 6B run against 

graphite there was high number of dark areas similar to the unworn reference area which 

indicated low wear rate.  

 

Figure 23: Stereo microscope pictures of a) Self-mated Nitronic 60, b) Self mated Stellite 6B, c) 

Nitronic 60 run against graphite and d) Stellite 6B run against graphite. For a) and b) the black area 

most to the right is unworn reference area. For c) and d) the area in upper left corner is unworn 

reference area.  

 

4.5 Profilometry 

The 2D-graphs for all the large discs are shown in Figure 24. The 3D graphs are shown in Figure 

25 – 28. The highest peaks and the deepest valleys were found for self-mated Nitronic 60. 

There was a region between 10-15 mm where the surface was less rough, this was found 

consistent with Figure 22 a. Self-mated Stellite 6B did not show as high tops and as deep 

valleys. Nitronic against graphite was very blurry except in the starting and stopping position 

of the scan, in this region no adhered graphite was found present. All the discs showed a 

waviness, waviness is peaks and valleys of a larger scale than roughness. For Stellite 6B against 
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graphite the roughness was found less prominent and Figure 24 a and 28 shows a smooth 

appearance. The variation in height was most dependent of the waviness. 

 

 

Figure 24: 2D graph of x- and z-direction for a) self-mated Nitronic 60 b) self-mated Stellite 6B c) 

Nitronic 60 against Isotropic graphite d) Stellite 6B against isotropic graphite. 
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Figure 25: 3D-scan of self-mated Nitronic 60. 

 

Figure 26: 3D-scan of self-mated Stellite 6B. 
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Figure 27: 3D-scan of Nitronic 60 against isotropic graphite. 

 

 

Figure 28: 3D-scan of Stellite 6B against isotropic graphite. 

 

4.6 Hardness test 

Hardness tests were performed on the large disc from each material combination. Candlestick 

diagrams from the hardness tests are presented in Figure 29 and 30. The hardness of both 

unworn Nitronic 60 discs were found similar. For worn self-mated Nitronic 60 there was a 

large spread and high peak values. When Nitronic 60 was run against graphite, the worn 



42 
 

surface was not as different from the unworn surface. The same tendency was shown for the 

Stellite 6B discs, with the exception that spread of worn Stellite 60 was not significantly large. 

 

 

Figure 29: Hardness test of Self-mated Nitronic 60 and Nitronic 60 run against graphite. The mean 

value of hardness is marked with a cross. 

 

 

Figure 30: Hardness test of Self-mated Stellite 6B and Stellite 6B run against graphite. The mean 

value of hardness is marked with a cross. 

 

4.7 Second material selection for rotating inlet valve 

Since the use of carbon-based materials showed smooth surface in the physical tests of the 

discs, further research of carbon-based materials was performed. The most successful tribo-

pairs for steam environment are rated in Table 15. Since those materials were found suitable 
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for steam environment, there was no need for an additional screening and the focus in this 

material selection was ranking and documentation.  

4.7.1 Translation and ranking 

As in the first material selection; wear, friction and low thermal expansion were objectives. 

Since there was specific data for tribo-pairs, the difference in thermal expansion could be 

ranked at this point. Wear was given the highest weight factor because it is strongly related to 

lifetime but also to performance since wear results in larger clearance and consequently blow-

by. Friction and thermal expansion were ranked with a factor two since they are related to 

performance. Toughness and thermal conductivity were assigned a lower weight factor since 

they are not as strongly linked to lifetime or performance as long as the values are large enough. 

However, it was found in the literature study that thermal conductivity is beneficial to keep a 

clearance and higher toughness is generally beneficial in engineering applications. In the 

ranking the main focus was on the mating material of the carbon-based material. The 

toughness and thermal expansion for the mating materials are presented in Figure 31, 

 

Figure 31: Thermal expansion and toughness of the mating materials for mechanical carbon and 

graphite. 

 

 

  



44 
 

Table 15: Relative decision matrix based on data from the literature study and the EduPack database. A higher 
rank is corresponding to a higher number. 
 

 
 
 

4.7.2 Documentation and local conditions 

Mechanical carbon against ZrO2-MgO and mechanical carbon against WC were ranked equally 

high. From previous documentation, which was found in the literature, ZrO2-MgO was found 

suitable. ZrO2-MgO was found more studied in steam environment and has also showed better 

tribological performance. Actually, it was the only combination which showed a wear rate lower 

than 10-7 mm3/Nm, which is a maximum wear rate found in the literature study to be 

economical for steam engines. ZrO2-MgO was also better in the perspective of local conditions.  

Because mechanical carbon was found to require a supportive housing, mechanical carbon was 

selected for the valve seat where the design enables a sleeve of mechanical carbon in the valve 

block. ZrO2-MgO was selected for the valve distributor. 

4.8 Material selection valve block 

For the valve block a systematic material selection was conducted. For the screening and 

ranking CES EduPack was used.  

4.8.1 Translation 

The function of the valve block is to embed high precision parts. The objective was to have as 

close thermal expansion as possible to 4,8 × 10-6 /°C, which is the thermal expansion of the 

mechanical carbon EK 3245. Another objective was that the block is easily manufactured 

with a low material cost, since a valve block was found to be rather large. The majority of 

constraints in Table 16 were the same as for the rotating valve and valve seating. One 

difference was that galling resistance is not included in Table 16, galling resistance was not 

considered important in the valve block since there was no highly demanding tribo-surface. 

Furthermore, only metals were considered and a span for thermal expansion was defined. 

The upper limit 12 × 10-6 /°C came from design guidelines for bearing houses for mechanical 

carbon found in the literature study. 
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Wear in steam 3 0 2 1 0 0 0 -1

Friction in steam 2 0 1 0 0 -1 -1 1

Low difference in thermal expansion 2 0 1 1 1 1 1 -2

Toughness 1 0 -1 1 0 1 -1 2

Thermal conductivity 1 0 -2 1 1 1 -2 -1

Cost 1 0 0 0 0 0 0 1

Sum 0 7 7 3 2 -3 -3
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Table 16: Constraints for the valve block. 

 

 

4.8.2 Screening and ranking 

The constraints from Table 16 were added to CES EduPack for screening. Ni-resist cast iron 

D-5B and D-5S matched the objectives. The two cast irons showed similar thermal expansion 

and also had one of the lowest prices.  

 

Figure 32: An EduPack chart of price versus thermal expansion is visualizing the remaining 

materials after screening. Ni-resist cast irons D-5B and D-5S are manually moved to 5 as coefficient 

of thermal expansion as is found in the literature study. A much higher value is estimated in CES 

EduPack. 

 

Type of constraint Limit

Maximum service temperature Minimum 450°C

Durability Water (fresh) Excellent

Durability Oxidation at 500 °C Excellent

Durability Weak acids Excellent

Durability Weak alkalis Excellent

Durability Water (Salt) Acceptable, Excellent

Fracture toughness 2 MPa*m^0.5

Maximum price 500 SEK/kg

Minimum hardness 100 HV

Material classes Metals

Thermal expansion 4-12 * 10
-6

 /°C
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4.8.3 Documentation and local conditions 

In the literature Ni-resist cast iron D-5B and D-5S were found to have both good castability 

and machinability. Since Ni-resist cast irons also have a history as being used as housings the 

two alloys were found suitable for the valve block. Only one important difference was found 

between the two alloys, D-5B showed better corrosion and erosion resistance in Table 13 and 

none of them was preferred based on local conditions. Since there was little difference, both 

Ni-resist cast iron D-5B and D-5S were selected as promising materials for the valve block.  

4.9 Design 

Based on the design guidelines of mechanical carbon, two concepts were generated for valve 

block and valve seat. The two concepts; Concept 1 and Concept 2 are shown in Figure 33 and 

34. The complete valve block was not illustrated in the design concepts, rather the 

configuration of valve block and valve seat. Concept 1 had only one valve seat with close to 

maximum length to diameter ratio. This design was significantly shorter than previous designs. 

With more valve seats in Concept 2, a design similar to the previous design was possible. 

 

Figure 33: Cross section of Concept 1 with one single valve seat (light grey) in a valve block (dark 

grey). 
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Figure 34: Cross section of Concept 2 with three valve seats (light grey) in one valve block (Dark 

grey). 

 

From an economical perspective Concept 1 was found beneficial because it requires less parts 

and less material. In discussions with the project owner, Concept 1 was found to have an axial 

length which was long enough to enable axial adjustments of the valve distributor. Concept 1 

was selected because it was considered to equally high performance to a lower cost than 

Concept 2. 
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5 Discussion 
In this section the result is discussed. Underlying mechanisms, alternative interpretations, 

possible sources of errors and uncertainties are covered. 

5.1 CES EduPack 

CES EduPack has been used for selecting materials together with suppliers’ datasheets and 

reports. As found in the literature study, datasheets can differ with 1000% and EduPack can 

not guarantee that their data is correct [69]. Because of this, materials may have been accepted 

or rejected based on false data. Estimated data in EduPack may also have unwanted effect of 

the result. In the case of Ni-resist cast iron D-5B and D-5S a large difference between literature 

study and EduPack is found. The much lower thermal expansion from the literature study is 

most probably correct since the materials’ nickel content is approximately 35% which in Fe-Ni 

alloys have a distinct drop in thermal expansion [18]. 

5.2 Physical tests 

The self-mated Nitronic 60 and Stellite 6B are characterized to have severe wear from 

profilometry and stereomicroscopy. The unworn area in the contact area of self-mated Nitronic 

60 suggested to result from the short running time. The wear of Nitronic 60 against isotropic 

graphite is difficult to define. The area is smooth in stereomicroscopy but blurry with in 

profilometry. Graphite is transferred, but the amount of transfer is unspecified because the 

graphite surfaces were not controlled before the tests. It is also difficult to determine if the 

Nitronic 60 disc is worn or if the fluctuation in roughness in Figure 24 c) is only because of 

graphite transfer. For Stellite 6B against isotropic graphite it appears to be low amount of 

graphite transfer because the surface is blank and smooth. However, since the machine broke 

and run for a while before stopping, a possible transfer layer could have been worn off. 

The surface variation of larger scale in the tested discs may have different explanations. One 

interpretation is segregated positive, respectively negative material transfer. However, the 

smoother areas and also the unworn areas show a tilt in Figure 24. Another interpretation is 

that the filter Remove curvature and tilt in Vision64 does not remove curvature and tilt 

completely. This is consistent with the observations that the discs do no longer appear flat 

against a flat table after the sliding tests. Such a change of the discs may come from residual 

stresses from manufacturing. The Stellite 6B plate may have residual stresses and may be 

anisotropic from the rolling process. Turning and EDM processes may also have generated 

residual stresses. 



49 
 

The work hardening effect of the two self-mated metals is possibly a result of high deformation 

rates. For Nitronic 60 a large spread in hardness of the worn surface is found. The reason is 

believed to be because self-mated Nitronic 60 only run for approximately one minute and it 

was not time enough to result in a homogenous wear. In Figure 22 a it can be seen that there 

are not only blank regions in the middle and the edge of the disc. Indents may have hit small 

unworn areas located in macroscopic worn area. For self-mated Stellite 6B the high work 

hardening rate may be because of stress induced HCP as is described Persson [23], but within 

this study no tests are performed to characterize crystallography. The time-consuming 

grinding could be because of high work hardening, but higher hardness after polishing is not 

shown at the unworn surface. When unworn hardness in Figure 30 is compared to Figure 21 

there is no significant difference. Wear resistance could also be assigned to the hard chromium 

carbides which are described in previous studies [18, 23], this is more likely because stress 

induced phase transformation is found to require elevated temperature and the discs were 

cooled during water grinding. The lower work hardening for Stellite 6B against graphite is 

possible because of less severe wear because the work hardening is significantly less effective 

at low stresses [23]. Stellite 6B show a smooth surface and low work hardening. Nitronic 60 

run against graphite is more difficult to discuss, because of the blurry result from profilometry. 

Lastly, the wear of graphite is not analyzed. It is possible that the graphite discs show higher 

wear than the metals. Visually from Figure 22 c and d, Stellite 6B against isotropic graphite 

show less graphite transfer and possible less wear of graphite. This observation is consistent 

with the literature study where one pin of Stellite against one disc of Stellite together with an 

extra pin of graphite resulted in low Stellite wear and only moderate wear of graphite [25].  

Even though the discs were run with different test parameters, the physical tests provided 

important input as a qualitative scattering and to show the possibility of using carbon-based 

materials. The promising results of carbon-based materials are consistent with carbon-based 

materials against metals and ceramics in the literature which show beneficial tribological 

properties [5, 6, 8, 10, 25, 54, 63, 66]. 

5.3 Antimony impregnated mechanical carbon 

Mechanical carbon with antimony impregnation is found to be superior in tribological contacts 

in high temperature steam environment. The fact that antimony is toxic and must be carefully 

collected after end of use is of course a concern. However, the fact that no material combination 

without antimony impregnated mechanical carbon show close to as low friction and wear, 

leaves no similar alternative. The closest performance of a carbon-based material without 

antimony impregnation; WC against isotropic graphite show almost 13 times higher wear rate 

in the same test equipment. When compared to the highest acceptable friction and wear in a 
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high speed steam engine stated by Kleemann [10], the combination WC against isotropic 

graphite is far below the limit. Since there is no known nontoxic material combination with 

sufficient tribological performance, the steam engine must be designed with regards of this 

toxic substance. Service routines as well as end of use handling also must be planned in 

compliance with the safety data sheet of the selected material. 

5.4 Suitable material for valve distributor 

The material combinations from the physical test are not promising for the rotating valve. Self-

mated metals show too high wear. Stellite 6B against isotropic graphite show lower wear, but 

the difference in thermal expansion is too high [80].  

A lot of ceramics show low wear, friction and thermal expansion in steam environment. But 

the previous design of the valve distributor does agree with few design guidelines for ceramic 

materials [43]. Tight tolerances, stress concentrations, loaded in tension and complex design 

are attributes related to the valve distributor. Before rejecting ceramics compatibility of a ZrO2-

MgO coating or change of design should be considered. Another perspective is that as long as 

ZrO2-MgO is manufacturable and not breaks, a higher cost is acceptable because it show very 

low wear in comparison to other material candidates. 

Metals do not possess the same demanding design guidelines as ceramics. In the literature 

study the only metal which is found suitable against mechanical carbon in steam environment 

is nitrided Incoloy 800H. Unfortunately this material has triple the thermal expansion of 

mechanical carbon. It is found in the literature that hard iron-based alloys performed well 

against mechanical carbon. Another alloy with high amount of iron, Incoloy 909 show low 

thermal expansion in Figure 32. If this alloy could be surface engineered to harder surface 

hardness, it has possibility to work for the valve distributor. Another possible solution is to use 

a bulk material with low thermal expansion and hardfaceing with Incoloy 800H or possible 

Stellite 6. 

5.5 Compatibility with piston-cylinder assembly 

In the literature study, mechanical carbon is found to be used in piston-cylinder contacts. The 

materials selected for the rotating inlet valve are candidates from a report with the aim to select 

materials for piston ring and cylinder [6]. The fact that the same material can be used for 

piston-cylinder assembly and rotating inlet valve is suitable for multiple reasons. First, in the 

RANOTOR engine the valve block and cylinder block is the same part and its thermal 

expansion has to work with both piston and valve distributor, this is possible if the same 

material is used in the two systems. To minimize number of materials and possibly number of 
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suppliers is also generally a wish in the industry. An additional perspective is that the same 

hard particles would be present in both of the tribo-systems. A soft tribo-pair in piston-cylinder 

assembly could wear down from three-body abrasive wear because of wear debris from the 

rotating inlet valve.  

5.6 Clearance 

Because no service clearance is selected for the contact and one delimitation in this thesis is to 

not determine it, it is possible that the thermal expansion of the mating materials are not 

desirable. Both low thermal expansion and low difference in thermal expansion between the 

valve distributor and valve seat is one objective in this report. The difference between ZrO2-

MgO and EK 3245 is far below 1 × 10-6 /°C. This results in a low clearance at room temperature. 

It is not found in the literature if a small clearance at room temperature have any drawbacks. 

Only low clearance at service temperature is found in previous research [11, 21]. It is possible 

that assembly work or transport of the engine is affected. The low thermal conductivity of ZrO2-

MgO may also have effect on the clearance between valve distributor and valve seat during 

warm up and cool down. 

5.7 Ni-resist cast irons 

In the literature study it is found that Ni-resist cast irons are revised in 1986 and may no longer 

be available. It is not found why the materials are revised or what the reason for revision may 

be. However, suppliers are found, and recent studies of Ni-resist cast irons are found for 

example one reference used in this thesis is published in 2011 [38]. One concern with Ni-resist 

D-5B and D-5S is that it is not explicitly said to be able to handle steam. In the literature study, 

Ni-resist cast irons are found to generally work in steam. But as can be seen in Table 13 only 

D2 and D3 are specifically found to work in steam. Therefore it has to be clarified if it is durable 

in steam or not. In either case it has other beneficial properties which makes it suitable as 

housing material and it will not be in sliding contact. If it would appear that D-5B and D-5S 

are not suitable in steam it could still possible be surface engineered on the surfaces which are 

subjected to steam. 

5.8 Patents 

The patents found can both be seen as positive or negative. A patent could possibly prevent 

usage of desirable material combinations or an agreement with the inventor could be possible. 

Regardless if the patents will prevent results from this thesis, the patents can be seen as 

additional conformance that mechanical carbon is suitable for steam engines and valve seats.  
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5.9 Supercritical steam 

Lastly, since tribological performance is dependent of material-, design- and environmental 

parameters, the only way to certainly know if the material combination will work in the 

RANONTOR engine is to perform physical tests. No tribological tests in supercritical steam is 

found in the literature and promising tribological performances in other types of steam could 

potentially result in transition of wear mechanism. Differences in contact pressure and speed 

and may also change friction and/or wear, for better or for worse. In the study by Kleemann et 

al [6] an increase of steam temperature from 450 °C to 500 °C results in eight times higher 

wear rate and a difference of 1 m/s in sliding speed may increase the coefficient of friction with 

100% for mechanical carbon sliding against ZrO2-MgO. 
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6 Conclusion 

• Sliding contact consisting of two metals is found unsuitable because of a relatively high 

amount of wear is observed on the self-mated metallic discs. 

• For the tribological contact of a rotating inlet valve, a valve seat of mechanical carbon 

EK 3245 and a valve distributor of ZrO2-MgO is found most suitable. This material 

combination performs similar to oil-lubricated contact and shows approximately 10% 

wear and 50% friction of the second-best material combination, which is WC against 

mechanical carbon EK 3245. 

• The previous design of valve distributor does not comply with ceramic design 

guidelines and redesign is suggested. 

• A single valve seat fully supported by a Ni-resist D-5B or D-5S cast iron valve block is 

selected for the valve seat configuration. This design only requires 1/3 the amount of 

valve seat parts as the second concept generated. 
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7 Future work 
Promising materials in similar applications and possible promising materials are found in this 

thesis. To ensure the materials works for the RANOTOR engine, some future work is 

recommended: 

• Adjust design of rotating valve distributor to comply with a ceramic material and study 

if for example coatings of ZrO2 and WC are suitable for the valve distributor. 

• Study potential surface engineering of Incoloy 909 or similar materials. 

• Study hardfacing of Incoloy 800H and Stellites as potential tribo-surfaces. 

• Perform CFD analysis, structural analysis and heat simulation to determine desirable 

service clearance and cold clearance between valve seat and valve distributor. 

• Perform tests to determine the performance of Ni-resist cast iron D-5B and D-5S in 

supercritical steam and or study possible surface engineering D-5B and D-5S. 

• Perform tribological tests in close to application conditions with ZrO2-MgO against EK 

3245 and other high performing material couples. 
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