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ABSTRACT 

This thesis was written on behalf of SOMAS instruments AB. SOMAS develops, manufactures 

and markets valves. The mission was to reduce the wear between the disc edge and the seat in 

a butterfly valve that are used at high temperatures. This study investigated the possibility of 

using a surface treatment or coating that can reduce wear or if a new base material is better to 

use than the current steel 316 material. 

Possible materials, surface treatments and coatings were investigated and compared in a 

material study. In discussion with the company, four test pairs were chosen; 

• Steel 316 - Steel 316 

• Steel 316 - Nitronic 60 

• Nitronic 60 - Nitronic 60 

• Steel 316 - Steel 316 with a surface coating of Tribaloy T-400 

The wear behavior of the selected materials was investigated using a test rig at Karlstad 

University based on the method of block-on-ring. The machine spins a cylinder that corresponds 

to the seat against a block which in this case corresponds to the disc edge. The tests were carried 

out at room temperature, 250 ˚C and 500 ˚C. The cylinder was spinning at a speed of 100 rpm 

while the block pressed against with a load of 50 N. 

A profilometer, micro-hardness tester and scanning electron microscope (SEM) were used to 

investigate the wear. A comparison was made based on the volume of material removed from 

the blocks, the maximum wear depth of the blocks and the maximum wear depth of the cylinder. 

Wear mechanisms, chemical composition and hardness profiles were used to explain 

differences in results. 

The results were compared with the steel 316 to steel 316 solution. The Tribaloy T-400 showed 

good properties to reduce the wear at room temperature. Block made of Tribaloy T-400 showed 

no wear, instead steel from the cylinder had been adhered to the blocks. At higher temperatures, 

the amount of adhered material on the tribaloy T-400 increased, resulting in more wear at the 

surface of the cylinder than at room temperature. The wear on the cylinder was comparable to 

the wear of a steel cylinder that slid against a steel block. Nitronic 60 against nitronic 60 

exhibited a significant reduction in wear compared with steel to steel at room temperature. At 

higher temperatures, nitronic 60 against nitronic 60 was the test pair that exhibited least wear.  

Nitronic 60 is recommended for further examination as a material in both the disc edge and the 

seat in a butterfly valve to be used at both room temperature and elevated temperatures. 

 

 



 

 

 

 

SAMMANFATTNING 

Detta examensarbete skrevs på uppdrag från SOMAS instruments AB. SOMAS utvecklar, 

tillverkar och marknadsför ventiler. Uppdraget gick ut på att minska nötningen mellan 

spjällkanten och sätet i en vridspjällsventil som ska användas i höga temperaturer. Denna studie 

undersökte möjligheten det att använda en ytbehandling eller ytbeläggning som kan minska 

nötningen eller om ett nytt basmaterial är bättre att använda än det nuvarande materialet stål 

316. 

Möjliga material, ytbehandlingar och ytbeläggningar undersöktes och jämfördes i en 

materialstudie. I diskussion tillsammans med företaget så valdes fyra stycken testpar;  

• stål 316 - stål 316 

• stål 316 - nitronic 60 

• nitronic 60 - nitronic 60 

• stål 316 - stål 316 med en ytbeläggning av tribaloy T-400 

Nötningsbeteendet hos de valda materialen undersöktes med hjälp av en testrigg på Karlstad 

universitet som bygger på metoden ”block-on-ring”. Maskinen snurrar en cylinder som 

motsvarar sätet mot ett block som i detta fall motsvarar spjällkanten. Testerna utfördes i 

rumstemperatur, 250 ˚C och 500 ˚C. Cylindern snurrade med en hastighet av 100 rpm medan 

blocket tryckte mot med en last på 50 N. 

En profilometer, mikrohårdhetstestare och svepelektronmikroskåp användes för att undersöka 

nötningen. En jämförelse gjordes baserad på volymen av det bortnötta materialet från blocken, 

maximala nötningsdjupet på blocken och maximala nötningsdjupet på cylindern. 

Slitagemekanismer, kemisk sammansättning och hårdhetsprofiler användes för att kunna 

förklara skillnader i resultaten.  

Resultaten jämfördes mot stål 316 mot stål 316. Tribaloy T-400 visade upp bra egenskaper för 

att kunna minska nötningen i rumstemperatur. Block gjorda av Tribaloy T-400 uppvisade ingen 

nötning, istället hade material från stål cylindern adderats på blocken. Vid högre temperaturer 

så ökade mängden adderat material på tribaloy T-400 vilket resulterade i att ytan på cylindern 

uppvisade mer nötning än i rumstemperatur. Nötningen på cylindern kunde jämföras med 

nötningen hos en stålcylinder som glidit mot ett stål block. Nitronic mot nitronic uppvisade vid 

rumstemperatur en stor minskning av nötning jämfört med stål mot stål.  Vid högre temperatur 

var nitronic 60 mot nitronic 60 det test par som uppvisade minst nötning.  

Nitronic 60 rekommenderas för vidare undersökning som material i både spjällkanten och sätet 

i en vridspjällsventil som ska användas i både rumstemperatur och i höga temperaturer. 
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1 INTRODUCTION 

This thesis is a collaboration with SOMAS Instruments AB. SOMAS manufactures valves that 

are used for example in exhaust systems. When using a butterfly valve made of steel 316 at 

high temperatures wear is a problem. This study has investigated if the wear can be decreased 

by good materials selection.  

1.1 ABOUT SOMAS 
SOMAS Instrument AB develops, produces and markets control- and on/off-valves made of 

acid-proof stainless steel. The main purchaser of the products are pulp and paper industry but 

the valves are also used in areas such as chemical- and power industries, sugar biofuel industry, 

offshore and pharmaceutical applications and energy exhaust valves [1].  

1.2 VALVES 
Valves are the component in a fluid flow or pressure system that regulate either the flow or the 

pressure of the fluid. Valves can control the flow, flow rate, diverting flow, preventing back 

flow, controlling pressure or relieving pressure. These duties are performed by adjusting the 

position of the closure member in the valve [2]. 

There are four types of manual valves. 

1. Closing-down valves: A stopper-like closure member is moved to and from the seat in 

the direction of the seat axis. 

2. Slide valves: A gate-like closure member is moved across the flow passage 

3. Rotary valves: A plug or a disc-like closure member Is rotated within the flow passage, 

around an axis normal to the flow stream 

4. Flex-body valves: The closure member flexes the valve body [2]. 

1.2.1 Butterfly valve 

Butterfly valves are rotary valves in which a disc-shaped closure member 

is rotated 90˚ to open or close the flow passage. When using a butterfly 

valve, the valve give little resistance to flow when fully opened and 

sensitive flow control when opened between 15˚ and 70˚ [2]. A butterfly 

valve consists among other things of a disc and a seat. When closed the disc 

edge and the seat are pressed against each other and create a leakproof 

valve. Figure 1 shows a example of a butterfly valve. 

1.2.2 Working conditions 

One of the applications for a butterfly valve manufactured at SOMAS is in exhaust systems for 

boats. When the boats enter a harbor or environment areas, there is a need to reduce exhaust.  

To achieve this a butterfly valve can be used. When entering the harbor or environment area 

the valve is closed and the exhaust are not let out.  

The valve opens and closes at both rooms temperature and at elevated temperatures. The disc 

is made of stainless steel AISI 316 and the seat is made of stainless steel AISI 309. They are 

Figure 1. Butterfly valve. 
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both stainless steels and corrosion resistance. The nickel addition maintain an austenitic 

structure, this gives the materials good strength, workability and corrosion resistance. These 

two materials are similar to each other, except that steel 316 contains molybdenum [3]. This 

report will approximate that the seat and the disc both are made of AISI 316. 

1.3 PROBLEM  
When the valve is opened and closed wear appears between the disc edge and the seat. This in 

turn leads to leakage in the valve. Most of the wear can be found as scratches near the shaft, see 

Figure 2. In section 4.1 more information can be found about the wear on a valve that has been 

tested at Somas to achieve same type of wear as in real case scenario. 

 

Figure 2. A butterfly valve with arrows that show where the wear is most severe. 

This thesis investigated if there is any surface treatment or coating that can reduce the wear or 

if a new substrate material is better to use instead of the current steel 316 solution. The material, 

coating or treatment needs to withstand the high temperatures the valve is used in, temperatures 

up to 500˚C. It also needs to be corrosion resistant and be able to withstand exhaust. The 

investigation compared the wear in room temperature and high temperature between the 

solution used today, a new possible substrate material and some new coatings or surface 

treatments. Possible materials, coatings and surface treatments was investigated in a material 

study and then compared to each other to choose some of them. The treatment or coating was 

chosen with performance, price and availability.  

1.3.1 Aims 

1. Which of the tested material can withstand wear best in room temperature? 

2. Which of the tested material can withstand wear best in elevated temperature? 

3. Which of the tested material could be possible for use in a butterfly valve? 
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2 THEORY 

This section describes the theory for this study. Friction and different kinds of wear and wear 

behavior is described. 

2.1 FRICTION 
Friction is a force that is defined as the resistance encountered by one body moving over 

another. Friction is caused by sliding or rolling, they are not mutually exclusive. The ratio 

between the normal load and the frictional force is known as the coefficient of friction seen in 

equation 1. 

𝜇 =
𝐹

𝑊
    (1) 

Where µ is the coefficient of friction, F is the friction force and W is the normal load. 

 There are three laws of friction. 

1. The friction force is proportional to the normal load. 

2. The frictional force is independent of the apparent area of contact. 

3. The frictional force is independent of sliding velocity. 

2.1.1 Sliding friction 

Metals are always covered by an oxide film when present in unreacted form in an oxidizing 

atmosphere, except noble metals such as gold and platinum. The oxide film prevents true 

contact between metals and hinders severe wear. Surface oxidation occurs rapidly even at low 

temperatures. This means that under atmospheric pressure the oxide film is reformed in just a 

few microseconds if it is removed [4]. These films play a critical role in determining the sliding 

behavior. Friction between oxide films are almost always less than between surfaces of bare 

metals. [5] 

2.1.2 Effect of temperature 

When the temperature of sliding materials is increased several effects will occur. For example, 

mechanical properties will change, the rate of oxidation will increase and phase transformations 

may take place. These effects the frictional behavior. When temperature is increased, so does 

the ductility. In general, when ductility increasing, µ is increased. When metals are heated in 

air the rate of oxidation will increase and so the thickness of the oxide film. When sliding 

austenitic steel against pure nickel can illustrate this effect. As the temperature is increased the 

µ increases because of the rising ductility. Until a specific temperature when a thick film of 

oxide forms on the nickel and the friction drops sharply. On cooling the oxide film continues 

to separate the surfaces and the low friction is maintained down to much lower temperatures. 

Similar behavior is observed in steels [5]. 

Lump formation is observed to decline at high sliding speeds, that’s because of softening and 

melting of the surface layers and particles. A smaller number of interlocking lumps at high 

sliding speeds leads to a decreased coefficient of friction at high sliding speeds [4].  
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2.2 WEAR 
The interaction of the surface with its interfacing environment may result in loss of material 

from the surface. This process is called wear. Wear is not an intrinsic property of the material 

but a system property. There is different types of wear, adhesion or galling, abrasion or cutting, 

erosion, corrosion, surface fatigue and minor types (fretting scuffing etc.) [6]. Table 1 show 

different types of wear and mechanism behind them. 

Table 1. Different types of wear and the mechanisms [6] 

Wear type Mechanism 

Adhesion Formation of interfacial adhesion (“weld”) junctions by the action 

of molecular forces 

Abrasion Grooving by scratching action, microcutting process 

Surface fatigue Cracking at the surface due to stresses or strains varying in 

magnitude or direction 

Tribological reaction Formation of reaction products by a combined effect of 

tribological action between base material and counter material and 

chemical reaction with the surrounding medium 

 

2.2.1 Adhesion 

In adhesive wear, sliding surfaces under load adhere together through solid phase welding of 

asperities, depending on applied load and strength of the materials, they can be welded or 

bonded together by adhesion. This leads to loss of material from either of the surfaces, see 

Figure 3. The sliding motion between the two surfaces can remove welded asperities or adhered 

material from the surfaces. The smoother the surfaces are the more surface area is in contact 

and a larger area can interact. When the adhesive strain exceeds the cohesive strength of the 

material, material is removed. For similar metals, the junction formed between asperities is 

stronger than the bonds inside material because of work-hardening during sliding process. 

Material is lost through removal of lumps from either or both surfaces. For dissimilar metals, 

when the welded asperity junction is shared, part of the weaker metal is lost. Adhesive wear of 

dissimilar pairs is generally lower than for similar metal pairs [6].  

 

Figure 3. Show adhesive wear from asperity contact to material loss [4]. 



 

 

5 

 

Numerous test on a wide variety of metal combination has shown that when there is strong 

adhesion, transfer of the weaker metal to the stronger occurs. The strong adhesion observed 

between some metals can be explained by electron transfer between contacting surfaces. 

Numerous of free electrons are present in the metals, and when surfaces are in contact the 

electrons may be exchanged to establish bonding. All metals show a strong tendency to adhere 

on contact with another solid, but it is differences between different elements. Metals mainly 

exist in four types of crystal structure: face-centered cubic, body-centered cubic, hexagonal 

close-packed and tetragonal. Metals with hexagonal close-packed structure show much less 

adhesion than other crystal structures. High hardness and large surface energy can also decrease 

the adhesion. Figure 4 show a typical SEM picture on adhesive wear. 

 

Figure 4. SEM picture on adhesive wear [7]. 

There are sometimes differences in adhesion between metals of similar hardness, that can be 

explained by the necessity for some degree of plastic deformation between asperities before a 

true contact can be established. Hexagonal close-packed metals have far fewer slip systems and 

are therefore less ductile than face-centered and body-centered metals, which results in their 

lower adhesion. Adhesion between metals is also influenced by the chemical reactivity or 

electropositivity of the individual metals. Aluminum is an example of a chemical active metal 

that bond more readily and therefore show stronger adhesion than noble metals. [4] 
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In adhesive wear material can be worn off from one surface and be transferred to the other 

surface before being released as a wear particle. This is called transfer films. The formation of 

a transfer film or transfer particle can have a big influence on the wear rate. When different 

metals slide against each other, a form of mechanical alloying occurs and the transfer particle 

consist of lamella of the two metals. At the beginning, the transfer particles consist of material 

from both surfaces. As the transfer particle grows bigger it becomes flattened between the 

sliding surfaces, producing a lamellar structure [4]. 

2.2.2 Abrasion 

Abrasive wear is caused by sliding abrasives under load leading to loss of material. Both free-

flowing particles and abrasives attached to the counterbody cause wear. In abrasive wear 

material is removed or displaced from the surface by hard particles. This can happen in two 

ways, see Figure 5: 

• two body-abrasion: hard asperities or hard particles fixated in the counterface 

• three-body-abrasion: the hard particles are free to slide and roll between the surfaces 

Usually two-body gives higher wear rate [5]. 

 

Figure 5. Abrasive wear in two ways, a) Two-body abrasion b) Three-body abrasion [5]. 

The wear rate is determined by the properties of the particles, such as their hardness, angle of 

attack and the hardness of the material. Material removal can be caused be either plastic 

deformation, leading to grove formation with subsequent detachment of work-hardened 

lamellar microchips or by fracture of the material with limited toughness. The loss of material 

can happen by plowing, wedge forming or cutting. In ductile materials with low hardness, 
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removal by ploughing is most common. With increasing hardness, cutting becomes 

predominant [6].  

• Cutting: when cutting, the material is deflected through a shear zone and flows up the 

front face of the particle to form a chip. In this mode, all the material displaced by the 

particle is removed in the chip. 

• Wedge formed: this mode leads to material removal, just like cutting. This is a 

intermediate behavior. Limited slip or even complete adhesion occurs between the front 

face of the particle and a raised “prow” of material. 

• Ploughing: a ridge of deformed material is pushed along ahead of the particle. In 

ploughing mode no material is removed from the surface, only displaced [5]. 

Figure 6 show a typical SEM picture on abrasive wear. 

 

Figure 6. SEM picture on abrasive wear [7]. 

2.3 MILD AND SEVERE WEAR 
Mild wear is a regime of wear with low loads. Mild wear is characterized by finely divided 

wear debris which is predominantly oxide. The worn surface is relatively smooth. In severe 

wear it is much larger particles and correspondingly roughened surface. The major distinction 

between the two regimes lies in the nature of the debris and the wear rates which may differ by 
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a factor of 100 or even 1000. In mild wear coefficient are often below 10-4 to 10-5 but when 

transition to severe wear takes places the wear coefficient increases to 10-2 to 10-3. The transition 

between mild and severe wear is a result from a change in the nature of the sliding contact. In 

mild wear the sliding surfaces are separated by a oxide layer [5].  

The complexity of sliding wear arises from the fact that mechanical stresses, temperature and 

oxidation phenomena are controlling factors that may be influenced by both load and sliding 

velocity. Increasing the load leads to higher stresses and that will lead to more severe wear. 

Both the load and the sliding velocity influence the interface temperature. The sliding velocity 

also determines the heat conduction away from the interface. At low sliding velocity the heat 

generated will be relatively rapidly conducted away which results in a interface with a 

temperature that is remained low. At high velocity only limited heat conduction can occur, the 

interface temperature is therefore high. A high interface temperature leads to high chemical 

reactivity of the surfaces, causing for example rapid growth of oxide films in air. It will also 

reduce mechanical strength of asperities and near-surface material [5]. 

Oxidation phenomena are important in sliding wear, since nearly all metals form oxide in air. 

The rate of oxide film growth depends strongly on temperature. The local temperature at the 

sliding interface may be higher than the temperature in the surroundings and may also be 

enhanced at the asperity contacts by transient “flashes” or “hot-spots”. High temperatures can 

lead to local phase-transformations, this also leads to rapid surface oxidation [5]. 

2.4 SLIDING CONDITIONS 
When two surfaces have high loads and relatively low sliding speeds, the thin surface oxide 

film on the material is penetrated at asperity contacts, high surface tractions occur and metallic 

wear debris is formed. This leads to severe wear. When having low sliding speed and low loads 

the oxide is not penetrated because of the lower load. A low rate of mild wear is the result due 

to removal of particles from the oxide layer, see Figure 7.  

When it is high loads and sliding speeds, the frictional power dissipation is so high and the 

thermal conduction so ineffective at removing heat from the interface that melting occurs. 

Although this leads to low coefficient of friction viscous forces in the molten layer continue to 

dissipate energy and wear is rapid and severe, with metal being removed in the form of molten 

droplets.  

When two surfaces have low contact pressure but high sliding speeds, the interface temperature 

is still high but below the melting point and the surface oxidizes rapidly. An extreme form of 

oxidational wear occurs. A thick hot oxide layer deforms plastically and may even melt. The 

wear debris consist of oxide rather than metal, this is a mild form of wear [5]. 
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Figure 7. Wear-regime map for self-mated steel [5]. 

2.5 HIGH TEMPERATURE WEAR 
The effect of temperature on abrasive wear can be divided into 

• The influence of ambient temperature 

• The role of temperature rises induced by plastic deformation of the worn material on 

contact with grits. 

When the ambient temperature rises the hardness of both the worn material and the abrasive 

grit is reduced [4]. 

High temperatures starting processes that causing degradation of materials include creep, 

thermal fatigue, oxidation and hot corrosion. Microstructural changes such as recrystallization, 

grain growth, precipitation and coarsening of precipitates. How the material changes depend on 

temperature and time. Wear is strongly depended on hardness. Hardness data at elevated 

temperatures provide information on the wear behavior. High surface temperature can lead to 

softening and even melting [6].  
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Stott [8] performed a high temperature sliding test on a nickel based alloy. At higher 

temperatures oxidation, compaction and sintering of wear debris resulted in the formation of a 

hard oxide surface layer that protected the surface and lead to lower wear. Blau [9] did a study 

on high temperature metallic wear and the effect of oxidation. Oxidation reaction play a primary 

role in debris formation and microstructural evolution during metallic wear. The wear rate at 

elevated temperatures could either be enhanced or reduced depending on contact conditions and 

nature of oxide layer formation.  

2.6 CONTROL OF WEAR 
The basic method to reduce abrasive wear is to increase the hardness of the surface. When 

increasing the hardness it is possible to have other complications such as brittleness. The 

hardness can be rise by using a hard material, surface hardening methods or coating. Most hard 

materials are expensive so a thin layer of coating can be more economical.  

It is relatively simple to reduce adhesion between solids. Contaminant layers of surface oxides 

and material impurities contribute to the reduction of adhesive wear. Adhesion can also be 

controlled with lubricants and selection of sliding materials. The type of adhesive wear varies 

significantly depending on combination of sliding materials. The general rule is to avoid sliding 

similar or identical materials against each other. Impure materials are also less reactive then 

pure materials and therefore wear less [4]. There are several methods to reduce wear, for 

example: 

Abrasive wear 

• Increasing hardness of the superficial layer by surface hardening or coating 

• Lubrication which separates the rubbing surfaces and reduces the coefficient of friction 

[10]. 

Adhesive wear 

• Increasing hardness of the superficial layer. 

• Effective lubrication and reduction of unit loads. 

• Application of fusion-resting superficial layers [10]. 

High-temperature wear 

• Application of lubricants which are resistant to elevated temperatures. 

• Deposition of metallic coatings. 

• Reduction of service parameters (lowering of friction, velocity and unit loads) [10]. 

In a case of valve working at elevated temperatures and in harsh environment use of lubricants 

is not possible. When a valve is used, a liquid or gas flows through. This makes it difficult to 

use lubrication. When lubrication cannot be used, the risk of wear increases. If following the 

list above, most of wear types can be reduce by higher hardness. 
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3 MATERIAL STUDY 

A material study was done to find materials, coatings and surface treatments that could be 

suitable for application in a butterfly valve. Steel 316 is the current material used in the valve. 

When using steel 316 as material in the disc edge at both room temperature and elevated 

temperatures wear is a problem. Nitronic 60 and Expanite is request from SOMAS to be 

investigated. A study was done on possible coating that could be used. Inconel 625, Tribaloy 

T-400 and Stellite 12 was suggested as suitable coatings. After a comparison of suggested 

materials steel 316, nitronic 60 and Tribaloy T-400 was tested. 

3.1 SUBSTRATES MATERIAL SUITABLE FOR THE APPLICATION 

3.1.1 Austenitic steel  

Austenitic stainless steel are the most common and familiar types of stainless steel. They are 

non-magnetic, formable and weldable. The contain between 16 and 25% chromium and also 

contain nitrogen in solution. They both contribute to high corrosion resistance. Nickel is also a 

austenite stabilizer. Austenitic steel does not lose their strength at elevated temperatures as fast 

as ferritic steel [11]. 

3.1.2 Steel 316 

Steel 316 is an austenitic chromium-nickel stainless steel containing molybdenum. The 

molybdenum increase general corrosion resistance and improves resistance to pitting from 

chloride ion solutions and provides increased strength at elevated temperatures [12]. The 

austenitic structure gives excellent toughness, even down to cryogenic temperatures. Alloy 316 

cannot be hardened by thermal treatment [13]. Stainless steel 316 can be used in temperatures 

up to 927˚C [14]. Table 2 and 3 shows chemical composition and mechanical properties for 

steel 316. 

Table 2. Chemical composition for Steel 316 in wt %  [15] 

C Cr Fe Mn Mo Ni Si Others 

0-0,08 16-18 61,8-72 0-2 2-3 10-14 0-1 Phosphorus, 

sulfur 

 

Table 3. Mechanical properties for Steel 316 [15] 

Young´s modulus, Gpa 189-205 

Yield strength, MPa 205-310 

Tensile strength, MPa 515-620 

Hardness, HV 190-220 

 

3.1.3 Nitronic 60 

Nitronic 60 is a austenitic alloy that has good high temperature properties up to 980˚C. This 

could be a possible substrate material for the disc in the butterfly valve. The alloy is best known 

for its wear and galling resistance. The additions of silicon and manganese have given the alloy 
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a matrix to inhibit wear, galling and fretting. Chromium and nickel is added to the alloy to give 

high corrosion resistance, comparable to 316 stainless steel [16]. The galling resistance of 

nitronic 60 is superior to any other stainless steel due to its grain structure. The elevated 

temperature wear resistance is excellent despite its relatively low hardness when compared with 

cobalt and nickel-based wear alloys [17]. Table 4 and 5 shows chemical composition and 

mechanical properties for Nitronic 60. Table 6 shows some mechanical properties in room 

temperature and in 500 ˚C. 

Table 4. Chemical composition for Nitronic 60 in mass % [15] 

C Cr Fe Mn N Ni Si Other 

0-0,1 16-18 59,1-

65,4 

7-9 0,08-

0,18 

8-9 3,5-4,5 Phosphorus, 

Sulfur 

 

Table 5. Mechanical properties for Nitronic 60 [15] 

Young´s modulus, GPa 179-181 

Yield strength, MPa 345-448 

Tensile strength, MPa 655-779 

Hardness, HV 196-241 

 

Table 6. Mechanical properties for Nitronic 60 in room temperature and 500 ˚C [18] 

Yield strength (MPa) RT 

500 

389 

194 

Tensile strength (MPa) RT 

500 

734 

525 

Hardness (HV) RT 

500 

210 

155 

 

HP Alloys [18] did tests that showed that self-mated Nitronic 60 showed less weight loss than 

self-mated 316 in both 105 rpm and 415 rpm. Nitronic 60 also showed better wear resistance 

when sliding against itself than sliding against steel 316. Values can be found in table 7 and 8. 

Table 7. Weight loss at different speeds for self-mated Nitronic 60 and Steel 316 [18] 

Alloy Weight loss at 105 rpm 

(mg/1000 cycles) 

Weight loss at 415 rpm 

(mg/1000 cycles) 

Nitronic 60 2.79 1.58 

316 12.50 7.32 
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Table 8. Weight loss for Nitronic 60 and steel 316 when sliding against Nitronic 60 [18] 

Alloy Weight loss against Nitronic 60  

(mg/1000 cycles) 

Nitronic 60 2.8 

Steel 316 4.3 

 

HPAlloy [18] did a test with self-mated metals in 260 ˚C and 500 rpm for 4000 cycles. Nitronic 

60 showed less volume loss than the reference mild steel, 10,57 mm3 respective 266,0 mm3 

[18]. The behavior of wear in form om volume loss can be seen in Figure 8. When temperature 

was increased to 500 ̊ C (932 ̊ F) the wear has decreased compared to wear in room temperature 

for self-mated nitronic 60. 

 

Figure 8. The wear for different materials in form of volume loss in different temperatures [18]. 
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3.2 SURFACE HARDENING 

3.2.1 Expanite 

The Expanite process is a treatment applied to steels in order to harden the surface. Expanite is 

a gas process that dissolve nitrogen and/or carbon in to the surface. The process is performed 

in furnaces with gas circulation and temperature homogeneity. The process leads to a uniform 

hardening is achieved. The gas molecules in the process can easily reach faults and small 

cavities and hardened the entire surface. The stainless-steel surface is covered with an oxide 

layer. The oxide film acts like a barrier for the transfer of carbon and nitrogen into the metal. 

The gas in expanite process removes the oxide film and allows an incorporation of carbon and 

nitrogen atoms in the underlying metal. After the treatment, the oxide layer is re-established 

naturally. The Expanite process can been done in three different ways, Expanite High-T, 

Expanite Low-T and SuperExpanite, Figure 9 show microstructure and a hardness- depth 

diagram for each process. 

ExpaniteHigh-T: The process dissolve nitrogen in the surface of stainless steel to a depth in the 

range of 0,2-2 mm. Peak hardness ranges from 280 HV on austenitic grades to 700HV on 

martensitic/ferritic grades. 

ExpaniteLow-T: This process dissolve nitrogen and carbon in the surface of stainless steel to a 

depth in the range of 5-45 µm. Peak hardness ranges from 1000-1200HV on austenitic grades 

to 1200-1800 HV on martensitic/ferritic grades. 

SuperExpanite: This process combine ExpaniteHigh-T and low-T process to achieve higher 

load bearing and corrosion properties. The first step is ExpaniteHigh-T to create a deep case 

depth with moderate nitrogen content. Then the ExpaniteLow-T process is applied to create a 

high-hardness surface on the top of the ExpaniteHigh-T zone. Table 9 shows hardness of steel 

316 that is treated with superexpanite. 
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Figure 9. Microstructure and Hardness-depth graph for High-T, Low-T and SuperExpanite [19]. 

The Expanite process does not result in a coating, but a diffusion zone with an increased carbon 

and nitrogen content. This zone is called expanded austenite, expanded martensite or simply 

Expanite [19]. Expanded austenite is a precipitation free austenite, supersaturated with nitrogen 

and/or carbon. Expanded austenite gives the surface excellent corrosion and wear performance. 

It is metastable and tends to develop chromium nitrides/carbides. The high interstitial content 

of carbon and nitrogen is obtained because of the relatively strong affinity of chromium and 

nitrogen/carbon. Chromium nitrides/carbides do not precipitate until after long exposure times 

and nitrogen/carbon is kept in solid solution by the Chromium “trap sites”. This is due to the 

low mobility of chromium atoms as compared to interstitial nitrogen and carnon atoms at lower 

temperatures [20]. 
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Table 9. Hardness for Steel 316 treated with superexpanite depending on distance from surface [19] 

Distance from surface µm  Hardness (HV) of superexpanite AISI316 

5  1150 

10  1000 

16  830 

22  510 

39  240 

62  240 

88  240 

 

Results from ASTM G133 wear test show a 168 times improvement in performance when 

comparing SuperExpanite hardened AISI316 steel against an untreated reference. Galling, or 

adhesive wear is a big problem for stainless steels. But studies show that galling can be 

completely removed when the surfaces are SuperExpanite-treated. Machining and/ or hardening 

of stainless steel can lead to poor corrosion resistance. When using expanite process on AISI316 

the corrosion resistance is also improved [19]. 

Qu, Blau and Jolly did a study that showed the effects of carburization on wear resistance of 

316. The study showed that for dry sliding test at room temperature the wear could be reduced 

two times using self-mated treated 316 steel compared to untreated 316. The wear was also 

reduced at elevated temperatures using steel 316 that was treated with carburization process 

compared to untreated 316 [21]. 

3.3 COATING MATERIALS 

3.3.1 Inconel 625 

Inconel 625 is a wrought nickel-based superalloy strengthed mainly by the additions of carbon, 

chromium, molybdenum and niobium. The alloy has widespread applications in aeronautic, 

aerospace, marine, chemical and petrochemical industries. The alloy was designed as a solid 

solution hardened alloy but is was seen that precipitation of intermetallic phases and carbides 

occur on subjecting the alloy to aging treatment in the range of 550-750˚C [22]. 

Inconel 625 is a trademark of the Special Metals Corporation group of companies and it is also 

called alloy 625. Alloy 625 is often used for its high strength and outstanding corrosion 

resistance. The alloy has a service temperature up to 982˚C. The high strength of Inconel 625 

comes from the stiffening effect of molybdenum and niobium on its nickel-chromium matrix, 

therefore precipitation-hardening treatments are not required [23]. Microstructure of Inconel 

625 can be seen in Figure 10. 
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Figure 10. Microstructure of Inconel 625 [24] 

The alloys has high tensile, creep, and rupture strength and also outstanding fatigue and 

thermal-fatigue strength. Inconel 625 has corrosion resistance under a wide range of 

temperatures and environments and that is the primary reason for a wide acceptance in the 

chemical processing field. Inconel 625 is a solid-solution matrix-stiffened face-center-cubic 

alloy [23].  

Inconel 625 can withstand a wide variety of corrosive environments because of its alloy content. 

The alloy is practically corrosion free in mild environments, such as ambient atmospheres, fresh 

and seawater and alkaline media. In more severe corrosive environments the chromium 

provides resistance to oxidizing chemicals. The alloy is also resistant to nonoxidizing 

environments thanks to the combined nickel and molybdenum content. The high molybdenum 

content provides the alloy with resistance to pitting and crevice resistance. The nickel content 

gives resistance to chloride-ion stress corrosion attacks. The combination of resistance against 

different corrosion types has made the alloy one of the most widely used in corrosive 

environments [25].  

Inconel 625 exhibits a at least improved behavior compared to the basic requirements in terms 

of solid particle erosion wear, oxidation resistance, friction and sliding wear resistance. 

Therefore this material is suggested to be used for valves [26]. Table 10 shows chemical 

composition and Table 11 and 12 mechanical properties. 
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Table 10. Chemical composition for Inconel 625 in mass %  [23] 

Nickel 58,0 

Chromium 20,0-23,0 

Iron 5,0 

Molybdenum 8,0-10,0 

Niobium 3,15-4,15 

Carbon 0,10 

Manganese 0,5 

Silicon 0,5 

Phosphorus 0,015 

Sulfur 0,015 

Aluminum 0,40 

Titanium 0,4 

Cobalt 1,0 

 

Table 11. Mechanical properties for Inconel 625 [15] 

Young´s modulus (GPa) 205-216 

Yield strength (MPa) 365-434 

Tensile strength (MPa) 814-900 

 

Table 12. Hardness for Inconel 625 in room temperature and 500 ˚C [26] 

Hardness (HV) RT 

500 

275 

230 

 

3.3.2 Tribaloy 400 

Tribaloy alloys are a series of corrosion and wear-resistant nickel or cobalt based alloys. The 

alloy contains a large volume fraction of hard intermetallic Laves phase in a much softer matrix. 

Because of the large volume fraction of Laves phase the alloy enables to resist wear under poor 

or unlubricated conditions. The main alloying elements in cobalt or nickel based tribaloys are 

molybdenum and chromium [27].  

Tribaloy T-400 is a cobalt-based alloy which is a wear resistance alloy with a large percentage 

of hard intermetallic Laves phase dispersed in a cobalt solid solution. T-400 exhibits a large 

proportion of fine lamellar eutectic structure which is composed of the secondary Laves and 

cobalt solid solution, see Figure 11. The alloy is hard and have high bearing strength but exhibit 

little capacity for plastic flow and low fracture toughness due to the brittle nature of the Laves 

phase [27]. The molybdenum additions give high temperature strength to the cobalt base matrix. 

Molybdenum and chromium enhance the plastic deformation by reducing the stacking fault 

energy and transform fcc to hcp crystal structure in the cobalt matrix. This transformation 

increases the work hardening rate, which is reported to be beneficial for metal to metal wear 

resistance of some cobalt base alloys [28]. 
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Figure 11. Microstructure of Tribaloy T-400 [29]. 

Laves phase is hard and corrosions resistance. Note that the carbon level is restricted in the 

alloy to avoid carbide precipitation. As tribaloy alloys contains 35-70 vol.% of Laves phase, it 

effectively governs the properties. The presence of the Laves phase restricts the ductility and 

impact strength and it is hard to obtain crack-free overlays on all but the smallest components. 

Tribaloy T-400 exhibits outstanding resistance to galling and corrosion and is suitable when 

lubrications is a problem [30]. Table 13 show chemical composition and table 14 and 15 show 

mechanical properties.  

Table 13. Chemical composition for Tribaloy T-400 in mass % [31] 

Co Cr Mo C Si Others 

Bal. 8,5 28,5 <0,12 2,6 Ni,Fe 

 

Table 14. Hardness for Tribaloy T-400 in different temperatures [31]. 

Temperature, 

˚C 

20 100 200 300 400 500 600 700 

Hardness, 

HV 

680 665 660 650 620 585 495 385 
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Table 15. Mechanical properties for Tribaloy T-400 

Ultimate tensile strength Room temp, MPa 690 [31] 

Young’s modulus, GPa 397,5 [27] 

Wear and corrosion resistance up to 1000˚C [32] 

  

Z. A. Foroulis [33] did a study on self-mated Tribaloy T-400 and Stellite 12. Tribaloy showed 

a smaller wear coefficient and smaller coefficient of friction. Values can be found in table 16. 

Table 16. Wear coefficient and coefficient of friction for Tribaloy T-400 and stellite 12 [33] 

 Wear coefficient Coefficient of friction 

Tribaloy T-400 1,2*104 0,42 

Stellite 12 4,67*104 0,49 

 

Nsoesie et al [29] did a study that showed that the wear resistance for Tribaloy T-400 was 

different in different temperature, see Figure 12. In room temperature, the wear was small and 

the wear increased approximately 3 times when the temperature was increased to 250. In 500 

the wear decreased compared to the wear in 250. The wear decreased because of glazing effect. 

At high temperature the surface oxidizes, the oxide is brittle and can be broken. The oxide 

debris can be squeezed into the surface layers under load, which hardened the surface. 

 

Figure 12. Volume loss for Tribaloy alloys in different temperatures [29]. 

3.3.3 Stellite 12 

Stellite is a cobalt based alloy that consist of complex carbides in an alloy matrix. Stellite alloys 

is resistant to wear, galling and corrosion and retain their properties at high temperatures. The 

hard carbide phase dispersed in a cobalt and chromium alloy matrix contribute to exceptional 

wear resistance [34]. 
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Stellite 12 contains a high fraction of hard and brittle carbides. It also contains a higher tungsten 

content than Stellite 6, this contribute to better high-temperature properties. Stellite 12 can be 

used at temperatures up to about 700˚C.  Figure 13 shows microstructure. Stellite 12 is typically 

used for applications that need to withstand abrasion, heat and corrosion, for example cutting 

tools like knives, for hardfacing of engine valves and rotor blade edges [34].  

 

Figure 13. Microstructure of Stellite 12 [34]. 

The main difference between Stellite 1, 6 and 12 is the carbon content and thus the carbide 

volume fraction formed in the microstructure during the solidification. Stellite 1 has the highest 

carbon content and thus the highest wear resistance but it has also a high risk for cracking. 

Stellite 6 has a lower carbon content and also lower wear resistance than Stellite 1. Stellite 12 

can be considered as an intermediate hardfacing alloy between Stellite 6 and Stellite 1 [35]. 

Table 17 shows chemical composition for Stellite 12 and table 18 and 19 shows mechanical 

properties. 

 

Table 17. Chemical composition for Stellite 12 in mass % [34] 

Co Cr W C Others 

Base 27-32 7,5-9,5 1,4-1,7 (hardfacings) 

1,7-2,0 (castings) 

Ni,Fe,Si, Mn 
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Table 18. Mechanical properties for Stellite 12 [34] 

Ultimate tensile strength, MPa 740 

Yield stress, Mpa 580 

Young’s modulus, GPa 226 

 

Table 19. Hardness depending on temperature for Stellite 12 [34] 

Temperature, 

˚C 

20 100 200 300 400 500 600 700 800 900 

Hardness, 

DPH 

546 456 418 390 380 371 362 328 232 153 

 

When sliding self-mated Stellite 12 showed better wear resistance than steel. AISI-4140 and 

Stellite 12 had volume loss at 117,26 x 10-3 and 6,44 x 10-3 mm3. Figure 14 shows worn surfaces 

of AISI-4140 and Stellite 12 [36]. 

  

(a) (b) 
Figur 14. SEM pictures of worn surfaces of a) AISI-4140 b) Stellite 12 [36]. 

3.4 LASER CLADDING 
Laser cladding is a process called hard-facing. Laser cladding process is a method of applying 

a metallurgical bonded coating which can be used to increase the wear resistance, corrosion 

resistance or impact performance of metallic components. The process is using a high-power 

laser beam to create a weld pool in which a metallic powder is applied. The powder is carried 

by a stream of inert shielding gas is blown coaxially through the laser beam. This create 

cladding with minimal dilution. A single layer can have a thickness of 0,2-2,0 mm. One benefit 

with laser cladding is the ability to control the heat input to the substrate and the coating material 

[37]. 
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3.5 COMPARISON OF MATERIALS 
Some materials that would be interesting for the application are mentioned in the sections 

above. To select which materials that would be tested they were compared regarding their 

mechanical properties. Values can be seen in table 20.  

Table 20. show mechanical properties for some interesting materials 

 temp 316 Nitronic 

60 

Expanite Inconel 

625 

Tribaloy 

T-400 

Stellite 

12 

Young´s 

modulus (GPa) 

RT 

500 

175 

161 

179-181 

- 

- 

- 

207 

179 

397,5 

- 

226 

- 

Yield strength 

(MPa) 

RT 

500 

188 

115 

389 

194 

- 

- 

340-430 

250-290 

- 

- 

580 

- 

Tensile 

strength (MPa) 

RT 

500 

515 

455 

734 

525 

- 

- 

800-890 

670-740 

690 

- 

740 

- 

Hardness (HV) RT 

 

 

 

500 

190-

220 

 

 

 

- 

210 

 

 

 

155 

280-700  

(High-T) 

1000-1200 

(Low-t) 

- 

275 

 

 

 

230 

680 

 

 

 

586 

546 

 

 

 

371 

Max temp (˚C)  927 980  982 1000 700 

Wear 

coefficient/ 

Coefficient of 

friction 

- - - Wear 168 

times better 

than 

untreated 316 

- 1,2E-4/ 

0,42 

4,67E-

4/ 0,49 

Price 

(Euro/kg) 

- - - - 40 60 60 
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4 METHOD 

4.1 WEAR TEST 
To compare wear resistance at room temperature and elevated temperatures a dry sliding wear 

test was performed. The wear test was performed in a test rig at Karlstad university. The test 

rig is constructed to work as a block on cylinder-test. Figure 15 shows the test rig and block on 

cylinder model. The cylinder represents the seat and the block represent the disc edge. Drawings 

of the block and the cylinder can be found in Appendix 1. 

 

          (a)          (b) 

Figure 15. (a) Dry sliding test rig at Karlstad university, (b) describes how the cylinder slides against the block. 

4.1.1 Test parameters 

Table 21 show the test pairs that were investigated. Materials were chosen after discussion with 

SOMAS. Materials was chosen regarding to mechanical properties and availability.  Every test 

pair was investigated at three different temperatures, room temperature, 250 ˚C and maximum 

service temperature 500 ˚C. Each test pair and temperature was tested twice.  The gas used in 

the test was air. The motor speed was set as 100 rpm and the duration was 15 minutes for each 

test. 
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Table 21. Test matrix with tested test pairs 

Cylinder Block 

316 316 

316 Nitronic 60 

Nitronic 60 Nitronic 60 

316 Tribaloy T-400 

 

To have a leak proof valve the pressure between the disc edge and the seat needs to exceed the 

yield strength. Then the material is deformed and creates a small imprint in the seat, which can 

be found on all seats. The load used in the test was then calculated with a online calculator [38] 

parameters used is found in table 22. The load is a Hertzian contact load. 

Table 23 show the calculated values for the different test pairs. Tribalogyabc gives contact load 

F/L, to achieve the contact load F the value from the program is multiplied with the contact 

length which is 0.005 m. The load was the approximated to 200 N. When a pilot test was 

performed in room temperature with 200 N in normal load the wear was severe. The load had 

to be reduced because of the probability of more wear at high temperature. The load was set to 

50 N. All tests was done with a load with 50 N from the block to the cylinder. 

Table 22. Mechanical values for test pairs 

Test pair E1 (Gpa) E2 (GPa) ν R (mm) 

316-316 175 175 0,27 50 

316-Nitronic 60 175 180 0,27 50 

316 – Tribaloy 

T-400  

175 400 0,27 50 

 

Table 23. Values obtained from tribalogyabc and calculated contact load 

 F/L (N/m) F (N) 

316-316 58800 294 

316-Nitronic 60 58000 290 

316 – Tribaloy 400 42400 212 

Nitronic 60 – Nitronic 60 57200 286 

 

4.1.2 Block and Cylinders 

Cylinders and blocks made of steel 316 and nitronic 60 were manufactured at SOMAS AB. 

Tribaloy T-400 was applied on steel 316 blocks with laser cladding by Höganäs AB. The 

thickness of Tribaloy T-400 was one layer, which is approximately 1 mm. 
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4.2 HARDNESSTEST 
To evaluate if the hardness profile of the different materials a hardness test was performed. Five 

series with 15 imprints were done. The distance between the imprints were 0,1 mm. The load 

used was 25 g. Figure 16 shows a picture on the hardnesstest machine used. 

 

Figure 16. Machine used to measure hardness. 

4.3 WEAR DEPTH 
To evaluate the wear depth on the blocks and cylinders a profilometer was used. The 

profilometer evaluates the topography of the specimens. With information from the 

profilometer the volume of the worn material was calculated. During the investigation same 

width was used for all specimens. The length of the investigated area was adapted to fit each 

wear track. Figure 17 shows a picture on the profilometer that was used. 

 

Figure 17. Profilometer used to measure the surface. 
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4.4 SEM 
Scanning Electron Microscope (SEM) was used to establish wear mode and wear mechanism. 

Second electron detector was used to investigated the topography of the surface and to conclude 

wear mechanisms. Backscatter electron detector was used to distinguish oxide layers. To 

conclude the chemical compositions of different areas Energy Dispersive x-ray Spectroscopy 

(EDS) was used. Figure 18 shows a picture on the SEM that was used. 

 

Figure 18. SEM 
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5 RESULTS 

This section presents the results from the different tests and evaluation. 

5.1 CASE-STUDY OF BUTTERFLY VALVE 
An investigation was done to see the reason for wear when using a butterfly valve at high 

temperatures. SEM was used to study a valve that has been used for tests at SOMAS. This valve 

has been opened and closed at room temperature and elevated temperatures up to 500 ˚C. This 

valve showed only small wear, SOMAS has seen valves where the wear is much worse. The 

parts investigated was the disc edge and the seat that wear against each other near the shaft. 

The disc edge has a inclined surface and was investigated from one edge to the other. The 

surface was investigated with backscattered electrons. Heavier elements appear as brighter 

areas and lighter elements such as oxide appears as darker areas. The grooves that could be 

observed at the surface comes from when the parts was manufactured, can been seen clearly at 

figure 19a. Figure 19c-19h shows a thin oxide film that are thicker at some places. The oxide 

is thin and should not be the reason for the high wear.  

 

  

(a) (b) 

  

(c) (d) 
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(e) (f) 

  

(g) (h) 

Figure 19. SEM pictures across the surface of the disc edge. 

When investigate the surface that closes tightly to the seat scratches was found. The scratches 

came from adhesive wear. Adhesive wear makes the material harder through deformation 

hardening. The hard material makes scratches. In the scratches a rough surface can be seen and 

this suggest that the scratches have been formed through brittle fracture and adhesive wear see 

Figure 20. The rough surface has been created when the two surfaces has been welded together 

through adhesive forces and the sliding motion has ripped them apart. When two similar 

materials are used adhesion is common. 

  
(a) (b) 

Figure 20. SEM pictures on scratches found on the disc edge surface. 
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When investigated the seat it was found that one of the sides had more oxide than the other. 

This side has been faced against the gas when the valve was closed. On the other side some 

pores of oxide was found, they was created when the valve was opened. 

5.2 FRICTION BEHAVIOR 
Friction behavior between the block and the cylinder was measured during the test. The force 

in x-direction and y-direction was measured and then the coefficient of friction was calculated. 

Table 24 shows the average coefficient of friction for different test pairs in different 

temperatures. The coefficient of friction decreased with increasing temperature, except for steel 

316 against Tribaloy T-400 that increased at 250 ˚C and then decreased at 500 ˚C. Figure 21 

shows the coefficient of friction in different temperatures for different test pairs. 

Table 24. Shows average coefficient of friction in different temperatures for each test pair 

Temperature Steel 316 – 

Steel 316 

Steel 316 – 

Nitronic 60 

Steel 316 – 

Tribaloy T-400 

Nitronic 60 – 

Nitronic 60 

RT 0,6921 0,6610 0,6403 0,6468 

250 ˚C 0,6395 0,6415 0,6574 0,6407 

500 ˚C 0,6176 0,5993 0,6318 0,6202 

 

 

Figure 21. Friction as a function of temperature for each test pair. 

5.3 WEAR 
Results related to wear divided into three chapters, volume loss on block, wear depth on block 

and wear depth on cylinder. 

5.3.1 Volume loss on block 

When sliding cylinders against block, material was worn of, Figure 22 shows an example of 3D 

picture of the surface obtained by the profilometer.  
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Figure 22. A typical 3D picture of a block that has sliding against a cylinder. 

With the profilometer the worn volume loss from blocks could be calculated for each block, 

table 25 show the average volume loss for each test pair in different temperatures. Self-mated 

steel 316 had the biggest volume loss in all temperatures. Nitronic 60 blocks against steel 316 

had less volume loss than self-mated steel, and self-mated nitronic 60 volume loss was smallest. 

For these three test pairs the volume loss was decreased with increasing temperature. Tribaloy 

T-400 against steel 316 had no volume loss, instead material had adhered to the block, it was 

no significant difference in volume depending on temperature. Figure 23 show volume loss in 

different temperatures for different test pairs. 

Table 25. Volume loss of blocks in different temperatures for each test pair in mm3 

Temperature Steel 316 – 

Steel 316 

Steel 316 – 

Nitronic 60  

Steel 316 – 

Tribaloy T-400  

Nitronic 60 – 

Nitronic 60  

RT 1,12 0,79 -0,04 0,265 

250 ˚C 1,40 0,75 -0,03 0,215 

500 ˚C 1,225 0,575 -0,05 0,13 

 

 

Figure 23. Volume loss on the block as a function of temperature for each test pair. 
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5.3.2 Maximum wear depth on block 

Table 26 shows the average maximum wear depth on the blocks in different temperatures for 

each test pair. For self-mated steel the depth was increased with increased temperature. For self-

mated nitronic the depth was decreased with increased temperature. Nitronic against steel 

showed an increase in depth at 250 ˚C and then an increase at 500 ˚C. Tribaloy T-400 had no 

wear depth, instead was the highest value of the adhered material measured. Figure 24 shows 

the maximum wear depth on the block in different temperatures for each test pair. 

Table 26. Maximum wear depth on blocks in different temperatures for each test pair in mm 

Temperature Steel 316 – 

Steel 316 

Steel 316 – 

Nitronic 60 

Steel 316 – 

Tribaloy T-400 

Nitronic 60 – 

Nitronic 60 

RT 113,13 90,06 -33,135 58,395 

250 ˚C 131,90 155,06 -28,95 53,68 

500 ˚C 148,92 96,01 -44,045 54,13 

 

 

Figure 24. Maximum wear depth on block in different temperatures for each test pair. 

5.3.3 Maximum wear depth on cylinder 

The countersurface was also investigated. Figure 25 shows a typical 3d picture of the surface 

of the cylinder.  

 

Figure 25. A typical 3d picture of the surface of a cylinder that has been sliding against a block. 
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Table 27 shows the maximum wear depth on the cylinder. In room temperature cylinders sliding 

against steel 316 and nitronic showed the deepest wear. In elevated temperatures cylinders 

sliding against steel 316 and Tribaloy T-400 showed the deepest wear. Figure 26 show the 

maximum wear depth in different temperatures for each test pair. 

Table 27. Maximum wear depth on cylinder in different temperatures for each test pair in mm 

Temperature Steel 316 – 

Steel 316 

Steel 316 – 

Nitronic 60 

Steel 316 – 

Tribaloy T-400 

Nitronic 60 – 

Nitronic 60 

RT 26,32 27,05 12,145 14,01 

250 ˚C 19,57 14,935 10,765 9,36 

500 ˚C 25,9 12,89 24,375 17,30 

 

  

Figure 26. Maximum wear depth on cylinder as a function of temperature for each test pair. 

5.4 HARDNESS 
The microhardness of the tested materials was measured. Table 28 shows the Vickers hardness 

for different distances from the surface for each block material. Steel 316 and Nitronic 60 has 

similar hardness, near the surface steel 316 was just a little bit harder. Tribaloy T-400 has a 

high surface hardness which is decreased approximately 1 mm from the surface. Figure 27 

shows the hardness for different distance from the surface. 
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Table 28. Hardness for each tested block material in different distances from the surface in HV 

Distance from surface (mm) Steel 316 Nitronic 60 Tribaloy T-400 

0,1 379,8 320,2 641,8 

0,2 350 334,6 663 

0,3 338,6 324,6 668,6 

0,4 334,6 315 689 

0,5 317 312,4 638,8 

0,6 297,4 313,2 665,8 

0,7 299,6 304,4 662,4 

0,8 295 317,4 584,2 

0,9 306,4 299,4 292,2 

1,0 299,4 325,4 274,2 

1,1 290 312,8 282,8 

1,2 290,2 299,2 284,6 

1,3 292,2 294,2 297,6 

1,4 288,4 298,8 291,4 

1,5 296,2 292,6 298,2 

 

 

Figure 27. Hardness as a function of distance from surface. 
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5.5 WEAR MECHANISM 
All tested combinations of materials were worn with the mechanism adhesive wear. Example 

of the wear can be seen in figure 28. 

  
(a) (b) 

  
(c) (d) 

Figure 28. SEM pictures of adhesive wear a) Nitronic 60 – Nitronic 60 b) Steel 316 – Nitronic 60 c) Steel 316 – Steel 316 d) 

Steel 316 – Tribaloy T-400. 
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6 DISCUSSION 

Discussion of the result regarding friction, wear mechanisms, wear at room- and elevated 

temperature.  

6.1 FRICTION 
Friction was decreased at elevated temperature for all tested materials. When increasing the 

temperature oxide formation is able to form faster. At high temperature, just a little more oxide 

could be found on the investigated blocks, see Figure 29. One other reason is that at higher 

temperatures softening of the material reduce the interlocking effect of asperities which leads 

to a decrease in coefficient of friction.   

When Riddle [39] did pin on disk test on SS 316L the coefficient of friction was 0.13. The 

speed was 2,03 m/s and the load 44,5 N. Chaudhry and Kailas [40] did a study with sliding self-

mated 316L with a load of 70 N, then the coefficient of friction was 0,75 in room temperature. 

In this study, the coefficient of friction of steel 316 was 0,69 and the load was 50 N and the 

speed was 1 m/s. Small changes gives big difference in coefficient of friction. The friction is 

not a material parameter, it is a system parameter. 

  
(a) (b) 

Figure 29. SEM pictures of oxide on steel blocks tested in (a) room temperature (b) in elevated temperature. 

6.2 WEAR MECHANISMS 
When investigate the wear mechanisms on the blocks all materials showed it had been worn 

with adhesive wear, see Figure 28. The two surfaces has adhered to each other and galling has 

occurred. When the surfaces sliding, material is worn of and asperities and material is smeared 

out. Some of the material has been hardened by deformation hardening when the surfaces were 

sliding against each other. The harder material created hard asperities that has done scratches 

in the surface. Stott [8] reported that oxide or metal wear debris may influence wear behavior 

in several ways. One way is that the debris is retained as freely-moving particles between the 

surfaces. The may act as three-body or two-body abradents creating scratches like those seen 

in Figure 30a. On the surface hole and pits was found, they occur when the surfaces are adhered 

to each other and then sliding motion rip the surfaces apart, see Figure 30b.  
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(a) (b) 

Figure 30. SEM pictures on adhesive wear on Nitronic60 block sliding against a) Steel 316 b) Nitronic 60. 

6.3 WEAR AT ROOM TEMPERATURE 
Steel 316 against 316 showed the most severe wear. Steel 316 blocks showed most volume loss 

and that also corresponds to the maximum wear depth. When sliding nitronic 60 against steel 

316 both the volume loss and the maximum wear depth was decreased. The maximum wear 

depth on the cylinders are almost equal for steel cylinders sliding against steel 316 and nitronic 

60, see Figure 31. Which implies that the steel 316 countersurface is worn in the same way for 

steel 316 and nitronic 60, either of them would be a good alternative to reduce the wear. The 

hardness for steel 316 and nitronic 60 is almost the same and cannot explain the difference in 

the worn volume, see figure 27.  When investigate steel 316 and nitronic 60 blocks in SEM it 

could be found that nitronic 60 had more oxide on the surface. The oxide layer protects the 

surface and can lead to a smaller amount of wear. On steel blocks, almost no oxide could be 

found, see figure 29 (oxide should appear as dark spots/zones). 



 

 

38 

 

 

Figure 31. Diagram of wear depth for block and cylinders in room temperature. 

When sliding nitronic 60 against nitronic 60 less wear was detected than when sliding nitronic 

60 against steel 316. That can be explained by more oxide when using two nitronic 60 surfaces. 

In this case both the blocks and the cylinder can create oxide on the surface.   

The results obtained in this study corresponds the result obtained by HPalloy [18]. Self-mated 

nitronic 60 has less volume loss than self-mated steel 316. The results also correspond to their 

results that self-mated nitronic 60 obtain better wear resistance than when sliding nitronic 60 

against steel 316.  

Tribaloy showed a different behavior when sliding against steel 316 than the other test pairs. 

Instead of volume loss, material has adhered to the tribaloy blocks, see figure 32. EDS analysis 

showed that the adhere material was steel 316 from the cylinder. Regarding to volume loss and 

maximum depth the tribaloy blocks showed best wear resistance. When investigate the 

cylinders that has been sliding against tribaloy T-400 blocks the depth wasn’t bigger than for 

the other materials. Tribaloy has a high hardness and because of that the wear is small. The 

blocks are coated with approximately 1 mm tribaloy T-400 and the maximum depth for the 

tribaloy blocks is approximately 0,5 mm. The wear does not exceed the tribaloy layer.  
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Figure 32. SEM picture on Tribaloy T-400 block tested in room temperature. 

6.4 WEAR AT ELEVATED TEMPERATURES 
Self-mated steel 316 increased the maximum wear depth when the temperature was increased. 

The worn volume was higher in 500 ˚C than in room temperature. The bigger wear can be 

explained by a softening of the material because of the higher temperature. There is no big 

difference in the appearance of oxide layers for blocks worn in room temperature and blocks 

worn in 500 ˚C, see Figure 29. 

When sliding nitronic 60 against steel 316 and nitronic 60 against nitronic 60 the worn volume 

is decreased with increasing temperature. In higher temperature the nitronic block has more 

oxide than in room temperature, see Figure 33. The oxide layer protects the surface and reduce 

the wear.  When sliding self-mated nitronic 60 the wear depth is smaller on both block and 

cylinder than self-mated steel 316, see Figure 34. The results when sliding self-mated nitronic 

60 corresponds to the results from Hpalloy [18] that show that the wear when sliding self-mated 

nitronic 60 is decreased with increasing temperature, see figure 3.   
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Figure 33. SEM picture on nitronic 60 block that has been sliding against steel 316 in elevated temperature. 

 

 

Figure 34. Diagram of wear depth for block and cylinders in 500 ˚C. 

Tribaloy T-400 was the only material that didn’t had loss of material, instead material from the 

cylinder had adhered on the blocks, see Figure 35. The adhered material has almost the same 
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volume in the three tested temperatures. When investigate the wear depth on the cylinders that 

has been sliding against the tribaloy T-400 blocks, the depth is bigger for 500 ˚C than for room 

temperature. The cylinder was made of steel 316, in higher temperatures the material becomes 

softer and the capability to withstand wear is decreased. At elevated temperatures the hardness 

decrease for both tribaloy and steel. Moteff [41] did a study when hardness for steel 316 was 

decreased from approximately 150 to 100 DPH when increasing temperature from 20 to 500 

˚C. When the material is softer more material can be adhered to the tribaloy blocks. Because of 

that the adhered volume to the tribaloy blocks has increased in 500 ˚C. 

At elevated temperatures tribaloy T-400 blocks showed a good resistance against wear, but 

when investigate the countersurface the wear is severe and not better than the self-mated steel 

316.  The maximum wear depth on the cylinders sliding against tribaloy T-400 in 500 ˚C 

corresponds to the depth on the cylinder sliding against steel 316.  

 

Figure 35. SEM picture on Tribaloy T-400 block that has been tested i elevated temperature. 

6.5 SUMMARY OF COMPARISON OF MATERIALS 
Values from self-mated steel 316 obtained from this test is used to compare which of the test 

pair that has reduced the wear. Steel 316 against nitronic 60 showed less wear in both room 

temperature and in elevated temperatures. But wear at the cylinder sliding against nitronic 60 

had not reduced. When sliding tribaloy T-400 and steel 316 against each other blocks did not 

lose any material. In room temperature, the wear was better on both block and cylinder than on 

self-mated 316. In elevated temperatures, the cylinder had as much wear as cylinder sliding 
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against steel 316. Self-mated nitronic 60 had reduced the wear in both room temperature and in 

elevated temperatures on both surfaces.  

6.6 ERROR SOURCES 
During tests and measurements in profilometers small changes can affects the result. During 

tests the temperature sometimes was increased because of friction heat and residual heat. Start 

temperature during the test was approximately 20 ˚C below test temperature and the final 

temperature sometimes was approximately 50 ˚C over test temperature. Tests should be done 

in a test rig that is better capable to hold a stable temperature. One problem during tests was 

that the blocks sometimes wasn’t placed straight to the cylinder, and therefore was worn 

oblique. If the blocks aren’t worn correctly it affects the results.   

When analyzed the results from the profilometer a program called data restore was used, this 

program approximates the surface areas where data is missing to be the same as the area around. 

Because of these error sources the values are not exactly. Tests and measurement were done 

twice to see a trend, if a result deviates from the trend one more test or measurement was done. 

Because of that it is assumed that the values can be used to compare how the materials behave 

compared to self-mated 316. 

6.7 FURTHER RESEARCH 
During this study, the disc edge has been tested as the blocks and the seat as the cylinders. In 

real application, the contact and the sliding motion between the disc edge and the seat not 

correspond to the contact between the block and the cylinder. To investigated how the materials 

behave in a butterfly valve tests should be done in a test rig that tests the material in real 

application.  

Tests should also be done in exhaust to see how the wear will change when the oxide content 

not will be the same. 
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7 CONCLUSION 

1. At room temperature tribaloy T-400 against steel 316 shows better wear properties than 

other tested materials. 

2. At elevated temperatures, self-mated nitronic 60 show better wear properties than other 

tested materials. At elevated temperatures, the countersurface when sliding self-mated 

nitronic 60 could withstand wear better than steel 316 counterface when sliding tribaloy 

T-400  

3. Nitronic 60 for use in both disc edge and seat is a possible solution for use in a butterfly 

valve to reduce the wear.  
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