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ABSTRACT

This study analyzes materials used in valves, valve seats, and valve guides in internal
combustion engines. It aims to understand their properties and performance under varied operating
conditions. The research also investigates the impact of cylinder head stiffness on valve seat wear,
exploring how different seating surface geometries influence valve and seat lifespans.
Additionally, a section is dedicated to the manufacturing process of cylinder heads, including the
freezing of valve seats before installation, which is a crucial part of the production procedure for
cylinder head assemblies. Furthermore, the study examines the influence of cryogenic

temperatures on the physical properties of materials utilized for valve seat applications.

Considering the challenges posed by gaseous fuels and their effect on valve seats, the study
examines self-lubricating supermaterials used by competitors. It also develops cost-effective cast

iron processing technology to enhance its properties, akin to superalloys used by competitors.

Tribological testing compares material properties of the world’s biggest manufacturers,
assessing performance and durability under simulated operating conditions. The research
contributes to understanding valve and valve seat behavior, providing insights to enhance gas

engine performance and longevity in alternative fuel applications.

Key words:

Internal Combustion Engines, Valves, Valve seats, Valve guides, Cobalt materials, Cryogenic
treatment, Heat treatment, Cylinder head, Tribological testing, Alternative fuels, Gas engines,

Self-lubricating materials, Cast iron, Superalloys, Material properties, Stellite.
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ANOTACE

Tato studie analyzuje materialy pouzivané pro vyrobu ventili, sedel ventill a voditek
ventilll spalovacich motorti. Cilem je porozumét jejich vlastnostem a vykonu za rtznych
provoznich podminek. Vyzkum také zkoumd vliv tuhosti dosedaci plochy hlavy valci na
opottebeni sedel ventilli a zkouma4, jak riizné geometrie a materidly dosedacich ploch ovliviiuji
zivotnost ventild a sedel. Kromé toho je vénovana sekce vyrobnimu procesu hlav valct, véetné

mrazeni sedel ventill pfed instalaci, coz je klicova ¢ast vyrobniho postupu pro montéaz hlav valct.

Daéle studie zkouma vliv kryogennich teplot na fyzikalni vlastnosti materialii pouzivanych
pro aplikace sedel ventilti. S ohledem na vyzvy spojené s plynnymi palivy a jejich vliv na sedla
ventill, studie zkouma samomazné supermateridly pouzivané konkurenty. Zaroven vyviji
technologii cenové efektivniho zpracovani litiny, aby se zlepSily jeji fyzikdlni vlastnosti

srovnatelné se super-slitinami, které pouzivaji konkurenti.

Provadi se tribologické testovani k porovnani materidlovych vlastnosti nejvétSich vyrobcti
motorti na svété, hodnoti vykon a odolnost za simulovanych provoznich podminek. Vyzkum
pfispiva k porozuméni chovani ventilii a sedel ventilli, poskytuje nahledy pro zlepseni vykonu a

zivotnosti plynovych motort v aplikacich alternativnich paliv.

Klic¢ova slova:

Spalovaci motory, Ventily, Sedla ventilli, Vedeni ventilli, Kobaltové materialy, Kryogenni Giprava,
Tepelné zpracovani, Hlava valcl, Tribologické testovani, Alternativni paliva, Plynové motory,

Samomazné materidly, Litina, Superslitiny, Vlastnosti materialu, Stelit.
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LIST OF USED ABBREVIATIONS

Unit Symbol Meaning

AGI [-] Austempered Grey Iron

ADI [-] Austempered Ductile Iron

ASTM [-] American Society for Testing and Materials

BCC [-] Body-Centered Cubic

CaGl [-] Compacted Graphite Iron

dAF [-] Lower ausferite

EDI [-] Electrical Discharge Machining

FCC [-] Face Centered Cubic

GCI [-] Grey Cast Iron

hAF [-] Upper ausferite

HB [-] Material hardness according to Brinell

HCP [-] Hexagonal Close Packed

HB [-] Material hardness according to Brinell

HRC [-] Material hardness according to Rockwell

h-BN [-] Hexagonal Boron Nitride

NCI [-] Nodular Cast Iron

NbC [-] Niobium Carbide

PM [-] Powder metallurgy

wC [-] Tungsten carbide

AC [A] Alternating Current

Br [T] Residual magnetism

Bs [T] Saturation induction

CL [m.s?] Speed of propagation of longitudinal wave in cast iron
Cuo [m.s?] Speed of propagation of longitudinal wave in steel
Cr [m.s?] Speed of propagation of transverse wave in cast iron
DC [A] Direct Current

E [MPa, GPa] Young's modulus

Eor [MPa, GPa] Theoretical Young's modulus
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Fp
Fn
Ft
Ho
Hc
Hr
Ir
Lr
Lu
M
N
Rpo.2
Rm

Hd
MUs

—

Vp
Wt

Zi
Zm

Loading force

Pressure force

Friction force

Magnetic pulse size
Coercive force

Magnitude of remanent magnetic field
Remanent polarization

Real distance

Ultrasonic distance

Testing bar mass
Demagnetizing agent

Yield strength

Tensile strength

Shear strength of the material

Ing. Jakub Mréz

Delay of the transformed transverse wave

Dynamic coeficient of friction
Static coeficient of friction
Coeficient of friction

True delay of the transverse wave
Rod volume

Calculated rod volume

Rod volume by immersion
Weight Percent

Ultrasonic impedance

Ultrasonic impedance of inclusion

Ultrasonic impedance of matrix
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RESEARCH OBJECTIVES

This study focuses on addressing several issues related to valves and valve seats in internal
combustion engines. The study aims to analyze the materials used for valves, valve guides, valve
seats, and valve hard-facing, focusing on their properties and performance under different

operating conditions.

Another objective is to examine the effect of cylinder head stiffness on potencial valve seat
wear. The research explores how variations in the geometry of the gasket plate impact the service
life of valves and their valve seats. Additionally, a specific chapter will be dedicated to

manufacturing cylinder heads and freezing valve seats before pressing them into the cylinder head.

Considering the adverse properties of gaseous fuels and the resulting drying out of valve
seats, the study will address using self-lubricating supermaterials commonly employed by
competitors. However, due to the high cost associated with these materials, the work will also
focus on developing new technology for processing cost-effective cast iron. The aim is to enhance
the properties of this material to achieve similar characteristics to the superalloys used by

competitors.

To compare the properties of different materials, tribological testing will be conducted.
The study will assess the performance and durability of the tested materials under simulated
operating conditions. Through these investigations, the research aims to contribute to
understanding valve and valve seat behavior and provide insights into improving the performance

and longevity of gas engines in alternative fuel applications.
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1 INTRODUCTION

Internal combustion engines generally have a relatively short lifespan compared to other
types of engines, such as electric motors. This can have several effects on the costs associated with
engine repair. Increasing the frequency of necessary repairs and maintenance can shorten the life
of engines. This can significantly increase the overall cost of ownership for a vehicle or machine
with an internal combustion engine. In addition, the short lifespan of internal combustion engines
can also make it more difficult to find replacement parts. Because these engines wear out quickly,
the demand for replacement parts may be higher, which can drive up the cost of these parts.
This can make it more expensive to repair an internal combustion engine than it would be to repair

other types of engines.

Efforts to make combustion engines more efficient and reduce their negative environmental
impact lead to the use of alternative fuels. One of the serious problems of internal combustion
engines is the wear of valves and valve seats and their knocking due to insufficient lubrication.
In the original gasoline engines with indirect fuel injection, lead added to gasoline was used to
lubricate these parts. However, the burning of lead turned out to be non-ecological, and therefore,
they began to switch to alternative additives, which accelerated corrosion at high temperatures
during operation. The transition from indirect injection gasoline internal combustion engines to
direct injection and the use of diesel engines saw the development of materials with self-lubricating
properties. Due to the principle of operation of the diesel combustion engine, there is no controlled
washing of the intake valve with fuel, which would lubricate the structural pair valve-valve seat.
For this reason, the original LIAZ diesel engines had special cast iron valve seats with flake

graphite developed by Buzuluk Koméarov under the trade name BX and BY.

The carrier of the lubricating properties of this material is graphite. TEDOM's conversion
of these engines to gas engines created several problems. The combustion temperature of gas
engines is about 200 °C higher than that of diesel engines, which causes an increase in
the temperature of valves and valve seats. The valve seats are not able to remove the heat from
the valves. The valves overheat and degrade. The original cast-iron seats of diesel engines, when
running on alternative fuels, have poor resistance to thermal corrosion and are subject to high wear,
which causes a very short service life. Furthermore, gas as a fuel has very poor lubricating
properties. It dries out the valve seats and thus promotes valve knocking. For this reason, in the

original LIAZ diesel engines converted to alternative fuels by TEDOM, structural modifications
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such as the replacement of valves and valve seats and the modification of pistons and cylinder
heads had to be made.

The new TEDOM gas engines use bimetallic valves with a cobalt weld on the seating
surface. Stellite 6 and Stellite 12 were used for the intake and exhaust seats. However, in operation,
it turns out that some engines are subject to knocking off the intake valves. Knocking is random,
with no connection to the fuel used (natural gas, biogas) or operating performance. This work is
devoted to valves and valve seats. Their materials, the materials used for the valve seats, and
the materials of the valve overlays. It investigates the reason for valve knocking and the effect of
cylinder head stiffness on valve seat wear. It describes the influence of the geometry of the seating
surface on the service life of valves and their seats.

Due to the negative properties of gaseous fuels and thus the drying out of the valve seats,
the competition uses self-lubricating super materials, the production of which is financially
demanding, and therefore in the final chapters of the work, we pay attention to the development
of a new technology for processing cheap cast iron with globular graphite, which acquires
the properties of the superalloys used by the competition. We will use tribological testing to

compare the properties of these materials.

2 VALVE USED IN COMBUSTION ENGINES

In a combustion engine, valves are used to control the flow of air and fuel into the engine's
cylinders, as well as the exhaust gases that are produced during the combustion process. There are
typically two types of valves in an internal combustion engine: intake valves and exhaust valves.
The intake valves are located in the cylinder head, and they open to allow air and fuel to enter
the cylinder. The intake valves are typically controlled by a camshaft, which uses lobes to open
and close the valves at the appropriate times. The exhaust valves are also located in the cylinder
head, and they open to allow the exhaust gases to escape from the cylinder. Like the intake valves,

the exhaust valves are typically controlled by the camshaft.

The opening and closing of the valves is an essential part of the engine's operation, as it
allows the air/fuel mixture to be compressed and combusted in the cylinder, and it allows the
exhaust gases to be expelled from the engine. This process is known as the "four-stroke cycle,”

and it occurs in most internal combustion engines. [1 - 3]
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The Intake and exhaust valves of the internal combustion engine are precision components
for sealing the intake and exhaust channels, which are used to control the gas exchange process.
They are designed to seal the working space of the cylinder from the outside. Intake valves, which
are less thermally stressed, are cooled by fresh gases that flow around them. In contrast, exhaust
valves are exposed to high thermal stress and chemical corrosion during the exhaust cycle. Both
types of valves, are therefore manufactured from different materials suitable for their function.

The most important parts of the valve are shown in Fig. 1. [1 - 3]
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Fig. 1 Main part of valve [1]
Distribution of valves are divided into three main groups: [1 - 3]

1. Mono-metal valves
2. Bimetal valves

3. Hollow valves
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2.1 Mono-metal valves

Monometallic valves Mono-metal valves can be produced by both the hot extrusion process
and the tamping process. The starting point for hot extrusion is a rod part with a diameter of about
2/3 of the diameter of the finishing head and a length corresponding to the volume of the finished
blank. The induction-heated blank is forged on a press. During tamping, a ground rod section,
the diameter of which is slightly larger than the diameter of the valve stem, is heated at one end

and tamped into a "flask”, which is then formed into a valve head in a forging die. [1 - 3]

2.2 Bimetallic valves

Bimetal valves enable an optimal combination of materials for the valve stem and head.

Preferred material pairs are listed in Tab. 1

Tab. 1 Example combination of materials for bimetallic valve [1]

Norm Valve head Valve stem

EN 100 90 X53CrMnNiN219 X50CrMnNiNbN219 NiCr20TiAl X45CrSi93

The materials are welded together using friction welding, which ensures a perfect
connection of the materials. The weld to the head is positioned so that when the valve is closed, it
is halfway up the valve stroke inside the valve guide. The static tensile strength in the weld is
approx. 90% of the weaker material partner. Considering the normal statistical variance, a tensile
strength of 700 N/mm? can be assumed for the weld. Bimetallic valves can be welded to the seat

part with wear-resistant carbide. [1 - 3]

2.3 Hollow valves

Hollow valves represent a special type of construction. They are used for many reasons,

both on the intake side and on the exhaust side. The reasons for using hollow valves are: [1 - 3]
e Temperature reduction, especially in the valve head area.
e Weight reduction.

When hollow valves are used, about 60 % of the cavity volume is filled with sodium metal.
Sodium melts at 97.5 °C and has a density of 0.97 g/cm?. The liquid sodium undergoes a "shaker"
in the valve cavity depending on the engine speed, thereby transferring heat from the valve head

to the stem. Here, the temperature reduction is greater, the better the heat transfer through the valve
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guide to the cylinder head. This means that long and well-cooled valve guides with as tight
clearances as possible improve the efficiency of hollow valves. Research has shown that
a temperature reduction of 80 °C to 150 °C can be achieved in this way. An important quality
feature of hollow valves is the cleanliness of the cavity. If moisture, such as water or oil, reaches
the sodium in the cavity, a chemical reaction will occur during production. This results in very
high gas pressures that can cause dangerous static valve bias and premature failure. Another
disadvantage of this chemical reaction is the formation of oxide layers on the wall of the cavity.
As is well known, oxide layers are characterized by high resistance to heat conduction and reduce
the heat flow from the cavity to the cylinder head with increasing thickness. At the same time,
the proportion of nitrogen in the cavity is transformed into a compound with a low dissociation
pressure. Thanks to this, the gas pressure is significantly reduced, which allows free movement of

sodium and thereby optimizes heat transfer. [1 - 3]
There are a few types of hollow valves: [1 - 3]

e "Single tube" type represents the lowest price option. A solid cap is attached to the shank,
which is drilled from the end by friction welding. The end of the shank is hardenable.

e Extruded valve This variant is significantly more expensive to manufacture than the above
type. The base shank is also drilled from the end. The bore is closed by induction heating
the end of the shaft with a larger diameter and subsequent forging. The stem end is
connected by friction welding. The advantages of this type of valve are a larger cavity
through a larger bore, greater weight savings, and increased strength during friction

welding.
e Hollow head valves are mainly used in high-performance engines and strategic engines.

The hollow head valve represents the optimum for weight reduction and heat dissipation
from the center of the valve head. Due to the high production costs, this is an expensive option.
Unlike the above types, these valves are drilled and machined from the head side. The opening
is closed by inserting a cover through a special process. Valves of this type are mainly used

in motorsport. [1 - 3]
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2.4 Characteristics of the valve head

The requirements for valve head design are quite conflicting. The valve head must be rigid
enough to withstand mechanical stress even at high temperatures and not deform, while it must
also be flexible to adapt to even a slightly deformed seat. Fig. 2 shows the requirements for a raw

valve head (the normal case for intake valves in gasoline engine vehicles).

4

A

Fig. 2 Roughness prescription on the standard valve head [1]

Fig. 3 shows the requirements for the machined lower part of the valve head. This is
a standard type of exhaust valve with a hard surface. It is also used when the distance between the

piston and the valve is less than 2 mm.

50,5 .
—-———«-’-ﬁ'—ﬂ— 0.5/
6 3 { fa g > |
V / / @

Fig. 3 Roughness prescription on the machined head with hard facing [1]

In order to achieve the maximum possible safety against surface defects in the area of
the valve head, the valves of high-performance engines are machined as standard in the area under
the head. The goal is to remove possible defects in the forging in the edge layer caused by heat

treatment Fig. 4.

Fig. 4 Roughness prescription on the forged valve head [1]
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Where valves have a stem diameter of less than 6 mm, the valve head is generally fully
machined for strength reasons. This case is shown in Fig. 5.

Fig. 5 Roughness prescription on the entire machined valve head [1]

The contact surfaces of the valves are heavily stressed by both thermal and chemical
corrosion. As a rule, they are therefore welded with special alloys, wear-resistant and corrosion-

resistant materials. Materials are detailed in chapter 2.6.

2.5 Valve head modifications to increase reliability

Hardening of the contact surface of the valve head by induction hardening of the seat, as
shown in Fig. 6, can reduce the wear of intake valves made of martensitic materials. In order to
keep the hardness reduction of the induction hardened valve seat within acceptable limits, care
must be taken not to exceed valve temperature values of 550 to 600°C. An alternative option to

increase the service life of the valve is the use of a hard metal weld on the seating part. [1 - 3]

|
|

4 C—
I

[

Fig. 6 Hardened valve head on the left side and hard facing on the valve head on the right side [1]

2.6 Valve materials

The material used for valves in internal combustion engines depends on several factors,
including the type of engine, the operating conditions, and the desired performance characteristics.
In addition to geometry, the choice of suitable material also significantly influences the correct
design of the valve. Valves are the most stressed parts of an internal combustion engine, both
mechanically and thermally. The valves are exposed approx. Two hundred million load cycles

during the life of the engine. Valve material requirements include adequate high-temperature
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fatigue strength, wear resistance, high-temperature corrosion, oxidation resistance, and resistance

to corrosive elements deposited as combustion residues, primarily on exhaust valves. [1 — 3, 9]

The high thermal stress, especially on the exhaust valves, requires that the valves will be
made of special steels that do not lose strength and hardness at high temperatures, have high-notch
toughness, and resist the corrosive effect of combustion products, the effect of which increases
rapidly with increasing temperature. The steel must also not be self-hardening. Valve steels are
also required to have good thermal conductivity and resistance to tanning (formation of scales).
Sufficient hot formability and satisfactory machinability must also be required for economical
production. In Tab. 2 are summarized the standard materials used for valves, their applications,
chemical composition, and selected physical properties. In Tab. 3 are summarized the standard

materials used as hard facing for valves. [1 — 3, 9]
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Tab. 2 General table of materials used for valves [1]
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Materials
Marking of
the material 1.4718 1.4748 1.4871 1.4882 1.4785 2.4952
EN 100 90
Marking of
the material | X45CrSi93 | X85CrMoV182 | X53CrMnNi | X50CrMnNiNb | X60CrMnMo | NiCr20TiAl
EN 100 90
Business name | Cr Si-Steel Cromo 193 21-4 N LV 21-43 ResisTEL Nimonic 80 A
Aplication
Intake and
Intake and exhaust valve
Intake exhaust Intake and o
. with high hot
valve valve with | exhaust valve
Intake valve . S strength, .
under . increased | with increased . Very high load
under increased fatigue
normal - hot strength | hot strength . exhaust valve,
load, increased . . resistance
load, stem resistance to corrosion corrosion and corrosion motorsport
for resistance, resistance, - valves
. . wear resistance,
bimetallic exhaust exhaust valve
8 truck exhaust
valves valve with for trucks valve without
stellite weld .
welding
Chemical composition wt%
C 04-05 0.8-0.9 05-0.6 05-0.6 0.6-0.7 <0.1
Si 27-3.3 <1.0 <0.3 <0.5 <0.3 <1.0
Mn <0.8 <15 8.0-10.0 8.0-10.0 95-115 <1.0
Cr 8.0-10.0 16.5-18.5 20.0-22.0 20.0-22.0 20.0-22.0 18.0-21.0
Ni <0.5 - 3.3-45 3.5-5.0 <15 Balance
Mo - 20-25 - - 08-1.3 -
W - - - 08-1.5 - -
V - 0.3-0.6 - - 0.8-1.0 -
Co - - - - - <2.0
Al - - - - - 1.0-1.8
Ti - - - - - 1.8-27
Nb/Ta - - - 1.8-25 1.0-1.2 -
N - - 0.4-05 0.4-0.6 0.4-0.6 -
S <0.03 <0.03 <0.03 <0.03 <0.03 <0.015
P <0.04 <0.04 <0.04 <0.04 <0.04 <0.02
Fe Balance Balance Balance Balance Balance <3
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Strength and hardness

Rm [N/mm?] 1100 -1350 | 1000-1200| >1000 | >950 | >1000 >1000
Rpo2 [N/mm?] 750 800 600 580 800 900
A 12 8 8 12 8 15
Rp 0.2 % [N/mmz]
500 °C 400 500 350 340 500 800
600 °C 240 280 300 310 450 780
700 °C 80 120 250 260 400 750
800 °C - - 200 220 350 550
900 °C - - - 120 - 360
Hardness
Valve stem HRC >56 >50 - - - -
Contact surface valve head HV 30| > 500 > 480 >30 >30 >32 >38
Tip face HV 30 > 550 >490 - - - -
Physical properties
Density [g/cm?] 7.6 7.8 7.8 7.9 7.8 8.17
Thermal conductivity [W/cm . K] 0.210 0.210 0.147 0.147 0.147 0.122
Coef. thermal expansion [L/K]at | 13, 106 | 12x10° |185x10%|19 x 109|18x 10°|  15.1 x 10°

20 - 800 °C
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Tab. 3 Most common material used for hard facing [1]
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. . P37 P37S P82
Materials of coating 5 5 P39S P 25
Stellite F | Stellite FS X 782
Application method Flame Plasmaarc | Plasma arc Plasma arc Plasma arc
Characteristics
Maximum For intake and
hardness
. . For exhaust exhaust valves
Maximum | Maximum when hot, . . -
heat heat increased valves in in petrol engines
. unleaded in unleaded
hardness hardness resistance to operation and operation. for
and wear and wear | oxidation and perat P '
resistance | resistance | corrosion at for intake intake and
valves exhaust valves
elevated L 3
in diesel engines
temperatures
Composition [%]
C 1.75 1.75 2 0.9 0.6
Si 1.1 1.1 <0.5 <04 <04
Mn - <0.3 <05 10.0 10.0
Cr 25.5 28.0 26.0 27.0 25.0
Ni 225 225 Balance 12.0 10.0
Co Balance Balance <0.3 - -
w 12.3 12.3 8.5 - -
Fe <14 <14 <40 Balance Balance
Mo - - - 5.5 3.0
Nb/Ta - - - 2.5 2.0
Material base Cobalt base | Cobalt base | Nickel base | Iron foundation | Iron foundation
Hardness >40 >40 >32 >39 >32
Density [g/cm®] 8.5 8.5 9.1 7.9 7.9
Coef. thermal
expansion [1/K] at | 13.9 x 10° | 13.9 x 10° | 14.8 x 10°® 17.2 x 10°® 17.3 x 10°®
20 - 800°C
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2.6.1 Ferritic-martensitic valve steels
In the group of martensitic, i.e., hardenable valve steels, there are materials:
e X 45CrSi93(CrSi)
e X 85CrMoV 182 (ChroMo)

X 45 Cr Si 9 3 is the standard material for monometallic intake valves and is used
exclusively as a bimetallic valve stem material. As a standard, it is refined to 1100 N/mm? to
1350 N/mm?. [1]

X 85 Cr Mo V 18 2 is a high alloy steel used to manufacture intake valves where the level
of mechanical and thermal stress is too high for the use of Cr-Si material. Better mechanical

properties result from many finely dispersed carbides in the matrix. [1]

2.6.2 Austenitic valve steels

Austenitic Cr-Mn steels have proven to be the best economical solution. The material
X 53 Cr Mn Ni N 21-9, considered a classic exhaust valve material, is also used for hollow valves.
In X 50 Cr Mn Ni Nb 21-9 and X 60 Cr Mn Mo V Nb N 21-10 materials, quantitatively precisely
matched elements such as Nb/Ta and W or Mo, V, and Nb/Ta are present in Cr-Mn the matrix.
These combinations increase the hot strength without having a negative effect on ductility.
The classic heat treatment for these austenitic valve materials consists of solution annealing at high
temperatures followed by cooling in water. The subsequent precipitation hardening—aging
increases the hot fatigue strength and hardness due to the agglomeration of carbide and
carbonitride in the structure. [1 - 3, 9, 31]

2.6.3 Valve steels with a high nickel content

When Cr-Mn steel is insufficient, switching to materials with high nickel content
IS necessary. They are required where maximum operational reliability is required, i.e., increased
service life and resistance to high-temperature corrosion. Typical applications are valves for
aircraft engines, motorsport, and highly turbocharged diesel engines running on heavy oil. With
the nickel-based alloy Ni Cr 20 Ti Al (Nimonic 80 A), the above requirements are met in an ideal
way. However, the price difference from the Cr-Mn group of steels due to the high nickel content

and the difficulty of machining should be pointed out. [1 - 3, 9]
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2.6.4 Ferritic-pearlitic steels

We can include steels without chromium and nickel, alloyed only with silicon. At higher
temperatures, the strength and hardness of these steels decrease compared to other steels used, and
the corrosion resistance is also lower. These steels are easily hardenable. Either the end of
the stem, which is acted upon by the rocker arm or the tappet, is tarnished. Ferritic-pearlitic steels
are good hot formable, and easy to work. They are used for intake and less stressed exhaust valves
up to an operating temperature of 700 °C. Typical examples of these steels are CSN 13 251 and
CSN 17 029. [1 - 3]

2.6.5 Special materials

Demands on valves are constantly increasing. With the introduction of emission limits for
exhaust gases, engine manufacturers are forced to allow more aggressive combustion mixtures.
This increases the combustion temperature, and the exhaust valves are exposed to an increasingly

oxidizing atmosphere.

The ideal technology to meet these requirements is powder metallurgy - PM. For metal
powder production, molten steel of a given specification is used and atomized in an inert gas.
The powder produced in this way is then cold isostatically pressed into billets, which are then
transformed into valve rod material during hot pressing. Another method is the hot isostatic
pressing of the powder into ingots, which are then rolled into bars.

From this moment, valve production takes place in the usual way, i.e., pieces of rod
material are transformed into valve semi-finished products by the forging process. The advantage
of valve materials produced by PM is the quality of the material. It differs from cast ingots by
a finer distribution of elements in the matrix. Following the better distribution of elements, there
is a more homogeneous structure, which positively affects strength and resistance to high-
temperature corrosion. PM can create entirely new alloys that could not be created using
conventional methods. Heat treatment provides an excellent means of influencing and shaping
the technological properties of valve steels, which in turn have a decisive effect on operational

performance. [1 - 3]

2.7 Hard-facing materials for valves

In modern internal combustion engines with high loads, hard facing is already used as

standard on the contact surfaces of the valve heads. It is used to reduce wear and tear. An overview
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of the materials used for coatings is shown with their characteristics, chemical composition, and

selected physical properties. Two hard coating processes are used: [1 - 3]

e A fusion welding process in which the welding rod material is applied using an oxy-
acetylene flame [1 - 3]

e Plasma spraying, in which the powder coating material is melted and sprayed onto
the workpiece. The advantage of this method is that the alloying elements in the powder

can be easily changed, and the process can be fully automated [1 - 3]

2.8 Surface treatment of valves

Ferritic-martensitic steels used for monometallic intake valves (X 45 Cr Si 9 3) have good
sliding properties, and it is not necessary to modify their stem, as they do not tend to jam in
the guide. For bimetallic valves, austenitic steel X 50 Cr Mn Ni Nb is usually chosen as the stem
material, which has worse sliding properties than the valve head material, and the coefficients of
thermal expansion for these materials are different. For this reason, the tendency for valve stems
to wear or rub against the valve guide is higher. Valve surface treatments are used to compensate

for this phenomenon. [1 - 3]

2.8.1 Chrome plating of the valve stem

The chrome coating forms a homogeneous surface of the stem, which is several times
harder than the material of the valve. This results in substantially improved wear and corrosion
resistance. The surface roughness after chrome plating is a maximum of Ra 0.2 (non-chromed
Ra 0.4 max.), which has a very favorable effect on the wear of the valve guide and therefore allows
for minimal play in the valve guide. The chrome coating has a finely branched characteristic
network of cracks that can be widened by high-temperature corrosion and could penetrate the base
material and have a notch effect. Chrome plating should not extend beyond the edge of the valve
guide. [1 - 3]

2.8.2 Nitriding of the valve stem

In addition to chrome plating, which is considered a classic surface treatment of the shank,
plasma and gas nitriding are used in practice. Common to both nitriding processes is that the valves
are exposed to nitrogen emitting media for extended periods of time at temperatures of approx.

500 °C until very hard compounds or diffusion layers form on the surface. Since the diffusion rate
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of nitrogen is low, the valves must be treated for a correspondingly long time to obtain the required
nitriding hardness. Nitride layers about 10 to 30 microns thick are very hard in the surface layer,
about 900 HV 0.025, and thus the layer provides good wear resistance. Nitrided valves are ground,
just like chrome-plated valves. [1 - 3, 100 - 111]

2.9 Seating of the valve in the valve seat

The valve seat diameter is the basis of the valve design. As a rule, the maximum diameter
of the valve seat is used for this. The total thickness of the head is dependent on the specific
combustion pressure and temperature. It is desirable that it be determined by finite element
analysis. It is advantageous if the valve remains elastic enough to follow the deformations of the

valve seat in the cylinder head, which is deformed to some extent by engine operating conditions.

The contact surface of the valve is ground at an angle 0.5° - 1° smaller than the contact
surface of the valve seat. Fig. 7 graphically shows this difference in valve and valve seat sealing

angles. These differences are for the following reasons: [1- 3]

Under operating conditions, the hottest part of the valve is the underside of the valve head,

and this solution allows the valve head to thermally expand.

When the valve is very hot, the spring load can cause a slight bowing of the head which
can lift the inside edge of the valve seat (closest to the combustion chamber) of the valve seat insert

if the cold angles are the same.
Reduces the risk of catching combustion particles between two contact surfaces.

The sealing apex angle for spark-ignition and diesel engines is usually 90°. Petrol engines
working on alternative fuels (CNG, et al. gas) have a main angle of 120°. This difference is due to
the higher combustion temperature and the need to increase the contact surface of the valve and

the seat, and therefore to dissipate more heat into the valve seat. [1 -4, 97 -105]
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Fig. 7 Differences in valve and valve seat seal angles [3]

2.10 Valve clearance

Individual components of the internal combustion engine expand more or less (depending
on the type of material used), and there is a need for a valve clearance in the valve train or
a hydraulic limitation of this clearance. The valve clearance of the valve train is defined in such
a way that, with a fully warmed-up engine, reliable seating of the valve in the valve seat is ensured.
The valve clearance setting is greater for the exhaust valve than for the intake valve, according to
the engine manufacturer. With the OHC (Over Head Camshaft) distribution, the valve clearance
is set with an adjustment screw on the rocker’s arm, where the appropriate valve clearance setting
is checked with a caliper inserted between the valve stem and the rocker’s arm. If it is an OHC
distribution, where the cam acts directly on the tappet, the clearance is adjusted by inserting spacers
between the tappet and the cam. According to the regulations of the engine manufacturers, the
valve clearance is set in the range from 0.1 mm to 0.5 mm, while its observance is important for
the flawless operation of the engine. The definition of valve clearance is similar to the OHV
(Over Head Valve) distribution, where the clearance is adjusted directly on the rocker’s arm.
Another option is self-limiting the valve clearance using hydraulic tappets. [1 - 4, 97 — 111, 116 -
119]

If the valve clearance is small, the valve opens earlier and closes later. This results in
insufficient heat transfer from the valve head to the valve seat and can result in insufficient valve
closure, reduced power, increased consumption, or even valve burnout in a hot engine. For diesel
engines in the winter, starting the engine worsens due to the loss of compression pressure. If the
valve clearance is too large, this setting leads to higher engine noise and higher mechanical stress.
In addition, the valve opening time is shortened, as the valve opens earlier and closes later, which
leads to a reduction in the mass filling of the cylinder and a reduction in engine power. [3, 97 -
105]
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2.11 Valve dynamics

The geometry of the cam defines the theoretical movement of the valve. Valve travel is
modified due to the finite weight and stiffness of the elements in the valvetrain. Movement can be
divided into 5 phases: [3, 97 — 111, 116 - 119]

Stage 1: Before the valve starts to move, the clearance between the rocker arm and the valve
stem must be defined. This clearance ensures that the valve can sit in the seat under all
operating conditions. The cam is designed to provide an initial constant speed to
control the shock stresses as the clearance runs out. The impact speed is usually limited

to 500 mm/s at rated engine speed.

Stage 2: During the second phase, the cam accelerates the valve. The cam will give the valve
a constant acceleration, sine, polynomial, or spline function that will cause

the acceleration to rise from zero to a maximum and then fall back to zero.
Stage 3: Deceleration is controlled by the valve spring.
Stage 4: The final deceleration is controlled by the cam.

Stage 5: The cam is designed to provide a constant closing rate to reduce valve slam into
the valve seat. This impact velocity value should not be greater than 2 m/s. The actual
movement of the valve is modified by the elasticity of the components in the valve

train.

Theoretical valve motion

Actual valve motion

Valve lift

Valve bounce

\

Time

Fig. 8 Comparison of actual and theoretical valve movement [3]
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A comparison of actual and theoretical valve movement is shown in Fig. 8. Valve bounce
can occur if the stroke speed is too high or if the valve spring preload is too low. Valve seat bounce
causes a reduction in engine power rating and, over time, can cause valve burn if this bounce is
present on the exhaust valve. [3, 97 — 111, 116 - 119]

Combustion generates cyclic stresses peaking above 200 MPa on the underside of the valve
head in Fig. 9. The magnitude of the stress is a function of the combustion pressure. The voltage
is higher in diesel engines than in petrol engines due to higher combustion pressures. [3, 97 — 111,
116 - 119]

400

Stress [MPa]

TTTTTTT1

Combustion pressure

Valve seat
Valve

Fig. 9 Magnitude of the stress in valve during combustion cycle [3]

When the valve hits the valve seat, cyclic stresses act on the joint of the valve stem and
the valve head. If thermal deformation of the cylinder head has caused misalignment of the valve

and valve seat, seating will occur at a single point of contact, as shown in Fig. 10 on the right.

A

< v 4

Ideal seating Off — Axis seating due to no concentricity

_________ Axis of valve

Axis of valve seat

Fig. 10 Graphically shown correct and off-axis valve seating [3]
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Bending stresses due to this point contact increases the load on the valve seat and the valve
itself. As a result of the point contact, optimal cooling does not occur, local overheating of the
valve may occur, and the valve and seat may subsequently catch fire. Fig. 10 on the left is
an illustration of the optimal seating of the valve in the seat. In this case, the contact between
the valve and the valve seat is circular. [3, 97 — 111, 116 - 119]

2.12 Valve temperatures

75-80 % of the heat flow from the valve is dissipated through contact with the valve seat,
while the remaining heat is conducted through the valve stem, into the valve guide, and
subsequently transferred to the cylinder head and engine coolant. Efficient heat transfer to
the valve seat and cylinder head is crucial. In Fig. 11. the thermal gradient from the center of the
valve head to the coolant in the cylinder head is shown. It shows a large temperature difference at
the seat interface. Heat transfer can be affected by valve bounce. However, the effect of deposits
on the valve seat is much more significant. If deposits build up on the valve seat, this may not only
lead to an increase in the temperature of the valve, but it may also break off locally and create

an escape path leading to the chute and so-called valve burning. [1 -3, 9]
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Fig. 11 Diagram of heat distribution from the valve to the cylinder head [3]
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2.13 Failure of valves

Valve knocking or recession in Fig. 12 is the most common intake valve wear. High
temperatures and a corrosive process usually cause deposits on the sealing surface. Combustion
can be initiated by the hot side of the valve head, causing premature ignition or abnormal

combustion.
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Fig. 12 Schematic illustration of a knocked valve [3]

Intake valve wear is a particular problem in diesel engines because the fuel is fed directly
into the cylinder. The intake valve is, therefore, not lubricated with any lubricant, and the valve
seats are operated under relatively dry conditions. This problem is also typical for engines working
on alternative fuels (most often CNG, LPG, and Biogas), which, in comparison with conventional
fuels, have no lubricating properties. Knock wear on exhaust valves is less pronounced than wear
on intake valves. Combustion products deposited on the exhaust valve seating surfaces ensure
relatively good lubrication (carbon deposits - carbon). Exhaust valves are more likely to fail due
to dripping or burning. Such malfunctions are rarely seen with intake valves, also because
the intake valve is cooled by flowing fresh air when the working filling is changed. Valve knocking
occurs when the valve contact and the valve seat insert are worn. Knocking changes, the relative
position of the valve with respect to the cylinder head and timing mechanism. Engines are usually
designed to tolerate a certain amount of valve knock - this effect is compensated for by valve

clearance. Therefore, it is important to check and adjust this clearance on engines that do not have
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automatic valve clearance. If the valve cannot seat properly, combustion pressure will be lost, and
the hot exhaust gases that escape will cause the valves to burn or burn out, quickly leading to
engine failure. [3, 4, 83, 97 -105, 108]

2.14 Causes of valve knocking

Valve knocking is caused by the loss of material from the valve seat or the valve itself.
This occurs gradually over a large number of operating hours. Sometimes there is material loss on
the valve seat side, and sometimes the material loss is greater from the valve head. The nature of
weight loss is still not clearly understood, although we know that the knockdown can occur through

the following mechanisms: [3]

e Metal abrasion
e Adhesion mechanisms

e High temperature corrosion

Knocking problems can be caused by valve grinding due to uneven seating, as contact
pressure varies inversely with contact area. Incorrect valve seating can be caused by the cylinder
head and its deformation due to thermal effects. Thermal effects are often associated with
the construction of cooling channels in the cylinder head near the valve seats. Modern internal
combustion engines try to avoid this phenomenon by using natural or artificial rotation of
the valves around their axis. This rotation helps to distribute the heat more evenly to the valve seat
and thus extends the life of this structural pair. [1 - 4, 83 - 87]

2.15 Analysis of forces on the valve — valve seat interface

The main wear factor is the sliding friction between the valve and the valve seat caused by
the "wedging" of the valve into the seat due to gas pressure. The force that wedges the valve into
the seat is greater than the sliding force, or rotary, which rotates the valve around its axis. If,
due to the deformation of the cylinder head, uneven seating of the valve in the seat occurs, uneven
cooling will occur. Frictional movements are the result of the elastic bending of the valve and the
working surface of the cylinder head due to combustion pressure. The force acting on the valve
seat consists of a component of the inertial force of the valve train - the force due to acceleration
when the valve hits the seat and forces acting on the valve, such as spring pressure and gas pressure

force when the valve is seated in the seat. This force can be divided into two components:
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Fig. 13 Psin0 parallel to the seating surface and Pcos0 perpendicular to the seating surface.
If the Psinf component exceeds the shear stress of the valve seat materials, plastic shear
deformation of the surface material may occur. This can lead to the formation of cracks and,
eventually, after repeated loading, to the breaking off of particles from the surface. Debris can
either be blown away by the gas stream when the valve opens or remain on the landing surface.
[2-4,83-87,108]

Psing
Peosd SEATING FACE

VALVE SEAT

Fig. 13 Force distribution on the valve seat [3]

Micro debris from the landing surface can: [3, 97 -105, 108]

e Prevent complete sealing of combustion gases.
e Lead to increased valve temperature due to reduced seat contact area.
e Lead to abrasive wear of the seating surfaces as the valve slides over the seat insert (if there

are microchips of hard material).

The use of a smaller apex angle for the bearing surface is also suggested to reduce surface
shear stresses. Reducing the seating angle from 90° to 120° decreases the shear force component
(Psin@) by approx. 29 %, but the normal force component (Pcosf) increases by approx. 22 %.
If the Pcos® component exceeds the yield strength of the material in compression, it may fail in
amanner known as knocking. Therefore, the reduction of the sealing angle, hardness, and
toughness of the material is compensated. Valve knocking can occur by systematic "gouging" of
a deformed valve seat due to uneven seating. Deformation of the seat can lead to the formation of

concentric ridges on the valve seat, which can be "single wave" or "multi-wave". [3, 4, 83 -87]
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2.16 Effect of engine operating parameters

The intake valve temperatures are not high enough to cause significant corrosion or thermal
fatigue disorders. Such failures are far more likely to occur with exhaust valves. However, studies
of intake valve failures lead to the conclusion that deposits on the intake valve seat (formed by
engine oil and fuel) reduce heat transfer from the valve head, resulting in loosening and reduced
hardness. As a result, some valves have suffered failures due to thermal fatigue-induced radial
cracking of the seating surface. The temperatures that occur on exhaust valves and valve seats do
not cause any significant reduction in mechanical properties, and therefore temperature does not

have a major effect on exhaust valve wear. [1, 3, 116 - 119]

2.17 Valve lubrication on the interface with the valve seat

Engine lubricants reduce valve and valve seat wear. For intake valves, liquid film
lubrication is the most dominant because temperatures are usually not high enough to volatilize
the lubricating hydrocarbons and additives. However, exhaust valves are largely lubricated by
solid films formed at higher operating temperatures, oil additives of ash compounds such as
alkaline earth and other metals, oxides, sulfates, and phosphates (e.g., calcium, barium,
magnesium, sodium, zinc, and molybdenum). Very thin films of metal oxides are beneficial in

reducing valve wear. [1, 3, 4]

2.18 Valves used by TEDOM

The TEDOM company uses in its engines an intake and an exhaust valve of bimetallic
construction produced by the company TRW. The valve head is made of material
X 53 Cr Mn Ni N 21 9. Both valves have a hard metal weld on the seating surface made of P37S
material. The stem of both valves is chrome-plated. [Internal TEDOM documentation, 1]

3 VALVE SEATS USED IN COMBUSTION ENGINES

Valve seats are integral components found within internal combustion engines in cylinder
heads, establishing a reliable seal between the valve and the cylinder head, and are typically
composed of robust materials. They are designed to withstand the extreme temperatures, pressures,
and mechanical strains of engine operation. The role of valve seats is crucial as they contribute to
the prevention of leaks and enable the valves to establish an effective seal against the cylinder

head. This is essential for optimizing combustion efficiency and ensuring the engine's overall
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performance. Valve seats often pose challenges in internal combustion engines and may

necessitate replacement or repair in the event of damage or wear.

The valve seat, formed at the begining of the intake or exhaust channel into the cylinder's
combustion chamber, must be shaped so that the combustion chamber is perfectly sealed when the
valve seats into seat. In addition to sealing, however, the seat has an even more critical task with
the exhaust valve - removing the most significant part of the heat from the valve head. Therefore,
a good metal contact between the seat and the valve and between the seat and the cylinder head is
necessary. However, the wider the seat of the valve in the seat, the more difficult it is to achieve
the seating of the valve in the entire surface, and the more difficult it is to adapt the seating surface
of the valve to the surface in case of manufacturing inaccuracies or deformations during operation.
For good contact and perfect sealing, choosing the valve seat as narrow as possible would be

desirable. Between these extremes, a suitable optimum must always be found.

If the cylinder head is made from cast iron, the seat can be made directly in cast iron. It is
not possible if the mechanical stress is within the limit where the hardness of the cast iron is no
longer sufficient. It is said that unique seat rings, so-called valve seats, should be used for more
excellent thermal or mechanical stress. Similarly, valve seats are chosen for cylinder heads made
of aluminum alloys. Inserting seats made of a unique material always worsens heat dissipation,
which must pass through a greater thickness of the material, and worsens heat transfer between the
valve seat and the head itself. However, valve seats reduce the effect of head deformation on valve
tightness. The deviation of the alignment of the seat and the valve guide must be in the range of
0.02-0.03 mm. The perpendicularity deviation against the seat's plane should not be more
significant than 0.05/100 mm. The most common shape of valve seats is cylindrical with a
rectangular cross-section. The valve seat is pressed into the hole in the cylinder head at room
temperature or frozen in solid carbon dioxide (dry ice) or liquid nitrogen before being inserted into
the head. The overlap of the seats with the head is 0.02 — 0.1 mm. [1 - 4, 86, 97 - 105, 111]

The processing of the outer diameter of the seats must be as smooth as possible and without
a wavy surface so that it fits nicely into the hole in the head and that the transfer of heat is as
perfect as possible and uniform over the entire circumference. For the valve seat not to be deformed
by tension during pressing, which increases even more during operation by expanding the seat, it
must have sufficient thickness. Seats inserted into cylinder heads made of light alloys (most often

silumin) must have properties adapted to this material, especially expansion. [1 - 4, 97 -105, 111]
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Aluminum and beryl bronze have proven to be suitable for medium-duty engines. Cobalt

alloys, on the other hand, are used for highly stressed engines. The most modern trend in the

production of valve seats is the use of powder metallurgy. According to the number of uses of

the material, seats made with the help of PM can be divided into three basic groups:
[1-4,97-105,111]

a)
b)

c)
a)

b)

Monometallic
Bimetallic

Trimetallic

Monometallic valve seats are made from a single layer of metal, typically steel or stainless
steel, chosen for their strength and wear resistance. The monometallic valve seat
is typically machined to a precise shape and size, allowing it to form a tight seal against
the valve when installed in the engine. The seat is also typically hardened to improve its
wear resistance and durability. When the engine operates, the monometallic valve seat
expands and contracts with the temperature changes. This allows the valve seat to maintain
a tight seal against the valve, even as the temperature and pressure in the engine fluctuate.
Overall, monometallic valve seats are a durable and cost-effective solution for sealing
valves in internal combustion engines. They are often used in lower-performance engines,
where they can provide reliable sealing without the need for more expensive materials
or manufacturing processes. [1, 97 - 105, 111]

Bimetallic valve seats are made from two layers of different metals that are bonded
together, typically with a layer of soft metal, such as lead, copper or tin, between the two
layers. The two metal layers in a bimetallic valve seat are chosen for their different
characteristics. The outer layer is typically made from rugged and durable metal, such as
steel or stainless steel, which provides strength and wear resistance. The inner layer is made
from a softer metal, such as lead, tin, or copper, which provides a more conformal and
flexible seal against the valve. Bimetallic valve seats are a durable and effective solution
for sealing valves in internal combustion engines. They are often used in high-performance
engines, where they can withstand the extreme temperatures and pressures found in these
applications. [1, 97 -105, 111]

Trimetallic valve seats are made from three layers of metal, which are bonded together to

form a composite material. The three metal layers in a trimetallic valve seat are chosen for
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their different characteristics. The outer layer is typically made from rugged and durable
metal, such as steel or stainless steel, which provides strength and wear resistance.
The middle layer is made from a softer metal, such as lead or tin, which provides a more
conformal and flexible seal against the valve. The inner layer is made from a metal resistant
to high temperatures, such as cobalt or chromium, which helps prevent the seat from

deforming or melting under extreme operating conditions. [1, 97 -105, 111]

Valve seats made by powder metallurgy can be well-shaped geometrically, and as a rule,
a division of the seat material into two is chosen in a horizontal plane, where the part in contact
with the valve is made of a complex and wear-resistant material, and the other half of the seat
is made of a rigid material with good thermal conductivity. The precisely assembled valve seat is
the subject of trademarks and patents of all current engine manufacturers. [1, 97 -105, 111]

3.1 Materials used for valve seats

The most common materials for valve seats are steel, alloys, Ceramics, Powder metallurgy,
and Cast iron. Steels, such as martensitic and austenitic steels, are known for their high strength
and durability but can be brittle and prone to cracking at high temperatures. Alloys, such as cobalt
and nickel-based alloys, e.g., Stellite, have high wear resistance and good thermal stability, making
them suitable for high-temperature applications. Ceramics, such as silicon nitride, are known for
their excellent wear resistance and high-temperature stability but are brittle and difficult to
machine. [1, 97 - 111]

Recently, there has been an increasing interest in using new materials, such
as intermetallics and nanocomposites, for valve seats. These materials offer improved wear
resistance, thermal stability, and corrosion resistance, making them suitable for high-performance

engines.

The most widespread material for the production of valve seats was cast iron.
The properties of cast iron are well suited for this application for the following reasons:
[1, 60,97 - 111]

e Good damping properties
e Good lubricating properties
e Low production costs

e Good machinability
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e Good thermal conductivity

However, cast iron seats produced by conventional methods had low wear resistance and
hardness compared to super cast irons, so they began to be replaced by superalloys or materials
produced using PM. Valve seats are currently manufactured from many materials and surface
treatments. The use of materials depends on the specific manufacturer and application.
[1,83-87,97-111]

3.2 Cobalt alloys used for valve seats

Cobalt-based alloys, specifically Stellites, are categorized as superalloys. These alloys
possess exceptional mechanical and tribological properties, including high hardness and strength,
excellent resistance to adhesive and abrasive wear, and remarkable resistance to cavitation and
erosion. Stellites find extensive application across various industries, particularly in scenarios
demanding superior wear resistance in non-lubricated systems operating at elevated temperatures.
Stellite alloys encompass a range of cobalt and chromium alloy compositions. They may also
contain tungsten or molybdenum and minor (< 3 wt %) but essential amounts of carbon. Therefore,
Stellite alloys are generally strengthened by the precipitation of carbides in a cobalt solid solution

matrix.

Many of the properties of Stellite alloys result from the crystallographic nature of cobalt,
the reinforcing effects of chromium on the solid solution, tungsten, and molybdenum, and the
corrosion resistance imparted by chromium. [7, 22, 42]

The main difference between individual wear-resistant stellites is the carbon content and,
thus, the volume fraction of carbides in the materials. Stellites are commonly categorized as
medium and high-carbon alloys designed for wear resistance. Chromium has a dual function in
stellite alloys. It is a central carbide-forming element, meaning that most carbides are rich in
chromium, and it is also the most important alloying element in the matrix, where it provides
corrosion and oxidation resistance as a solute. Tungsten and molybdenum are used to ensure
additional strength of the matrix. This property results from their sizeable atomic size, i.e., when
present as solute atoms, they impede the flow of dislocations. They also generally improve
the corrosion resistance of alloys. In addition, tungsten carbides can contribute to the formation if

they are present in large quantities. Critical properties of stellite alloys include: [7, 22, 42]
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e Excellent tribological properties

e Excellent mechanical strength

e Excellent resistance to static loading, fatigue and creep
e Good surface stability

e Excellent resistance to oxidative corrosion

e Good phase stability at high temperatures

Stellite 6 typically adopts a face-centered cubic (FCC) crystal lattice structure.
This arrangement consists of cobalt atoms occupying the corners of the unit cell and additional
alloying elements, such as chromium, tungsten, and carbon, distributed within the lattice. The FCC
crystal structure provides Stellite 6 with good ductility, high melting point, and excellent resistance

to wear and corrosion. Microstructure of Stellite 6 is in Fig. 14. [95, 96]

Stellite 12 has a hexagonal close-packed (HCP) crystal lattice structure. Cobalt atoms form
closely packed hexagonal layers in this arrangement, with additional alloying elements distributed
within the lattice. The HCP crystal structure imparts Stellite 12 with high hardness, excellent
thermal stability, and resistance to oxidation and deformation at elevated temperatures.
Microstructure of Stellite 12 is in Fig. 15. [95, 96]

Stellite alloys are primarily used in applications with increased wear resistance in corrosive
environments and are valued for their ability to operate at elevated temperatures beyond the
capabilities of conventional materials such as steel. Elwood Haynes invented it in the early 20th
century, later becoming the Deloro Stellite Company trade name. Initially, the high strength of
binary cobalt and chromium alloys was discovered. He later introduced the ternary alloys
Co-Cr-Mo and Co-Cr-W. They discovered strong strengthening effects of molybdenum and

tungsten within the cobalt-chromium system. [7, 22, 42]

3.2.1 Hardness and tribological properties of Stellites

Most cobalt alloys (except low carbon alloys) have a very high hardness - 40 ~ 63 HRC
because they contain a high proportion of wear-resistant hard carbides together with a complex
solid-solution interface, which makes them very suitable for application in frictional wear
conditions. Cobalt alloys retain their hardness at temperatures above 760 °C. Wear can generally
be defined as the interaction between surfaces that results in material loss. Wear can act in many

modes, but three basic types of wear include: [22, 42, 52, 129]
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e Abrasive wear
e Sliding wear

e Erosive wear

Abrasive wear occurs when rigid particles or solid projections with a high hardness on
a counterface are compelled to interact with and traverse a surface. The terms "high-stress” and
"low-stress™ abrasion pertain to the state of the abrasive medium (whether composed of hard
particles or projections) after its interaction with the surface. When the abrasive medium undergoes
fragmentation, it corresponds to the dominance of the high-stress condition. Conversely, if the
abrasive medium retains its integrity, the process is denoted as low-stress abrasion. Typically,
high-stress abrasion materializes due to the entrapment of robust particles between metallic
surfaces undergoing relative motion. On the other hand, low-stress abrasion manifests when

mobile surfaces make contact with compacted abrasives like soil and sand. [22, 42, 52, 129]

In alloys such as cobalt-based wear-resistant alloys, wherein a rigid phase is present, the
abrasion resistance generally escalates with the augmentation of the volume fraction of the rigid
phase. Nonetheless, the abrasion resistance is profoundly affected by the dimensions and
configuration of the precipitates of the rigid phase embedded within the microstructure, as well as

the dimensions and configuration of the substances causing abrasion. [129]

The sliding wear mechanism typically arises under elevated contact stresses, leading to the
deterioration of oxide films to an extent where direct metal-to-metal contact ensues. This situation
introduces the potential for cold welding of surfaces, and subsequent movement can lead to the
detachment of small fragments from the initial interface, usually from the weaker two mating
materials. This mechanism, known as galling, often involves substantial transfer of metal from one

surface to the other, accompanied by significant deformation of surface materials. [129]

Solid-particle erosion results from the collision between small, solid particles and a surface.
Generally, these particles are either airborne or transported by other gaseous agents.
These particles typically have sizes ranging from 5 to 500 um. The velocities linked with solid-
particle erosion display a broad spectrum, from 2 m.s™* in fluidized bed combustors to 500 m.s™.
The erosion rate is influenced by particle velocity, the angle at which they impact (which has
distinct implications for ductile versus brittle materials), and the inherent characteristics of

the eroding particles (their shape, size, and strength). [129]
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Tab. 4 summarizes the chemical composition of various types of cobalt alloys - Stellite.

Tab. 4 Chemical composition of various types of cobalt alloys [22]

] Chemical composition [%] Hardness
Material
C Mn | Si | Cr | Mo w Ni Co HRC

Stellite 3 2-2.7 1 1 |31 - 13 3 Balance | 52-53
Stellite 6 09-14 1 15 (29 ( 15 45 3 Balance | 42-45
Stellite 12 11-17 1 1 ] 30 - 8 3 Balance | 44 -48
Stellite 19 15-21 1 1 |31 - 10.5 3 Balance | 47-50
Stellite 25 0.1-0.2 15 1 |20 - 15 10 Balance | 44 -46

s ARG
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Fig. 14 Microstructure of Stellite 6 [113]
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Fig. 15 Microstructure of Stellite 12 [114]

3.3 Mechanical Properties of Stellites

Stellite alloys have high Young's modulus and tensile strength but generally low ductility
due to the nature of their microstructures. Large amounts of carbides make these alloys very brittle,
but low-carbon stellite alloys, i.e., solution-strengthened stellite alloys, have better ductility.
The requirements for the high mechanical strength of stellite alloys are mainly assessed by
measuring the short-term tensile strength and deformation during CREEP. Hardening of stellite
alloys is partly ensured by solid solution matrix hardening and partly by precipitation of carbides.
The morphology and location of carbide precipitates influence the strengthening effect and are
required for optimal precipitation enhancement at grain boundaries and within grains. At grain
boundaries, precipitates prevent the sliding of crystal planes and [36] boundary migration and, if
present in sufficient quantity, can form an underlying network that can support some of
the imposed stress to some extent. Intragranular precipitation strengthens the matrix by preventing
the movement of dislocations, thereby inhibiting crystallographic slip. In Tab. 5, are shown the
mechanical properties of Stellite 6 and Stellite 12. [2, 7, 11, 66, 129]

Tab. 5 Mechanical properties of select cobalt alloys [129]

. Tensile strength | Yield strength Elongation
3
Density [o/em7T | " g Tvpa] Rpoz [MPa] (%]
Stellite 6 8.3 834 640 1.2
Stellite 12 8.6 827 630 1
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The solidification conditions initially determine the distribution of carbides in any
alloy - the casting temperature of the melt and the cooling rate both during and after solidification.
The short-term tensile properties of Stellite alloys can be relevant to manufacturing operations
associated with component fabrication - ductility, in particular, controls the amount of hot or cold
working that can be enforced. In the as-cast state, the tensile elongation is about 8% at room
temperature and increases relatively smoothly with increasing temperature. After the alloy was
aged for 50 hours at 732 °C, however, carbide precipitation hardening reduced the elongation at
room temperature to 1~2%, and ductility recovery only occurred at temperatures above the aging
temperature. Wrought alloys typically exhibit significantly higher elongation in tension compared
to cast alloys. Stellite alloys, in particular, rapidly increase hardness due to cold work when their
compositions are not fully stabilized concerning the charge-hep transformation. [7, 11, 22, 42]

The article "Microstructural evolution and wear behaviors of laser-clad Stellite
6/NbC/h-BN self-lubricating coatings"[41] explores the utilization of Stellite 6 as a self-lubricating
coating in tribological applications. The coating exhibits a homogeneous microstructure
characterized by small, refined grains, enhancing wear resistance, and a reduced friction
coefficient. Incorporating NbC and h-BN particles into the coating further improves its tribological
properties. These findings suggest that the laser-clad Stellite 6/NbC/h-BN coating holds excellent
promise for tribological applications, offering improved wear resistance and self-lubricating
characteristics. [2, 39, 43]

The study "Temperature-dependent sliding wear behavior of Stellite 6 alloy" [42] provides
an in-depth analysis of the wear behavior of the alloy at various temperatures. The results indicate
that the wear rate of Stellite 6 increases as the temperature increases, which is attributed to the
thermal softening of the alloy and a decrease in hardness. The study also showed that the wear
mechanism changes from abrasive wear at lower temperatures to adhesive wear at higher
temperatures. These findings have critical tribological implications for industries that use Stellite 6
alloy in high-temperature applications such as aerospace, power generation, and oil and gas.
To improve the performance of the alloy at high temperatures, the study suggests alloying with
elements such as chromium and tungsten and using coatings or surface modifications.
These results provide valuable information for researchers studying Stellite 6 alloy, highlighting
the need for further research to explore the potential of alloying and surface modification

techniques to enhance the tribological properties of the alloy at high temperatures. [2, 39, 43]
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3.4 Heat treatment of cobalt alloys

Cobalt alloys are alloys from the group of supermaterials for applications requiring high
abrasion resistance. Chromium, tungsten, or molybdenum and a small amount of carbon are used
as alloying elements. The microstructure of cobalt alloys contains chromium carbides, which have

a melting temperature between 1250 — 1895 °C, and tungsten carbides up to around 2870 °C.

The heating temperature of the Stellite solid solution is in the range of 1000 °C to 1200 °C.
Due to the high-temperature resistance of these materials, heat treatment is limited to annealing to
remove residual stresses in castings, welded parts, and cold-drawn parts. Annealing temperatures
range from 250 °C to 650 °C. [2, 39, 41, 43]

Post-casting heat treatment of Stellite materials involves a process called solution
annealing. During this treatment, Stellite castings are subjected to specific temperatures, typically
ranging from 1050 °C to 1200 °C, and held at those temperatures for a designated period.
This allows for the dissolution of carbides and the transformation of the material's microstructure.
Consequently, residual stresses are alleviated, and a more uniform and refined grain structure is
formed. [2, 39, 41, 43]

Subsequent to the solution annealing, the Stellite castings undergo rapid cooling, which
can be achieved through methods like water quenching or air cooling. This controlled cooling
process is crucial to prevent the reprecipitation of carbides, as their presence could adversely affect
the material's mechanical properties. [2, 39, 41, 43]

The heat-treated Stellite materials exhibit several improvements, including enhanced
dimensional stability, reduced internal stresses, and superior mechanical properties such as
increased hardness, strength, and wear resistance. These attributes are particularly significant for
applications wherein Stellite components are exposed to high temperatures, abrasive

environments, or extreme mechanical loads. [2, 39, 41, 43]

3.5 Cryogenic heat treatment of cobalt alloys

Cryogenic heat treatment is still an underexplored area, and research is mainly focused on
ferrous metals or cast iron. The field of cryogenic heat treatment of cobalt alloys has not yet been

sufficiently, or even at all, explored.
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The cryogenic processing of these materials results in WC (Wolfram carbide) refinement
and their spheroidization. It also has a significant effect on increasing the service life of these tools.
According to this work, cryogenic processing does not have a significant effect on the hardness of
tools. The process of cryogenic heat treatment consists of 3 basic steps: [22, 39, 41, 43,129]

1. Cooling to cryogenic temperature
2. Remaining at this temperature for a defined time

3. Heating to room temperature and subsequent annealing to remove residual stresses.

3.6 Process of cooling cobalt to cryogenic temperature

Cryogenic processing is a thermal treatment process that involves cooling the material to
temperatures ranging from around -30 °C to -196 °C using liquid nitrogen, which is the most
commonly used cryogenic medium. Lower temperatures close to absolute zero can be achieved
using liquid helium. The cooling time required to remain at this temperature depends on
the temperature of the cryogenic medium, as the speed of movement of atoms and molecules in
the material decreases at such low temperatures. Previous research has used cooling times ranging
from 2 to 180 hours in liquid nitrogen. The rate of cooling and heating of samples is a critical
factor in cryogenic processing, as a cooling rate in the range of 20 °C - 30 °C/h can prevent high
internal stresses from occurring in the material and causing damage. [22, 39, 41, 43, 113]

The article "Microstructural evolution and wear behaviors of laser-clad Stellite 6/NbC/h-
BN self-lubricating coatings" explores the utilization of Stellite 6 as a self-lubricating coating in
tribological applications. The coating exhibits a homogeneous microstructure characterized by
small, fine grains, leading to enhanced wear resistance and a reduced friction coefficient.
The incorporation of NbC and h-BN particles into the coating further improves its tribological
properties. These findings suggest that the laser-clad Stellite 6/NbC/h-BN coating holds great
promise for tribological applications, offering improved wear resistance and self-lubricating
characteristics. [22, 39, 41, 43]

The article by Skalante, E.M., Makich, H., and Nouari, M. titled "Effect of cryogenic
friction conditions on surface quality" [43] delves into an examination of how cryogenic conditions
influence the surface quality of materials employed in tribological applications. The study aims to
shed light on the changes that occur in surface characteristics, such as roughness, wear, and friction
when subjected to cryogenic friction conditions. Through experimental investigations and

analysis, the researchers provide valuable insights into the effects of cryogenic treatments on
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the performance and durability of materials in tribological systems. The study reveals that
cryogenic conditions can significantly enhance the surface quality of materials by reducing
the formation of surface defects, such as micro-cracks and surface roughness. The findings of this
research have significant implications for industries employing materials in tribological
applications, including cutting tools, mining, and drilling equipment, and automotive components.
The study recommends the use of cryogenic conditions as an effective method to improve
the surface quality of these materials, thus extending their service life. In conclusion, this study
highlights the potential of cryogenic conditions as a post-treatment to enhance the surface quality
of materials used in tribological applications. Future research is necessary to explore the impacts
of different cryogenic conditions and to gain a better understanding of the mechanisms that lead
to improved surface quality. [41, 113]

3.7 Magnetism of Cobalt Alloys

Magnetism plays an important role in cobalt alloys due to their inherent magnetic
properties. Cobalt alloys are known for their high saturation magnetization and excellent magnetic
performance, making them desirable for various applications. The magnetic behavior of cobalt
alloys is primarily governed by their crystal structure and composition. The arrangement of atoms
and the presence of certain elements can influence the magnetic domains and the overall
magnetization of the material. Understanding the magnetic properties of cobalt alloys is essential

for optimizing their performance in magnetic devices and applications. [94 — 96, 129]

3.7.1 Magnetism of Stellite 6 and Stellite 12

Stellite 6 and Stellite 12 possess a high saturation magnetization, which refers to
the maximum magnetization that can be achieved in the material. This property makes Stellite 6
suitable for applications requiring strong magnetic performance. The alloy also demonstrates
magnetic hysteresis, displaying a lag in magnetization response during changes in the applied
magnetic field. This hysteresis effect leads to the retention of a residual magnetization even when

the external magnetic field is removed. [94 — 96, 129]

In terms of physical parameters, Stellite 6 and Stellite 12 have a crystalline structure that
can vary depending on the specific processing and heat treatment. The crystal structure affects
the arrangement of atoms within the alloy, which in turn influences its magnetic properties.
The composition of Stellite 6 and 12 typically consists of cobalt as the base element, along with

varying amounts of chromium, tungsten, and carbon. These alloying elements contribute to
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the mechanical strength and corrosion resistance of Stellite 6 and 12 while also influencing its
magnetic behavior. [94 — 96, 129]

3.8 Heat treatment of materials for valve seats

Technological procedures of heat treatment of metals used in technological practice can be
divided into four basic groups: [1, 12, 25, 84, 85]

1. Procedures in which we obtain a more balanced structure compared to the initial state.

They are used with a different specific purpose in all metal materials.

2. Procedures in which we create structures with a certain degree of imbalance. For steels,
these procedures remain from hardening and tempering. For non-ferrous metals, a process

called hardening is used.

3. Procedures in which, in addition to structural changes, there are also changes in the

chemical composition of the surface layers of materials, i.e., chemical-thermal treatment.

4. Procedures in which the desired change in properties is achieved by a combination of

intensive forming and heat treatment, i.e., thermomechanical treatment.

3.9 Heat treatment of cast iron

Heat treatment of cast iron can provide several benefits, including increased strength,
hardness, and wear resistance. It can also improve the toughness of the material, making it less
brittle and less susceptible to cracking. Heat treatment can also be used to refine the microstructure
of the cast iron, which can improve its machinability and other mechanical properties. As standard,
isothermal finishing is chosen, which gives the material the necessary properties and, at the same

time, a low level of internal stress. [5, 30, 33-36, 46]

3.9.1 Isothermal refinement of cast iron

The foundation for ADI/AGI/AVGI consists of cast iron with a ferritic or ferritic-pearlitic
matrix and exhibiting flake, vermicular, or nodular graphite. When the matrix is pearlitic,
machining the casting becomes more intricate, yet it gains advantages from improved
austenitization (resulting from shorter diffusion paths and reduced time at the austenitization

temperature). Conversely, in cases of a ferritic matrix, the casting is notably conducive to
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machining (far more efficient than steel), but a prolonged austenitization period is necessary.
[5, 30, 33-36, 46]

The graphite should exhibit an ideal shape and size in the original cast irons, while graphite
particles need to be uniformly dispersed within the structure. Fine dispersion and consistent
graphite distribution are the foundational prerequisite for maximizing matrix utilization. In ADI
production, deviations from a spherical shape of graphite nodules in initial GJS should not surpass
20%. For all cast irons, it is essential to have graphite particles that are adequately small and
present in substantial quantities. For ADI, a minimum of 160 particles/mm? is specified. Although
specific parameters (prior lengths and densities of flakes/vermicular structures) have not been
explicitly recommended for AGI and AVGI, it is unquestionably essential for graphite to be as
finely distributed as possible (e.g., GI - A size 5-6 for AGI) to achieve the intended isothermal
transformation effect. [5, 30, 33-36, 46]

These requirements also necessitate adjustments to the chemical composition, primarily
concerning the content of fundamental elements C and Si. This needs to be determined considering
wall thicknesses so that the eutectic reaction progresses close to the optimum, resulting in

the formation of numerous small, regular graphite particles in the case of GJS. [5, 30, 33-36, 46]

Carbide-forming elements, especially Mn but also Mo, segregate along grain boundaries
during solidification, reducing ductility and toughness. On the other hand, elements like Cu and
Ni have higher concentrations adjacent to graphite particles compared to areas between matrix
grains (similarly to Si). Alloys of Mo and Ni or Cu are added to initial cast irons because they shift
the onset of isothermal decay to longer times, thereby increasing hardenability. Typically,
the maximum bainite hardenability for non-alloyed cast iron is around 13-15 mm wall thickness.
In contrast to Mo, Mn has no balancing positive effect, and its content as a carbide-forming
element in initial cast irons should not exceed 0.2%. Due to their segregation into intergranular
spaces, the carbide-forming elements’ content negatively impacts castings' machinability.
Maintaining the lowest possible content of elements such as P and S, minimal impurities, and
pores, particularly near the surface, is essential. [5, 30, 33-36, 46]

The resultant structure emerges through the isothermal decomposition of austenite within
the bainitic region. The schematic representation of isothermal heat treatment for cast irons can be
found in Fig. 16 [5, 30, 33-36, 46]
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Fig. 16 Scheme of isothermal refining of ADI [5]

Austenitization should take place in an inert atmosphere to prevent undesirable surface
decarburization. The austenitization temperature falls within the range of 820-950 °C, depending
on the % Si in the iron and the desired level of carbon saturation of austenite from graphite
particles. In cases where higher hardness and wear resistance are required at a given strength,
a temperature closer to the upper limit is selected. Conversely, greater ductility is achieved with
lower carbon content in austenite, which calls for a lower austenitization temperature. The heating
to the austenitization temperature (segment A-B) should occur at 100-200 °C/hour. The holding
time at the austenitization temperature (segment B-C) ranges from 0.5 to 2 hours, based on the
initial Ferrite / Pearlite structure. [5, 30, 33-36, 46]

The length of isothermal holding varies according to the type of cast iron and the chosen
isothermal temperature and is determined based on the requirements for mechanical properties.
The width of the process window increases as the isothermal holding temperature decreases.
The optimal duration of holding for a complete transformation to ausferrite ranges from 30 minutes
(upper ausferrite region, as in ADI) to 4 hours (lower ausferrite region, as in AGI and alloyed cast
irons). When the holding time is shorter than what is suitable for the specific material and
temperature, martensite can form in the structure upon cooling to room temperature. On the other
hand, with longer holding times, the proportion of retained austenite (Az) decreases, leading to its

decomposition and the potential emergence of carbides. [5, 30, 33-36, 46]
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The subsequent step after austenitization involves rapid quenching (segment C-D), usually
into a salt bath with temperatures ranging from 240 °C to 400 °C (based on mechanical property
requirements), accompanied by optimal holding times of 0.5 to 4 hours (depending on the type of
ADI/AGI/AVGI and the height of the isothermal transformation temperature, segment D-E).
During this phase, the formation of lower to upper ausferrite (referred to as per ASTM A644-92)
takes place. This structure resembles bainite and comprises ferrite needles or plates (60-80%)
embedded in carbon-saturated (stabilized) austenite (ideally 20% to 40%). Notably, carbides are
absent in this structure. The structure should also avoid the presence of martensite or pearlite.
The cooling from the austenitization temperature to the isothermal transformation temperature
Is conditioned to ensure that the temperature-time curve does not intersect the pearlite formation
range in any part of the casting. The duration of isothermal holding primarily limits the martensite

content. The cooling to ambient temperature occurs in the open air (segment E-F). [5, 30, 33-36]

In Tab. 6 are shown tabulated values of the mechanical properties of GJS and GJL cast iron.

Tab. 6 Overview of the mechanical properties of selected cast iron EN-GJS and EN-GJL [29, 30]

Material Rm [MPa] Rpo2 [MPa] A [%] HB
EN-GJS-400-18 400 250 18 130-175
EN-GJS-450-10 450 310 10 140-200
EN-GJS-800-8 800 500 8 260-320
EN-GJS-1000-5 1000 700 5 300-360
EN-GJS-1200-2 1200 850 2 340-440
EN-GJS-1400-1 1400 1100 1 380-480

EN-GJL-150 150 - - 150
EN-GJL-200 200 - - 160
EN-GJL-250 250 - - 180

3.9.2 Cryogenic heat treatment of ADI cast iron

Cryogenic heat treatment of ADI (Austempered Ductile Iron) cast iron is a process that
involves subjecting the material to extremely low temperatures, typically between -80 °C and
-196°C, for an extended period of time. This process alters the microstructure of the material,
making it more durable and resistant to wear and tear. Cryogenic heat treatment can improve
the toughness, fatigue resistance, and dimensional stability of ADI cast iron, making it useful for
applications that require high strength and durability. It can also improve the machinability of

the material, making it easier to work with. Cryogenic heat treatment is a relatively new technique
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in the field of material science, and it is still being studied and developed, but it has been shown

to be a promising method for improving the properties of ADI cast iron. [8, 38, 67 - 69, 76]

The cryogenic process can be divided according to the applied temperature into shallow
freezing (to a temperature of around - 80 °C) and deep freezing (a temperature of around -190 °C).
A typical deep freeze (cryogenic treatment) consists of a slow cooling of approx. 2.5 °C per
minute. Cooling takes place from room temperature to the temperature of liquid nitrogen
(approx. -195 °C). Once the material reaches approximately -190 °C, the casting is held at this
temperature for a period of time approximately 24 hours. At the end of the cycle, the material is
removed from the cryogenic chamber and heated to room temperature in air. After cryogenic
treatment, it is recommended to further temper the material. From a technical point of view,
cryogenic treatment is a technological operation performed immediately after classic clouding
(before tempering). However, a distinction must be made between cryogenic processing and
conventional low-temperature processing, which has been commonly used in industrial practice

for many years. [67- 69, 76]

The primary objective of low-temperature treatment, along with multiple tempering, is the
elimination of residual austenite from the microstructure. In traditional quenching methods,
clouded cast iron often retains varying amounts of residual austenite, leading to insufficient
hardness. Low-temperature processing is an effective approach for achieving complete martensitic
transformation. In contrast, the elimination of residual austenite is an incidental outcome of
cryogenic processing. This technique transforms the microstructure of cast iron into a structure
that exhibits enhanced wear resistance, with the austenitic phase converting to martensite.
Austenite, being an unstable and soft phase, is replaced by hard and brittle martensite.
Consequently, cast iron undergoes tempering after cryogenic processing, similar to tempering
performed after conventional quenching. Tempering yields tempered martensite, which retains
relatively high hardness and toughness. Additionally, fine carbides precipitate within the matrix
structure during the process. Oppenkowski's [6] research indicates a higher proportion of
martensite with reduced tetragonality and finer twin structures. These microstructural
modifications likely contribute to the subsequent precipitation of a substantial quantity of very fine
carbides during tempering, which is frequently mentioned in the literature as a cause of the
improved wear resistance. The research conducted by Liging Chen on cryogenic processing of
austempered bainitic ADI cast iron provides further support for these findings. [65, 67, 69, 76,
115]
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3.10 Valve seat materials used in TEDOM engines

Historically, high-alloy cast iron with flake graphite under the trade names BX and BY was
used as valve seat material at TEDOM. These seats were developed by BUZULUK Komarov
(now Piston Rings a. s.). These were cast irons with high hardness and good abrasion resistance.
An overview of the chemical composition is shown in Tab. 7, and hardness is shown in Tab. 8.
The use of these materials for valve seats was abandoned after a while because these seats started
to become uncomfortable with the increasing performance of engines and the transition to

alternative fuels.

That is why the TEDOM company was forced to start using valve seats that would work
safely with increased demands on engine life and reliability. Using seats made of cobalt alloys
seemed to be the ideal choice. Currently, Stellite 6 material is used for the intake seat, and
Stellite 12 for the exhaust seat. [Internal TEDOM documents]

Tab. 7 Chemical composition of material for valve seats of LIAZ engines [64, Internal TEDOM documents]

Chemical composition [%0] BX BY
C 35-39 3.2-338
Si 2.2-35 2.2-3.3
Mn 05-0.8 06-1
P 0.3-0.6 0.3-0.6
S <0.1 <0.1
Cr 11-16 11-16
Ni <05 0.3-0.6
Cu <05 06-1
Mo 11-16 11-16
V - 0.1-03
Tab. 8 Hardness of special cast irons for valve seats used in LIAZ engines [Internal TEDOM documents]
Hardness HB BX BY
Casting 109 - 119 109 - 119
After heat treatment 108 - 114 108 - 114

3.10.1 Production of valve seats

The valve seats of the intake and exhaust valves for TEDOM Engines are produced using
the technology of precision casting in wax molds in the company PBS Velka Bites. Tree-like
structures are cast. With each batch of seats, experienced samples are cast to calculate
the mechanical properties. To remove internal stress and improve hardness values, castings are
annealed in an annealing furnace with gradual heating to 900 °C to 950 °C with "hold" at this

temperature for 3 to 4 hours. They are then cooled in an oven to 500 °C. In Tab. 9 are requirements
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for hardness of stellite using in TEDOM engines. The chemical composition for Stellite 6 and
Stellite 12 prescribed by TEDOM for valve seats is shown in Tab. 10. [Internal TEDOM

documents]

Tab. 9 Required hardness of castings after heat treatment [Internal TEDOM documents]

Material HRC
Stellite 6 42 - 48
Stellite 12 48 - 52
Tab. 10 Required chemical composition of valve seats [Internal TEDOM documents]

Mn Mo

C[%] |Cr[%] | W [%] | Fe[%] | Ni[%] | Si[%)] [%)] [9%6]

B [%] | Co [%]

Steé"te 10-14 |26-32| 4-7 | max.3 | max.3 | max.2 | max.1 | max.1| "o |Balance
StelNtl14-19 |28-33| 7-11 | max.3 | max.3 | max.2 | max.1 | max.1 ‘o5 | Balance

3.11 Technology of mounting valve seats into cylinder heads

There are several methods for mounting valve seats into cylinder heads, each with its own
advantages and disadvantages. The most common methods include: [25, 116 - 119, Internal
TEDOM documents]

1. Press-fitting: This method involves pressing the valve seat into the cylinder head using
apress. This is a simple and cost-effective method that is suitable for most materials.
However, press-fitting can cause deformation of the valve seat or cylinder head, and the
press-fit may not be as secure as other methods.

2. Brazing: This method involves using a braze alloy to join the valve seat and cylinder head.
Brazing is a strong and reliable method that is suitable for high-temperature applications.
However, brazing requires specialized equipment and is more expensive than press-fitting.

3. Welding: This method involves welding the valve seat to the cylinder head. Welding is
a strong and reliable method that is suitable for high-temperature applications. However,
welding requires specialized equipment and is more expensive than press-fitting and
brazing.

4. Cementing: This method involves using cement to join the valve seat and cylinder head.
Cementing is a strong and reliable method that is suitable for high-temperature
applications. However, cementing requires specialized equipment and is more expensive

than press-fitting and brazing.
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5. Interference fit: This method involves using a tight fit between the valve seat and cylinder
head to hold the valve seat in place. It is simple, cost-effective, and suitable for most
materials, but it can cause deformation of the valve seat or cylinder head. [25, 116 -119]

3.11.1 Press-fitting of valve seats

In order to safely install and position the valve seats in the head, the valve seats are pressed
into the cylinder heads. Depending on the performance of the engine, the material of the cylinder
head, the material of the valve seat, and the application, the pressing overlap between the seat and
the head is selected. In practice, this overlap ranges from 0.03 mm to 0.2 mm. In order to be able
to press the seats into the head without damaging the head or the seat, the manufacturers of internal
combustion engines choose a technological procedure in order to reduce the pressing overlap to
the necessary minimum in a few ways: [25, 116 -119, Internal TEDOM documents]

e Freezing seats
e Cylinder head heating

e Combination of head heating and seat freezing

4 VALVE GUIDES USED IN COMBUSTION ENGINES

Valve guides are components in internal combustion engines, specifically in the cylinder
head, that support the valves and help to guide them as they open and close. Their primary function
is to keep the valves aligned and centered as they move, which helps to ensure that they seal
properly and do not come into contact with the cylinder walls or piston. Valve guides also help to
reduce friction and wear on the valves, which can improve the overall performance and efficiency
of the engine. [53, 62]

Valve guides in combustion engines are typically made of durable and wear-resistant
materials, such as hardened steel, bronze, or cast iron. These materials are chosen for their ability
to withstand the high temperatures, pressures, and mechanical stresses that are present in the
engine. Hardened steel is a common material for valve guides because it has a high hardness and
strength, which makes it resistant to wear and deformation. Bronze is also commonly used because
it has good wear resistance and can provide good lubrication properties, which can help to reduce
friction and wear on the valves. [53, 64, 116 - 119]
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Cast iron is a commonly used material for valve guides because it is strong, durable, and
relatively cheaper for production. However, there are some limitations to using cast iron for this
application. One of the main drawbacks is that cast iron is not very wear-resistant at high
temperature, which means that it may not be able to withstand the high levels of friction and wear
that are present in internal combustion engines. Additionally, cast iron is not very good at
conducting heat, which means that it may not be able to dissipate heat effectively from the valves.
This could lead to overheating and potential failure of the valve guides. [25, 53, 116 -119]

4.1 Load of valve guides

Force analysis of valve guides in internal combustion engines typically involves evaluating
the forces that the guides are subjected to during operation. These forces include the radial and
axial loads exerted by the valve stem, as well as the thermal loads caused by the high temperatures

encountered in the engine.

The radial load is the load that acts perpendicular to the valve stem and is caused by the
valve spring force. The axial load is the load that acts parallel to the valve stem and is caused by

the combustion pressure.

The thermal load is caused by the high temperatures encountered in the engine and can
cause thermal expansion of the valve guide and valve stem. This can cause increased clearance
between the valve stem and guide, leading to increased wear and possible seizing. [25, 64, 116 -
119]

5 CONTACT BETWEEN VALVE AND VALVE SEAT

Contact between the valve and valve seat plays a critical role in the performance and
durability of internal combustion engines. The valve and valve seat come into contact during
the opening and closing of the valve, and the contact area is subject to high temperatures, pressures,
and wear. When designing the valve timing, it is also important to consider the correct selection
of the impact velocity of the valve into the valve seat. In general, this velocity should not exceed
1 m/s. [Internal TEDOM Documentation]
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5.1 Tribological contact

During relative movement between solid bodies, the occurrence of friction and wear
processes is inevitable. For most systems, both a low coefficient of friction and minimal wear are
desirable. The requirement is connected with ensuring the reliable operation of this system, and
lower energy consumption, which leads to an extension of its life. Some systems require a high
coefficient of friction (i.e., tires), and some even high wear (i.e., crayons). However, most efforts
focus on the development of application systems with a low coefficient of friction and minimal
wear and tear. Wear is usually defined as "damage to a solid surface involving progressive loss of
material due to relative motion between this surface and the surface of another material or
substance.” Friction and wear depend on many parameters and conditions, including: [19, 27,
40, 61]

e material of solid friction elements, their composition, physical and chemical properties,
their microgeometry and macrogeometry

¢ loading of the surface by point, edge, surface (possibility of static permanent or dynamic
and intermittent loads)

e movement system

e system temperature

e system humidity

e speed of mutual movement (movement of one or both friction surfaces), test duration,

distance traveled, area covered. [27]

The tribological properties of the surface are determined using a Tribometer for both dry
and liquid surfaces environment. The "Pin-on-Disc" method was used for the experiments
(Fig. 17). The principle of the exam is pressing a firmly attached body - Pin with specific radius
R [m], with a defined load, into the test sample - Rotating disk with radius ro [m]. The sample
rotates at a predetermined speed and is executed in advance with a set number of rotation cycles
or travels a certain length of track. The test device is equipped with a sensitive position sensor to
which a holder is attached with an inserted body - pin or ball. The coefficient of friction between
the body and the disc is evaluated from the measurement of the applied forces. It is possible to

evaluate: [27]

1. The course of the coefficient of friction depending on the number of cycles.

2. Size and character of body wear.
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3. Size and character of the tribological trace created on the sample.

Friction is resistance to the mutual movement of two bodies in their area of intercourse.
The friction force Ft [N] depends on the friction coefficient u and the load force Fn [N]. The
fundamental relationship between individual quantities is given by the equation (Equation 1). [27]

Fe
‘u—_

= T Equation 1

where:

Ft [N] - is the frictional force acting against the direction of movement; Fn [N] - is
a pressure force acting perpendicular to the direction of movement, u /-] - is the coefficient of

friction.

Stationary Pin
Holder

Rotating Disk

Pin Specimen

Fig. 17 Schematic representation Pin on Disc method [28]

Fig. 18 Real contact between two surfaces [27]

Sliding friction occurs if two bodies come into contact with each other, and their movement

occurs relative to each other. Actual contact between them occurs only in a limited number of
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small areas Fig. 18. On Fig. 18 Represent numbers: 1 - Ideal surface, 2 - Real surface, 3 - Region

of elastic deformation, 4 - Region of plastic deformation.

The size of the contact area increases with increasing load. A connection can occur at
the peaks, and resistance to mutual movement is created. In the literature equation for the friction

coefficient was derived [27, 90]

P T ;
Fi =Apecn - Ts = —.Tg = =.p= w. Equation 2
p p
where: Ft [N] - is the friction force acting against the direction of movement, Amech [M?] -
is the actual contact surface of the fixed connection, zs [Pa] - is the shear strength of the material,
Fp [N] - is the loading force, p [Pa] - is the pressure causing plastic deformation, u [-] - is

the coefficient of friction.

In Bakalova’s doctoral thesis "Impact of Material and Technological Parameters of
Machining on the State of Stress in Surface Layers and Properties of Machine Parts under Dynamic
Load" [27] explores the description of the friction coefficient curve. (Fig. 19), the author presents

six different stages of friction, differing from each other in the mechanism of friction. [27]

U

Time

Fig. 19 Course of theoretical friction coefficient [27]

The first stage (1) is characterized by the dominant mechanism of surface furrowing with
sharp irregularities. The mechanism of gradual deformation of surface irregularities is also applied.
The adhesion mechanism does not significantly affect the coefficient of friction because
the surface of the material is usually contaminated with foreign particles, for example, oxides.
The coefficient of friction is not dependent on the friction conditions or the material of the sliding
pair at this stage. In the second stage (2), due to increasing adhesive forces, there is a slight increase

in the coefficient of friction, and adhesive joints may be formed. The third stage (3) is characterized
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by an increase in the coefficient of friction due to the increase of particles stuck at the point of
contact. There is also an increase in the activated surface area subject to adhesive friction. When
the hardness of both materials is comparable, the scoring mechanism reaches its maximum. In the
fourth stage (4), the friction coefficient is constant. The amount of particles, the deformation, and
the amount of adhesion friction are also constant. The fifth stage (5) appears in the case of a sliding
pair with a very soft and tough surface. The unevenness of the softer surface is polished, and the
coefficient of friction decreases. During the sixth stage (6), a mirror gloss is achieved, and the

coefficient of friction is constant. [27]

5.2 Static friction coefficient

The static coefficient of friction (us), refers to the force required to overcome static friction
and initiate motion between two surfaces. It is denoted by the symbol us and is typically higher
than the coefficient of dynamic friction (ud), which is the force required to maintain motion
between two surfaces. The coefficient of static friction depends on various factors, such as the type
of materials in contact, the surface roughness, the temperature, the humidity, and the applied
pressure. For example, rough surfaces tend to have higher coefficients of static friction than
smooth surfaces because the asperities of the surface interlock and create more excellent resistance
to motion. The static friction coefficient is an essential parameter in tribological applications,
where the goal is often to minimize friction and wear between surfaces. Understanding the factors
influencing the static friction coefficient can help design more effective tribological systems.
[88 - 91]

6 NON-DESTRUCTIVE MEASUREMENT OF PHYSICAL
PROPERTIES

In modern industrial production, Non-Destructive Testing (NDT) is important for ensuring
product quality while minimizing production costs. NDT methods, such as those used in the study
of isothermally hardened cast irons, allow for directly measuring the product's properties without
causing damage. This is particularly important for cast irons such as ADI/AGI, which require
adherence to strict material and process tolerances in order to achieve optimal performance.
[13, 30, 34, 51]

The use of NDT in this context allows for the examination of properties such as
the excluded graphite and homogeneity of the cast iron, which are known to be essential factors in
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determining the performance of these castings. However, achieving these properties can be
challenging due to the less favorable inputs of raw materials and the increasing diversity of
foundries' assortments. By mastering NDT techniques, it is possible to understand the properties

of cast iron better and thus improve the reproducibility and efficiency of the production cycle.

Additionally, NDT allows for the examination of the physical and mechanical properties
of cast iron castings, such as the properties of the matrix and the morphology and distribution of
graphite particles, without causing any damage to the product. This type of analysis helps
understand the relationship between the microstructure and the material's properties and can help

improve the performance and longevity of cast iron castings. [20, 21, 30]

6.1 Ultrasonic analysis of cast iron

We have focused on the use of ultrasonic structural analysis for the examination of cast
iron. Using this technique, it is possible to determine the speed of ultrasound propagation through
the material, which can provide important information about the quality and performance of
the cast iron. Additionally, this method allows for the examination of the material's microstructure
and the properties of the matrix and graphite particles, which can be used to optimize production

processes and improve the final product's performance. [13, 30, 34, 51]

Overall, ultrasonic structural analysis is a powerful tool for understanding the properties of
cast iron and other materials. By utilizing the principles of wave propagation and non-destructive
testing, it is possible to gain valuable insights into the microstructure and properties of the material,

which can be used to improve product quality and production efficiency. [14, 26, 30, 34, 37]

The attenuation of a material refers to the loss of acoustic pressure that occurs as sound

waves pass through it. This loss can be caused by two main factors: absorption and scattering.

Absorption occurs when sound energy is converted into heat due to internal friction within
the material structure. This results in a decrease in the intensity of the sound field without
generating any additional noise. Absorption is the dominant factor when testing plastics, as these
materials tend to have high internal friction and thus absorb a significant amount of sound energy.
[26, 30, 34]

Scattering, on the other hand, occurs when sound waves encounter irregular

or inhomogeneous structures within a material, which causes them to deviate from their original
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path. This deviation is reflected as structural noise on the testing device and can reduce
the intensity of the primary sound field and increase the emergence of disturbing noise. This can
make detecting material defects or other vital information more difficult. Scattering is more
prevalent when testing metals, as these materials tend to have a more irregular structure and thus

scatter more sound energy. [26, 30, 34, 37]

Attenuation losses, which include both absorption and scattering, increase exponentially
with the frequency of the probe used. This means that attenuation also increases as the frequency
of the sound waves being used for testing increases. This is important to consider when selecting

a given material's appropriate testing method and frequency. [30]
Scattering is caused by:

o reflection on small inhomogeneities, such as gas pores and inclusions

o reflection on natural inhomogeneities, such as graphite particles in cast iron, porosity in
cast materials or crystals of various compositions

e Dbending at the grain structure boundaries (especially coarse-grained structure)

o different elastic properties of grains (sound velocities) in different directions (anisotropy).

Generally, as the size of the inhomogeneity or anisotropy of the crystals forming the
structure increases, scattering losses increase. An inhomogeneity can be considered an inclusion
with an acoustic (wave) impedance Z [MPa/s] significantly different from the matrix. The more
significant the difference in the acoustic impedance of the matrix Zm and the inclusion Zi
(e.g., graphite), the greater the amount and size of the pressure reflections R [-] of the acoustic
wave back from the interface. c represents the velocity of ultrasound waves in a given medium,

and p represents the specific density of that medium. [14, 26, 30, 34, 37]

Z=cp [MPa -s-] Equation 3
R =%Zm) I Equation 4
= @iz U au

Measuring the velocity of ultrasonic waves, whether longitudinal or transverse, is
a relatively straightforward process. One of the most common methods is the pulse-echo method,
which involves sending a pulse into an object and measuring the reflection from the interface

between two different media. This can be done using specialized equipment, ultrasonic thickness
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gauges, and universal defectoscopes. The principle behind these gauges is based on measuring the
time delay, or At, between the emission of a short acoustic pulse by the ultrasonic emitter and its
absorption by the detector. The emitted signal travels through the medium being measured from

the input surface to the second interface, from which it is reflected. [26, 30, 34]

Generator, Amplifier

F & s
~—— [L K /

Material — M S S

Probe (emitor, detector) Analyzer, Indicator

Fig. 20 Ultrasonic measuremet diagram [30]

It is crucial to consider the laws of reflection and refraction for plane waves to determine
the difference between measuring longitudinal and transverse waves. A direct probe is sufficient
for measuring longitudinal waves, and measurement is performed by perpendicular excitation.
In contrast, an angled probe is required to generate and measure transverse waves, and
measurement is performed by oblique excitation. The specific method will depend on the
application and the available equipment. Overall, measuring the velocity of ultrasonic waves'
velocity is essential in many industries, including manufacturing, materials testing, and

nondestructive testing. Fig. 20 is shown of ultrasonic measurement diagram. [5, 26, 30, 34, 37]

Calculation of the velocity of propagation of longitudinal ultrasonic waves: [30]

2Lu = Cp.At - Lu =~ C.At [m] Equation 5

C,= Cp, i [m.s™1] Equation 6
The quantity C. [m.s™] - is the speed of propagation of longitudinal ultrasonic waves in
cast iron, Cro [m.s!] - is the speed of propagation of longitudinal waves of ultrasonic waves in
steel (steel matrix of cast iron, calibrated on a standard), L [m] - is the actual thickness of the
material, Lu [m]- is the path of the acoustic wave measured by an ultrasonic thickness gauge.
[5, 26, 30, 34]
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Determining the morphology, or shape and size, of graphite in cast iron can be achieved
by measuring the speed of propagation of ultrasonic waves, also known as the speed of sound.
This applies to both longitudinal and transverse waves. While this can be done for both types of
waves, most often, the longitudinal ultrasonic wave is used, as its detection is more straightforward
and requires only a direct probe. Much research and experimentation has been done using
ultrasonic testing of cast iron, and the results have been processed into graphical representations
of functional relationships. These relationships are often given in numerical form and show that
the speed of the longitudinal ultrasonic wave is lowest (4300 m-s™) in cast iron with rough flake
graphite and highest (5600 - 5700 m-s™) in cast iron with globular graphite. By measuring
the speed of propagation of ultrasonic waves, it is possible to gain valuable insight into

the microstructure of cast iron and identify variations in morphology. [5, 26, 30, 34]

Measuring the speed of ultrasonic waves can provide valuable information about the
microstructure of cast iron. It can be used for various purposes, such as checking and sorting
castings based on the correct exclusion of graphite or determining the degree of spheroidization of
graphite (known as the nodularity test). The relationship between these two values is often linear,
and by measuring the speed of ultrasonic waves, it is possible to gain insight into the morphology
of the graphite in the cast iron. [5, 26, 30, 34]

The speed of ultrasonic waves is also closely related to the mechanical properties of
the material being tested. This is because the speed of ultrasonic wave propagation is a function of
Young's modulus(E), specific density (p), and Poisson's ratio (x). For longitudinal ultrasonic
waves, the propagation speed can be calculated using Equation 6. Understanding the speed of
ultrasonic waves can provide important information about the material's mechanical properties and

can be used in quality control and research applications. [5, 26, 30, 34]

_ E 1-u -1 .
C, = /p'—(1+u).(1-zu) [m.s™'] Equation 7

With the known speed of longitudinal and transverse waves, the elastic constants can be
determined, such as tensile Young’'s modulus E [MPa] (Equation 8), shear Young's modulus
G [MPa] (Equation 9) or Poisson's constant u (Equation 10). [26, 30, 34, 37]

3cfch—5ch

ci-cf

E=p [MPa] Equation 8

G=p.C:2 [MPa] Equation 9
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c2-2C%
2(c£-cf)

U= [-] Equation 10

Determining the elastic constants of a material requires measuring the propagation
velocities of ultrasound waves with great precision. Therefore, the shape and preparation of the
sample is essential material. It must have a constant thickness, sufficient dimensions in
the direction perpendicular to the axis of the ultrasound beam, and a good surface. To optimize
the measurement accuracy se, they use high-damping probes. The choice of probe frequency

depends on the thickness sample and the acoustic resistance of the material. [26, 30, 34]

The rates C. [m-s']and Cr [m-s?] for calculating the elastic constants can also be
determined by measurement on semicircular sections (cutouts or castings) - Angular, the probe
U placed in the center of the circle, emits transverse waves, while it does not matter the directional
angle of radiation: [26, 30, 34]

C, = i Lo [m.s™] Equation 11

Cr=2% Cr, [m.s7] Equation 12

r

L [m] — is the actual slice width, R [m] — is the actual radius of the slice, and Lu [m] - is the
width of the section measured with an angle probe after calibration on a steel standard with
longitudinal velocity Cro [m-s™], r [m] - is the radius of the section measured with an angle probe

after calibration on a steel standard with a transverse velocity Cro [m-s™]. [26, 30, 34]

Much more often, the so-called initial modulus is measured directly on the components of
elasticity Eo, Young's modulus at the initial stress. It is a physical quantity expressing material
stiffness (force-elastic deformation); its measurement is, therefore, instrumental in controlling
the mechanical properties of castings. However, there is also a mathematical model for Eo, which
numerically characterizes the shape, size, and amount of graphite in the sounding wall
casting - concerning calculating Eo (Equation 13), it is characterized by the term L/Lu. The
material the constant K, inserted into the relation (Equation 17), is determined experimentally and
depends on the specific type of sounding material. It includes data on specific mass and Poisson's
constant of the given material. [2, 5, 26, 30, 34, 37]

2
E, = (K.—) [MPa] Equation 13
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Determination of the constant K for a specific type of material is carried out by calculation
from measurements on slender rods. The rods must meet the condition L/d>7, where L is the length
of the rod [mm] and d is the diameter of the rod [mm]. Next, the data detected on the bars are:

M - bar mass in [kg]; V - rod volume [m®]; Vv - rod volume by calculation [m?]; Vp - rod
volume by immersion [m%]; Lu - rod length measured by ultrasound [mm]; z - delay of the

transformed transverse wave [mm]

Which is read from the display as the pitch of secondary echoes behind the primary
reflection from the bar face. [5, 26, 30, 34]

Calculation procedure:

_ d\? i
u=20,5. [1 - (5) ] Equation 14
T=1L Equation 15
Ly

where T [s] - is the true delay of the transverse wave. By comparing the above relations,

the resulting relation for the constant K was created: [30, 34]

_(22
K= C, z_ﬂ_l's ("Tzz) [N%.m‘l Equation 16
V()

Which we can modify:

_ 1
K=c¢p, . /pw [Ni.m‘l] Equation 17

6.2 Magnetic structure analysis of cast iron

Magnetic structure-scopic methods are based on the relationship between the magnetic
properties and a material's structural, mechanical state. These methods can be used to check
various properties such as heat treatment, chemical composition, mechanical stress, and the depth
of a surface layer. They are an indirect method of measurement and involve measuring a selected
magnetic parameter of the hysteresis loop, corresponding to the property of the inspected
component. [5, 30, 47]
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It has been experimentally shown that the hysteresis loop and its characteristic parameters,
such as Coercive force Hc [A-m™], Remanent induction Br [T], Saturation induction Bs [T], and
specific (hysteresis) power losses, are often very sensitive to mechanical properties and can
provide more excellent resolution than traditional mechanical testing methods. The information
about the hysteresis loop and its parameters can be obtained either by direct measurement or its
indirect effect on the induced voltage in the measuring device coil of the sensing unit. In the first
case, a DC or slowly varying excitation magnetic field is used, referred to as the magnetic
structuroscopy method. In the second case, an alternating current is used, and the magnetic field
is time-varying; these methods are called electromagnetic structuroscopy methods. These methods
can be helpful in various industries, such as metallurgy, materials science, and manufacturing,
providing important information about the internal structure and properties of the tested materials.
[5, 30, 32, 34]

The interaction of a ferromagnetic structure with a magnetic field is a crucial characteristic
of materials such as ferromagnetic steels and cast irons. These materials are composed of blocks
of atoms with the same orientation, known as domains, which make up the subgrains of
the crystalline structure. When exposed to an external magnetic field, these domains will polarize
in the same direction and close to each other, leading to growth by displacement of Bloch zones
or step changes in polarization through Barkhausen jumps. After the external magnetic field is
removed, not all domains will return to their original state, resulting in a remanent polarization.
Ir [A-m™]. The magnetized area will also have its magnetic field with an intensity of Hr [A-m™].
These reversible changes are prevented by atoms bound in molecules, atomic stress, and lattice
disorder. Therefore, areas that contain carbides, martensite, dislocations, and grain boundaries
have a higher value of Ir. [30, 34, 47]

N.I,
u

H,.= H, — [A-m™1] Equation 18

Hr [4-m™] - is magnitude of the remanent magnetic field, Ho [4-m™] - is magnetic pulse

size; N [-] - is demagnetizing agent; Ir [A-m™] - is remanent polarization; x [-] - is permeability.

The so-called demagnetization factor N characterizes the geometric ratios of the interface
ferromagnetism. The extreme values of N (0;1) belong to a thin plate, slender rod, or ferromagnetic

half-space. If measured on surfaces, the demagnetization factor is significant. [5, 30, 34]
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The hysteresis loop reflects the behavior of the magnetic domains in itself magnetization.
As mentioned, with its characteristic parameters, the hysteresis loop reacts sensitively to some
mechanical properties, such as hardness or strength. The coercive force and hysteresis loss
increase, and permeability decreases with increasing carbon content in steels. These effects are
attributed to carbide particles' increased filling of Bloch walls in the domain structure. Samples
with lamellar pearlite exhibit higher coercive force than samples with carbides from small particles
(as lamellar pearlite plates impede the movement of Bloch walls more effectively compared to
small carbide particles). In eutectoid steel, the pearlitic microstructure has the lowest coercive
force, hysteresis loss, and initial permeability. Martensite has the highest coercive force, the
highest hysteresis loss, and the lowest initial permeability. Bainitic structures exhibit intermediate
values for all three parameters. The coercive force increases with the square root of the obstacle
density, such as dislocations. However, this relationship has not been universally proven, as its

simplicity does not account for the structure and distribution of dislocations. [5, 30, 34]

The principle of the magnetic spot method is based on the relationship between
the mechanical properties of ferromagnetic materials, such as hardness, and their coercivity.
However, measuring coercivity directly can be difficult and is not typically used in practical
applications. Instead, the coercivity Hc [4-m™] of the tested product can be inferred from the
remanence Br [T] value, which is a more straightforward measurement. This is based on the
assumption that the tested subjects usually have a significant demagnetization factor, which causes
the steepness of the hysteresis loop to decrease. The loop transitions from its original shape to a
new shape, where the relation between the coercivity and linear remanence forms the hypotenuse
of a right-angled triangle in the second quadrant of the coordinate system. It is important to note
that as the coercivity changes, the remanence value also changes proportionally, allowing for the
inference of coercivity from the remanence value. Remanence measurement can be quickly done
by measuring the magnetic field in the test object’s surroundings that were previously magnetized
to saturation. This method can be used in various industries, such as metallurgy, materials science,

and manufacturing, to understand the properties of ferromagnetic materials. [5, 30, 34, 37]

The principle of the magnetic spot method is based on the ability of a tested object to create
a magnetic spot on its surface with the help of an attached magnetizing coil, also known as a "point
pole." After the current pulse in the magnetizing coil is turned off, sensitive sensors measure the

remanent magnetic field Hr [4-m™] at the sample's surface. The shape of the pulses sent to the
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coil, or their precisely defined sequence, can define the flow of parasitic eddy currents and

the structure-selective sensitivity of the method. [30, 34]

The contribution of individual ferromagnetic grains to the resulting Hr value depends on
the shading effect and the distance of the domains from the sensor. As the depth of penetration of
the magnetization field increases, the influence of individual grains on Hr decreases. The sensor
used for measuring Hr can be a Hall probe or a Forster probe. These probes are typically connected
differentially and measure the tangential or normal field components. The normal component
of Hr (Hrn) is usually used for structural analysis and is measured perpendicular to the surface.
A common device used for this method is the DOMENA B3 device, which is set up according to
the magnetically hard standard or normal of the field intensity H [4-m™]. This method can be used
in various industries, such as metallurgy, materials science, and manufacturing, to understand the
properties and microstructure of ferromagnetic materials. Quantification of structural components

(e.g., pearlite) or HB hardness is obtained by linear regression analysis (Equation 18). [5, 30, 34]

As already mentioned, the magnitude of the measured intensity of the remanent of
the magnetic field Hr is related to the structure matrix of the measured casting. [5, 30, 34]

The relationship between the monitored quantity and the measured intensity of
the magnetic field must be experimentally determined and then used to calibrate the instrument.
The magnetic spot method can be used to accurately measure the hardness, strength, or depth of
hardening of ferromagnetic materials. It was found that repeated magnetization can even identify
the structure of the matrix under certain conditions. The method can also be used to measure
the depth of decarburization and to roughly determine the type of graphite as the value
of Hr increases with the slenderness of the I/d graphite formations. This method has been
successfully applied to steel and cast-iron products and is commonly used in quality control of

castings, primarily through measurement of the HB value. [5, 30, 34]

The devices of the DOMENA series are portable battery-powered devices with
a measurement cycle of 3-5 seconds. In normal mode, they are capable of one charge and perform
at least 600 measurements. Magnetization is done by three discharges of a 20 pF capacitor
(charged to a selectable voltage) in opposite polarities. Hr is measured by Hall by the sensor after
the second and third discharges have faded. The resulting number on the device display shows the

sum of the absolute values of both measurements (Equation 18). [5, 30, 34]
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6.3 NDT Hardness measurement

Determination of HB hardness by the magnetic spot method is governed by
the relationship: [5, 30]

HB =M.A+ B [—] Equation 19

The Equation 19 applies to measured thicknesses above 15 mm. Conversion relationship

between remanence and hardness for measurements on a thin wall is given by: B and L and M.

AMj,
a.lL b+1

HB =

+B Equation 20

HB or magnetic hardness, is a measure of the residual magnetic field retained by a material
after it has been magnetized. A [-], and B [-] - are material constants that are obtained through
linear regression from experimental measurements of M [4-m™?] (magnetization) and HB.
My [4:-m™] - is the remanence for a given wall thickness and L [m] - is the wall thickness.
This method can be used to accurately measure the HB of thin-walled castings, where a traditional
hardness tester cannot be used. However, it is necessary to determine the characteristics of the
probe, such as the relationship between M and wall thickness, and establish wall thickness intervals
for which certain values of A [-], and B [-] apply. [5, 30, 34]

This dependence (Equation 19) is used in practice to determine the proportion of pearlite
and ferrite in a material's structure. Lamellar pearlite in a metal matrix is magnetically harder than
ferrite and retains a stronger residual magnetic field after magnetization, resulting in a higher value
of M [4-m™]. This method can be useful in industries such as metallurgy, materials science, and
manufacturing, providing important information about the internal structure and properties of the
materials being tested. [5, 30, 34]

6.4 NDT measurement of Yield strength

The magnetic spot method is a technique that can be used to accurately measure
the properties of ferromagnetic materials, such as castings and test Y-blocks. It involves measuring
the magnetization M [4-m™'] at a suitable location on the set of castings or test Y-blocks. The data
collected should also include out-of-tolerance Rm [MPa] values. Afterward, test bars are taken
from the relevant parts of the castings or Y-blocks for tension testing to determine the actual values
of the tensile strength Rm [MPa] by determining the constants:
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A - mathematical constant [-], B - Constant accounting for the influence of hardness on
strength [-], C - Constant considering the influence of graphite [-], through linear regression, it is
then possible to use the following relation: [5, 30]

Rm = Ax M5 « (i)’\c [MPa] Equation 20

Magnetic measurement of Rm [MPa] can only be used if it is warranted constant exclusion
of graphite. [5, 30, 34]

6.5 Thermal resistance of cast irons

Mechanical stresses created by non-uniform cooling (or restrained thermal expansion) and
heating of different parts of a component can lead to permanent deformations at a given
temperature and thermal fatigue. The resistance to this stress is characterized by the
Eichelberg factor.

The Eichelberg factor for cast irons depends on various factors, such as the type of iron,
the alloying elements, the casting process, and the heat treatment. Cast irons are known for their
high thermal conductivity, low thermal expansion, and good mechanical properties at elevated
temperatures, which make them suitable for many high-temperature applications. However, their
thermal resistance can be affected by non-uniform cooling and heating during operation, which

can lead to thermal stresses and permanent deformations.

Studies have shown that the Eichelberg factor for cast irons typically ranges from 10 to 30,
depending on the specific type and composition of the iron. For example, gray cast iron has an

EF value of around 10-15, while ductile iron has an EF [-] value of around 20-25.
The presence of alloying elements, such as silicon, nickel, and molybdenum, can also affect the
EF [-] value by modifying the microstructure and mechanical properties of the iron.
Therefore, optimizing the composition and processing of cast irons is critical for enhancing their
thermal resistance and ensuring their performance and reliability in high-temperature applications.
Fig. 21 is shown how to see the thermally damaged cylinder head TEDOM after operating. [70 -
78]

— ) .1000 Equation 22

where:
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Rm [MPa] - is the tensile strength of the material, A1 [W/cm-K] - is the coefficient of thermal
conductivity, a [1/K] is the coefficient of thermal expansion, and Eo [GPa] - is Young's modulus.
The higher the EF [-] value, the more resistant the material is to thermal fatigue.

1 mm

Fig. 21 Thermally damaged cylinder head TEDOM [Internal TEDOM documentation]

Thermal fatigue is a common failure mode in cast irons used for high-temperature
applications. In a study by Suarez and Gonzalez-Doncel (2016) [72], the thermal fatigue resistance
of compacted graphite iron (CGI) and grey cast iron (GCI) was investigated. The results showed
that the thermal fatigue resistance of CGI was superior to that of GCI due to its higher thermal
conductivity and lower coefficient of thermal expansion. Gupta et al. (2019) also investigated the
effect of silicon content on the thermal fatigue behavior of ductile iron. They found that increasing
the silicon content from 2.5 % to 4.5 % improved the thermal fatigue resistance of the ductile iron.
The improved thermal fatigue resistance was attributed to the finer graphite structure and the

formation of a protective silicon oxide layer on the graphite surface. [70 - 78]

In addition to thermal fatigue resistance, the thermal conductivity of cast irons is also an
important property for high-temperature applications. Roh et al. (2016) [75] investigated the
effects of microstructure on the thermal conductivity of cast irons. The results showed that the
thermal conductivity of cast irons is strongly influenced by the type and morphology of the
graphite phase. Nodular cast iron (NCI) with nodular graphite exhibited higher thermal
conductivity than grey cast iron (GCI) with lamellar graphite due to the more continuous and
interconnected graphite structure in NCI. Adachi et al. (2019) [76] studied the thermal fatigue
properties of cast iron for engine cylinder blocks. They found that the use of high-strength CGlI
improved the thermal fatigue resistance of the cylinder blocks while maintaining the desired

thermal conductivity for efficient heat transfer. This study highlights the importance of balancing
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thermal conductivity and thermal fatigue resistance in the design of cast iron components for high-

temperature applications. [70 - 78]

6.6 Castirons used as material for cylinder heads

Cylinder heads are critical components in internal combustion engines, and their material
selection is crucial for their performance and durability under high-temperature conditions.
Cast iron is a common material used for cylinder heads due to its high thermal conductivity, low
cost, and good machinability. However, the thermal resistance of cast iron varies depending on its

microstructure and graphite morphology. [25, 116 -119]

A study by Sharifian et al. (2019) [77] investigated the effect of different graphite
morphologies on the thermal conductivity and thermal resistance of gray cast iron (GCI) and
compacted graphite iron (CGI) cylinder heads. The results showed that the thermal conductivity
of the cylinder heads increased with an increase in the amount of lamellar graphite in GCI and the
amount of nodular graphite in CGl. Moreover, CGI cylinder heads exhibited higher thermal
conductivity and lower thermal resistance than GCI cylinder heads due to their finer and more

uniform graphite morphology. [10, 70 -77],

In addition to graphite morphology, alloying elements can also affect the thermal resistance
of cast iron cylinder heads. In a study by Wang et al. (2019) [78], the effects of alloying elements,
including copper and nickel, on the thermal conductivity and mechanical properties of CGI
cylinder heads were investigated. The results showed that the addition of copper and nickel
significantly increased the thermal conductivity and strength of the cylinder heads while reducing
their thermal expansion coefficient. This suggests that the addition of alloying elements can
improve the thermal resistance of cast iron cylinder heads, making them suitable for use in high-

temperature applications. [79 - 82]

Cast iron's chemical composition is critical in determining its mechanical and thermal
properties. The addition of alloying elements such as silicon, carbon, and manganese can improve
the material's strength, wear resistance, and thermal conductivity. Moreover, using inoculants can
control the graphite morphology and distribution, which can impact the mechanical and thermal
properties of the cylinder head. For instance, magnesium inoculants can improve the mechanical
properties of cast iron by refining the graphite morphology and promoting the formation of nodular
graphite. [70, 79 - 82]
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Heat treatment is another critical factor that can significantly impact the properties of cast
iron cylinder heads. Heat treatment processes such as annealing, normalizing, ishothermic
processing, and quenching can improve the material's strength, ductility, and thermal stability.
For example, quenching and tempering can improve cast iron's wear and thermal shock resistance

by forming a martensitic microstructure. [10, 79 - 82]

The design of the cylinder head can also impact its performance and durability. The contact
plate between the cylinder head and the valve seat is critical for minimizing valve recession and
maintaining valve sealing. Therefore, the rigidity and thermal stability of the contact plate are
crucial for ensuring long-term performance. Reinforced materials, such as aluminum-silicon
alloys, can improve the stiffness and thermal stability of the contact plate, reducing valve recession

and maintaining valve sealing. [51, 79 - 82]

In conclusion, cast iron's chemical composition and heat treatment can be tailored to
improve the mechanical and thermal properties of cylinder heads. Moreover, the design of the
cylinder head can impact the rigidity and thermal stability of the contact plate, reducing valve
recession and maintaining valve sealing. These factors must be considered when selecting and

processing cast iron for cylinder heads in high-temperature applications. [51, 70, 79 - 82]
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7 EXPERIMENTS

The experimental part of this research can be divided into three sections:

1. The first section focuses on testing TEDOM cylinder heads to gather information about
their behavior, directly impacting the component lifespan of cylinder heads.

2. The second section of the experimental part investigates the progressive heat treatment

methods applied to materials used for manufacturing cylinder head components.

3. The third section of the research involves evaluating the tribological properties of materials
used for valves and valve seats. This part considers both materials with progressive heat

treatment and their tribological properties.

The experiments evaluate the alterations in mechanical, magnetic, ultrasonic, and
tribological properties. The research outlines the testing procedures employed and presents the
findings related to the changes in mechanical properties of the materials for components for

cylinder heads.

Utilizing cost-effective materials with progressive heat treatment techniques can offer
economic advantages while achieving properties that can compete with modern expensive
materials. Additionally, the development of cryogenic techniques can be a tool for repairing non-
conforming parts that may fail hardness inspections or possess other deficiencies. Applying
cryogenic processing may enhance the material properties and bring them within acceptable
specifications, thereby reducing the need for costly material replacements or rejections due to
quality control issues.

7.1 Deformation of TEDOM cylinder head gasket plate

This experiment served as a pilot test for a dissertation study in which we investigated the
properties of cylinder head materials and examined the operation's impact on their mechanical
properties, significantly affecting the cylinder head's lifespan. Deformation of the cylinder head's

gasket surface also deforms the valve seats, affecting the engine's performance. (see Fig. 10)

7.1.1 Objectives of the experiment
As part of the experiment, it was planned to research:
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1. Using NDT methods, compare the Young’s modulus of the gasket plate of the new

cylinder head and the cylinder head plate after an operating time.

2. ldentify areas on the gasket plate where thermal fatigue of the material is most likely to

occur using calculation of the Eichelberg factor.

7.1.2 Material for testing

The parameters were investigated on a new cylinder head TEDOM that had never been in
operation and on a cylinder head that has been in operation since 2014. Both cylinder heads were
made from cast iron EN-GJL 250 according to EN I1SO 1561 at Heunisch foundry in Brno.
The cylinder heads underwent quality control and were free of internal inhomogeneities and
defects. Tab. 11 is shown the chemical composition of the cylinder heads used for testing.
The chemical composition of the cylinder head was obtained from the material test certificate
according EN 10204 / 3.1 [123] sent with each batch of cylinder heads.

Tab. 11 Chemical composition of cylinder head TEDOM from EN-GJL 250

C [%] 3.36

Si [%0] 1.96
Mn [%] 0.70

P [%0] 0.05

S [%0] 0.04

Cr [%0] 0.08

Sn [%0] 0.08

Cu [%] 0.08
Matrix Pearlite + Ferrite

7.1.3 Measurement methodology

Young’s modulus was calculated using an ultrasonic method by measuring the ultrasonic
and actual thickness of the gasket plane according to Equation 13. Hardness was measured
at selected points using the HB5/187.5 method according to EN ISO 6507-1 [44] with a WPM
hardness tester. The measured values are statistically processed in Tab. 50 and Tab. 51 in the
Appendix 10.5 of the thesis.

Eicheberg factor was calculated to determine the resistance to thermal fatigue according to
Equation 22. The ultrasonic thickness measurements were taken at the points indicated in Fig. 22
on the left side - A. The measurement hardness of the cylinder head plate is shown on the right
side of Fig. 22 - B.
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To determine the relative velocity of ultrasonic propagation was necessary to measure the
material thickness L at the measurement point using a caliper. Ultrasonic thickness Lu
measurements were taken using a DiO 562 Starmans instrument with a dual 5 MHz probe after

measuring the ultrasonic thickness, where we measure the time for the reflected signal to return.

The cylinder head plate was machined so that the cutting planes were parallel to the seating
surface for the head gasket. (The parallelism requirement was 0.05mm.) After being cut on a band
saw, the cylinder head plates were milled to achieve parallelism and surface roughness.

The surface roughness was specified at Ra 3.2.

We used PTC CREO software for the graphical representation of the results. We use linear

interpolation to calculate the values in the remaining portions of the cylinder heads.

=1L 11 1

Fig. 22 Cylinder head plate TEDOM

7.1.4 Measured data

Fig. 23 and 24 graphically depict the measured and calculated values of Young’s modulus
for the gasket plate of the TEDOM cylinder head. Fig. 25 and 26 show the graphical representation

of the Eichelberg factor on the new and used gasket surfaces of the cylinder head.
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Fig. 25 Graphic representation of the Eichelbeg Fig. 26 Graphic representation of the Eichelbeg
factor on new cylinder head factor on the used cylinder head

7.1.5 Discussion of measured data

The Eichelberg factor EF [-] and Theoretical Young's modulus Eor were measured and

calculated on a new cylinder head gasket plane and a used one with 14 000 operating hours.

The measurements of the Eichelberg factor and Young's modulus were performed to
evaluate the thermal resistance of the cylinder head gasket. Theoretical Equations 13 and 22 were
applied to calculate the Eichelberg factor and Young's modulus based on the physical properties

of the cylinder head gasket.

The results showed that the Eichelberg factor and Young’s modulus of the used cylinder
head gasket was significantly lower than those of the new one. This indicated that the thermal
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resistance of the used cylinder head gasket was compromised due to the accumulation of wear and

tear during the 14 000 operating hours.

- The critical point in terms of a lower Young's modulus is in the bridge area between
the intake and exhaust valves closer to the spark plug, where the local minimum of

Young’s modulus reaches a value of 121.7 GPa.

- Hardness measurements have shown that there are no changes in material hardness due to

operation.
- The Young’'s modulus range in the new cylinder head varies from 126.4 to 145.3 GPa.
- The Young’'s modulus range in the used cylinder head varies from 121.7 to 158.7 GPa.

- The Eichelberg factor is lowest in the areas exposed to the highest thermal load, namely in

the bridge area between the exhaust valves and at the spark plug.

The results of the experiment show that the critical point in terms of a relatively low
Young's modulus is in the bridge area between the valves closer to the spark plug, where the local
minimum of Young’'s modulus is located. This area is exposed to high thermal loads and is prone
to deformations and damage. However, the hardness measurements have shown that the material
hardness is not affected by the operation, indicating good quality and durability of the material
used in the cylinder head. The range of Young's modulus in the new cylinder head and the used
cylinder head varies, indicating possible differences in the material properties due to wear and tear.
The graphical representations of Young’s modulus provide a visual reference for the analysis and

evaluation of the material properties in different areas of the cylinder head.

The results of the Eichelberg factor show the areas with the highest thermal load and,
therefore, the most prone to damage and failure. The visual representation of the Eichelberg factor
provides a clear and concise overview of the areas that require attention and possible
improvements. These results are significant in the design and manufacturing of high-performance
engines and can contribute to the improvement of their durability and reliability. In the article
"Non-destructive testing of cylinder heads valve seat, and valves in manufacturing and servicing"
[63], we focus more on the issue of measuring the stiffness of the cylinder head mating surfaces.
Skrbek [132] conducted an analysis on gray cast irons used for brake discs in the automotive

industry, confirming the suitability of using the Eichelberg factor as a measure indicating
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the distinctiveness of a specific material in terms of thermal fatigue. The company TEDOM
systematically collects cylinder heads that have been taken out of operation and inspect all
the mating surfaces of these cylinder heads for the purpose of collecting statistics on hardness,

modulus of elasticity, and the Eichelberg factor.

The main motivation behind this experiment was to determine whether the stiffness of
the lower part of the cylinder head so called gasket plate, where valve seats are pressed, changes
over time. In the event that the stiffness of the gasket plates was changed, it would imply that as
engine mileage increases, there is a gradual misalignment of valves and valve seats. So far, this
has not been proven, and a significant number of samples must be statistically analyzed to confirm

or refute the impact of seating plate stiffness on the durability of TEDOM cylinder heads.

7.2 Effect of cylinder head material on stiffness

The focus of this experiment was to investigate whether utilizing a higher-quality cast iron
EN-GJS 400-15 as the cylinder head material compared to the standard material EN-GJL 250
would positively influence the stiffness of the cylinder head in real engine. This material change
would result in reduced deformations of the valve guides axis perpendicularity to the gasket
surface of the cylinder head, roundness of the pressed valve seat, and flatness of the contacting
sealing surface. All of these parameters are crucial for the proper and long-term functioning of the
combustion engine. The tightening sequence was chosen to reflect the actual procedure used

during the assembly of cylinder heads in the engine assembly line at TEDOM company.

7.2.1 Objectives of the experiment
As part of the experiment. it was planned to research:

1. Measure the differences in the perpendicularity of the valve guide axis to the cylinder head
contact surface when tightening the cylinder head bolts to 0 Nm, 200 Nm, and 370 Nm,
and then when loosening them to 0 Nm. These differences should be compared for cylinder
heads made of EN-GJL 250 and EN-GJS 400-15 materials.

2. Measure the differences in the flatness around valve seats of the cylinder head contact
surface when tightening the cylinder head bolts to 0 Nm, 200 Nm, and 370 Nm, and then
when loosening them to 0 Nm. These differences should be compared for cylinder heads
made of EN-GJL 250 and EN-GJS 400-15 materials.
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3. Measure the differences in the roudness of valve seats when tightening the cylinder head
bolts to 0 Nm, 200 Nm, and 370 Nm, and then when loosening them to 0 Nm.
These differences should be compared for cylinder heads made of EN-GJL 250 and
EN-GJS 400 materials.

7.2.2 Material for testing

For the purpose of testing, we used serial cylinder heads provided by TEDOM.
The cylinder heads were cast at Foundry Heunisch Brno. Ltd., where both EN-GJL 250, according
to CSN 42 2425 [133], and EN-GJS 400-15, according to EN 1563 (CSN 42 0951) [29] cylinder
heads were manufactured. The EN-GJS 400-15 cylinder heads were produced at the company's
branch located in Germany. The casting molds used for both types of cylinder heads were identical,
ensuring consistency in the casting process. Subsequently, the cylinder heads were processed using
the standard serial procedures employed by TEDOM. This standardized approach allowed us to
compare the performance of the two materials under similar manufacturing conditions, minimizing
potential confounding factors. The cylinder heads were equipped with standard valve guides made
from AGI 410 and valve seats. Material of intake valve seat was Stellite 6. Material of exhaust
valve seat was Stellite 12. The chemical composition of cylinder head EN-GJL 250 is shown in
Tab. 11. Chemical composition of cylinder head EN-GJS 400-15 is shown in Tab. 12.
The chemical composition of the cylinder head was obtained from the material test certificate
according to EN 10204 / 3.1 [123].

Tab. 12 Chemical composition of cylinder head EN-GJS 400-15

C [%] 3.58
Si [%0] 2.77
Mn [%] 0.22
P [%0] 0.04
S [%] 0.01
Cr [%] 0.03
Mo [%0] 0.01
Sn [%0] 0.01
Cu [%] 0.06
Mg [%0] 0.05
Matrix Ferrite

7.2.3 Measurement methodology

We conducted testing on three-cylinder heads for each material. These cylinder heads were
mounted with head gaskets onto the engine block. The tightening torque for the cylinder head bolts

was selected as follows:
88



Dissertation Ing. Jakub Mraz

Initial measurement: The cylinder head was measured without tightened bolts.
The bolts were tightened to 200 Nm.
The bolts were further tightened to 370 Nm.

M w0 D e

The bolts were then loosened and the cylinder heads were measured again.

All measurements were performed using the Coordinate Measuring Machine (CMM)
Zeis PRISMO Ultra at TEDOM. The engine block and cylinder heads were positioned on the
machine to ensure that the valve axis of the engine block was perpendicular to the measuring
machine's base. This setup ensured accurate and reliable measurements of the cylinder heads and
allowed for the assessment of any dimensional changes or deformations resulting from different

torque levels.

The configuration of each cylinder head is as follows: There are intake valve seats and
guides on the edges of the heads, while in the center, there are exhaust channels. In Tab. 13 -18
are shown the measured geometrical differencies of cylinder heads. Fig. 27 illustrates a CAD
model of the cylinder head TEDOM which provides a visual approximation of configuration where
valve seats are labeled as "I" for intake and "E" for exhaust. This labeling system allows for clear
identification and differentiation of the components during the analysis and discussion of the

experimental results.

)

Fig. 27 TEDOM cylinder head configuration

Measuring setting of CMM machine was:

Diameter of measuring ball — 3 mm, Scannig speed — 8 mm/s, Evaluation method: Gauss,

Filter Gauss, Low frquency speed / rev:50, Elimination of outliers: Factor 3,00/3,00;
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1c:0,0-1000,0 mm; Iteration -1, Number of measurements: Number of points per cut — 3600; Initial

measuring angle — 0°; Angular range — 450°.

7.2.4 Measured data

The measured data of geometrical differences are shown in Tab. 13 to 18.

Tab. 13 Perpendicularity of valve guide axis to contact surface cylinder head made from EN-GJL 250

Perendicularity of valve guide axis to contact surface cylinder head [mm]
Cylinder head 1 Cylinder head 2 Cylinder head 3
Material Torque| 11 E1l E2 12 13 E3 E4 14 15 ES5 EG6 16
EN-GJL-250 | ONm ]0.0381|0.0187|0.0325 | 0.0236|0.0381 | 0.0187 | 0.0325 | 0.0236 | 0.0076 | 0.0055 | 0.0136 | 0.0312
EN-GJL-250 | 200Nm | 0.0606 | 0.0133 | 0.0541 | 0.0068 | 0.0363 | 0.033 | 0.0371 | 0.0598 | 0.0242 | 0.0141 | 0.0199 | 0.0529
EN-GJL-250 [ 370Nm |0.0802 | 0.0117 | 0.0541 | 0.0531 | 0.0535 | 0.0336 | 0.0383 | 0.0719 | 0.0392 | 0.0105 | 0.0232 | 0.0633
EN-GJL-250 [ ONm |0.0399 |0.0219 | 0.0335 | 0.0224 | 0.0128 | 0.0265 | 0.0251 | 0.0434 | 0.0065 | 0.0044 | 0.0138 | 0.0319
Tab. 14 Perpendicularity of valve guide axis to contact surface cylinder head made from EN-GJS 400
Perendicularity of valve guide axis to contact surface cylinder head [mm]
Cylinder head 1 Cylinder head 2 Cylinder head 3
Material |Torque| 11 E1l E2 12 13 E3 E4 14 15 ES5 E6 16
EN-GJS-400| ONm |0.0257 | 0.0176 | 0.0294 | 0.0224 | 0.0224 | 0.0247 | 0.0169 | 0.0221 [ 0.0230 | 0.0049 | 0.0187 | 0.0232
EN-GJS-400 | 200Nm | 0.0399 | 0.0163 | 0.0323 | 0.0499 | 0.0408 | 0.0303 | 0.0109 | 0.0369 | 0.0487 | 0.0246 | 0.0370 | 0.0422
EN-GJS-400 | 370Nm | 0.0533 | 0.0187 | 0.0342 | 0.0627 | 0.0496 | 0.0340 | 0.0095 | 0.0493 | 0.0561 | 0.0204 | 0.0354 | 0.0533
EN-GJS-400| ONm |0.0242|0.0167 | 0.0286 | 0.0228 | 0.0207 | 0.0237 | 0.0163 | 0.021 [0.0226 | 0.0059 | 0.0187 | 0.0244
Tab. 15 Flatness of contact surface cylinder head made from EN-GJL 250
Flatness of contact surface [mm)]
Cylinder head 1 Cylinder head 2 Cylinder head 3
Material | Torque| 11 E1l E?2 12 13 E3 E4 14 15 ES5 EG6 16
EN-GJL-250| ONm |0.0205 | 0.0205 | 0.0205 | 0.0205 | 0.0205 | 0.0205 | 0.0205 | 0.0205 | 0.0186 | 0.0186 | 0.0185 | 0.0185
EN-GJL-250 | 200Nm | 0.0169 | 0.0169 | 0.0336 | 0.0336 | 0.0160 | 0.0160 | 0.0175 | 0.0175|0.0175 | 0.0175 | 0.0167 | 0.0167
EN-GJL-250| 370Nm | 0.0235 | 0.0235 | 0.0266 | 0.0266 | 0.0215 | 0.0215 | 0.0270 | 0.0270 | 0.0258 | 0.0258 | 0.0247 | 0.0247
EN-GJL-250| ONm |[0.0199 |0.0199|0.0199|0.0199 | 0.0193 | 0.0193| 0.0193 | 0.0193 [ 0.0197 | 0.0197 | 0.0197 | 0.0197
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Flatness of contact surface [mm]

Cylinder head 1

Cylinder head 2

Cylinder head 3

Material

Torque

11

E1l

E?2

13

E3

E4

14

15

ES5

EG6

16

EN-GJS-400

ONm

0.0187

0.0187

0.0187

0.0187

0.0209

0.0209

0.0209

0.0209

0.0194

0.0194

0.0194

0.0194

EN-GJS-400

200Nm

0.0097

0.0097

0.0110

0.0110

0.0121

0.0121

0.0128

0.0128

0.0120

0.0120

0.0129

0.0129

EN-GJS-400

370Nm

0.0161

0.0161

0.0181

0.0181

0.0153

0.0153

0.0178

0.0178

0.0162

0.0162

0.0166

0.0166

EN-GJS-400

ONm

0.0213

0.0190

0.0190

0.0191

0.0191

0.0213

0.0213

0.0213

0.0199

0.0200

0.0201

0.0202

Tab. 17 Roudness sealing surface of valve seats in cylinder head made from EN-GJL 250

Roundness of valve seats [mm]

Cylinder head 1

Cylinder head 2

Cylinder head 3

Material

Torque

11

E1l

E?2

13

E3

E4

14

15

ES5

EG6

16

EN-GJL-250

ONm

0.0151

0.0173

0.0157

0.0164

0.0151

0.0173

0.0157

0.0149

0.0117

0.0175

0.0150

0.0237

EN-GJL-250

200Nm

0.0143

0.0210

0.0165

0.0302

0.0090

0.0111

0.0108

0.0115

0.0202

0.0326

0.0175

0.0175

EN-GJL-250

370Nm

0.0099

0.0086

0.0168

0.0130

0.0084

0.0146

0.0101

0.0132

0.008

0.0120

0.0123

0.0111

EN-GJL-250

ONm

0.0103

0.0139

0.0128

0.0093

0.0175

0.0117

0.0152

0.0117

0.0149

0.0170

0.0136

0.0122

Tab. 18 Roudness sealing surface of valve seats in cylinder head made from EN-GJS 400

Roundness of valve seats [mm]

Cylinder head 1

Cylinder head 2

Cylinder head 3

Material

Torque

11

E1l

E?2

13

E3

E4

14

15

E5

EG6

16

EN-GJS-400

ONm

0.0198

0.0234

0.0210

0.0196

0.0212

0.0165

0.0197

0.0193

0.0176

0.0216

0.0191

0.0174

EN-GJS-400

200Nm

0.0169

0.0180

0.0095

0.0109

0.0153

0.0074

0.0082

0.0120

0.0173

0.0112

0.0130

0.0132

EN-GJS-400

370Nm

0.0148

0.0211

0.0156

0.0118

0.0280

0.0220

0.0088

0.0150

0.0163

0.0106

0.0106

0.0127

EN-GJS-400

ONm

0.0113

0.0127

0.0103

0.0118

0.0142

0.0100

0.0099

0.0095

0.0098

0.0109

0.0105

0.0095

7.2.5 Discussion of measured data

All measured values of perpendicularity, flatness, and roudness of the cylinder heads from

both materials consistently met the specifications outlined in the engineering drawings defined by

TEDOM. This indicates that the manufacturing process for both materials was capable of

consistently producing cylinder heads that adhered to the required dimensional and geometric

tolerances.
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Based on this finding, the company TEDOM has made a decision to discontinue the

production of cylinder heads made from the EN-GJS 400 material for economic reasons.

The company will continue the production of cylinder heads using the EN-GJL 250
material. By focusing on the production of cylinder heads from the EN-GJL 250 material, the
company aims to optimize its manufacturing operations and enhance cost-effectiveness.
This decision is supported by the fact that the measured values of the desired parameters were
consistently within the specified tolerances for both materials.

The choice to continue manufacturing cylinder heads from the EN-GJL 250 material is
based on various factors, including cost-efficiency and material availability, and the ability to meet
the required quality standards. The recommendation for future testing is to try isothermal annealing

of the cylinder head followed by cryogenic treatment.

7.3 Development of valve guide material

The experiment quantifies the impact of cryogenic treatment on the properties
of isothermally quenched material used for valve guides used in engine TEDOM made from cast
iron with flake graphite EN-GJL 200 and isothermally processed for AGI 410. Cryogenic freezing
in liquid nitrogen is often a part of the pre-assembly process for parts (such as valve seats) with
overlap into TEDOM engines and similar applications.

7.3.1 Objectives of the experiment
As part of the experiment, it was planned to research:

1. Measure the effect of cryogenic processing on the mechanical properties of isothermic
guenched EN-GJL 200 to AGI 410.

2. Measure the impact of the time interval between hardening and freezing on the mechanical

properties of the material.

7.3.2 Material for testing

We used raw-parts products as the testing material, which are used for the production of
intake and exhaust valve guides for TEDOM engines, made from EN-GJL 200 material according
to CSN 42 2420 [48]. Chemical composition is shown in Tab. 19. The chemical composition was

taken from the material certificate according to EN 10204 / 3.1 [123], provided by the supplier of
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the valve guide semi-finished products - TSS Tiebechovice. In Fig. 28. on the left side is the
casting of the semi-finished valve guide, and on the right side, there is a drawing for the machining
of the valve guide.

Tab. 19 Chemical compound of valve guides used in testing

C [%] 3.35
Si [%0] 1.85
Mn [%] 0.85
Cr [%] 0.03
P [%0] 0.06
S [%0] 0.07
Matrix Pearlite
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Fig. 28 TEDOM valve guide raw part and drawing for valve guide

7.3.3 Heat treatment of valve guides

The valve guides raw parts were isothermally quenched to AGI 410 from 860 °C to 890 °C
for 30 minutes and then tempered in a salt bath at 400 °C to 410 °C for 30 minutes to achieve
a hardness of 250-275 HB according to serial production drawing. For the freezing of the samples
were used liquid nitrogen with gradual cooling. The valve guides were subjected to cryogenic
treatment at specific intervals after hardening to investigate the influence of time intervals between

hardening and freezing on the mechanical properties of the material.
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For sample was chosen cryogenic treatment in liquid nitrogen with gradual cooling and

holding for 30 minutes - Nazo

7.3.4 Measurement methodology

Hardness was measured using the HB2.5/187.5 method according to EN ISO 6507-1 with
a WPM hardness tester. Changes in the structure were specified using magnetic and ultrasonic
measurements. The Tensile strenght tests where performed on threaded rods with a diameter of
d12 mm according to CSN 42 0316 [121]. The microstructure was observed using a NEOPHOT 2

microscope.

The speed of sound V. and ultrasonic thickness Lu was determined using an ultrasonic flaw
detector DIO 562 (Starmans s.r.o. Prague) with a dual probe of 10 mm diameter and 5 MHz
frequency for L up to 100 mm. For measuring the real thickness of sample L, a micrometer was
used. The intensity of residual magnetic field M was measured using the magnetic spot method
with DOMENA B3 ELKOSO s.r.0. Brno instruments (set at 3" level of magnetization). Values of
speed of sound was used for calculation theoretical Young's modulus. Theoretical

Young's modulus Eor was calculated according to Equation 13.

For measuring the tensile strength of the materials was used the Universal Testing Tensile
Machine TiraTest2300 with the extensometer MFX500-B. Test rods were prepared from raw-parts
products for valve guides using mechanical machining with a diameter of do 12mm. The test rods
complied with the CSN 42 0316 [121].

7.3.5 Measured data

Fig. 29 — 31 illustrate the progression of tensile tests, highlighting the impact of cryogenic
processing and the relationship between the time interval between hardening and cryogenic
treatment. In Tab. 20 are shown the measured results of experiments obtained by non-destructive

testing methods. In Tab. 21 are shown the results of destructive mechanical tests.
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Tab. 20 Influence of time delay between guenching and cryogenic treatment to AGI cast iron to magnetic
properties and elastic modulus

Hardness HB | Eor [GPa] M [A/m]

EN-GJL 200 219+ 1 132.1 357.7+3

AGI 410 268 +2 124.6 683.7+2

AGI 410 + Ny after 1h 295+2 125.8 539.0+3
AGI 410 + Ny after 2h 307 +3 124.9 468.0+ 3
AGI 410 + N3 after 16h 306+ 2 125.2 519.5+4

Tab. 21 Influence of heat treatment on mechanical properties of EN-GJL 200

do [mm] Rpo.2 [MPa] Rm [MPa] A3 [%0]
EN-GJL 200 12 223.2 245.3 0.35
AGI 410 12 284.5 328.7 0.52
AGI 410 + N3 after 1h 12 3175 398.7 0.50
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Fig. 29 Reference sample EN-GJL 200
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Fig. 30 AGI 410 sample
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Fig. 31 AGI 410 Ngo after 1h sample

7.3.6 Phase analysis

Samples for metallographic observation were sectioned from the bulk material using
a precision saw, the Struers Secotom-50, equipped with a SiC cutting disc. The sections were then
securely affixed using the Struers Citopress-10 hot-mounting press, embedding them in conductive
resin known as Struers Polyfast. Subsequent grinding was performed using Struers Tegramin-25,

progressing through sandpapers with grit sizes of #220, 500, 1200, and 2000.

For the polishing phase, polycrystalline diamond suspension with particle sizes of 3 um

and 1 um was applied onto textile cloth disks. This polishing process refined the samples.
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The resulting sample structures were characterized using light optical microscopy, specifically
the Zeiss Axio Imager M2m model with a 100x magnification, utilizing reflected bright-field
illumination. Analysis of graphite shapes and sizes was conducted through image processing,
following the DIN EN ISO 945 — 2019 standard, utilizing ZEISS ZEN Core software.

To achieve a highly polished surface devoid of deformities and contaminants, a final
mechanical-chemical polishing step was executed using colloidal silica OP-S, a product from
Struers. Furthermore, Ar-lon Milling, performed using the Fischione SEM Mill 1060, was
employed to attain a perfectly smooth surface. This process ensured the elimination of
deformations and any residual contamination. The mitigation of carbon contamination was

achieved through plasma cleaning using the Evatron system integrated within the SEM chamber.

The meticulously prepared samples were then subjected to scanning electron microscopy
(SEM) and electron backscatter diffraction (EBSD) analyses. In the context of optical microscopy,
the sample's structure was revealed by etching with Nital, a solution comprising 3% nitric acid in

ethanol.

Tab. 22 shows the results of the phase analysis of the examined materials. The table

evaluates the percentage distribution of the BCC phase, FCC phase, Graphite, and Martensite.

Tab. 22 Phase analysis of various heat treatments of EN-GJL 200

Material Crystal Structures Phase Fraction [%] | Standart deviation ¢
Iron BCC 91.4 11
EN-GJL 200 Graphite 8.6 1.1
Iron BCC (old) 57.2 2.4
AGI 410 Iron FCC 32.6 3.3
Graphite 10.2 1.2
Iron BCC (old) 57.9 1.8
Iron FCC 17.0 11

AGI 410 N 30* -

Gl 410N w0 Graphite 10.1 1.2
Martensite 15.1 15

* Freezing in liquid nitrogen, 1 hour after isothermal quenching

Fig. 32 shows the microstructure of the initial structure of EN - GJL 200 - LOM image,
Bright Field, MAG = 100x, polished.
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Fig. 32 The Initial structure of graphite EN-GJL 200

Fig. 33 shows the Structure of AGI 410 °C - LOM image, Bright Field, MAG = 100x,
polished. Fig. 34 shows the structure after cryogenic treatment N3 after 1 hour of isothermall
hardening - LOM image, Bright Field, MAG = 100x, polished. In the Appendix of this work
(section 10.6), are Fig. 105 —Fig. 110, which show microstructure and EBDS maps of the materials
EN-GJL 200, AGI 410, and AGI 410 Nso.
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Fig. 33 Structure of graphite AGI 410
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Fig. 34 Structure of graphite AGI 410 N3o

7.3.7 Discussion of measured data

The following discussion is divided into the individual materials chapters according to heat

treatment.

7.3.7.1 AGI 410

- The AGI 410 processing increases the Tensile strength Rm of the initial material
EN-GJL 200 by 34 %. (From 245.3 MPa to 328.7 MPa).

- The AGI 410 processing increases the Yield strength Rpoz of the initial material
EN-GJL 200 by 27.5 %. (From 223.2 MPa to 284.5 MPa).

- The AGI 410 processing increases the hardness of the initial material EN-GJL 200 by
22.3 %. (From 219 HB to 268 HB).

- AGI 410 heat treatment process shows a decrease in the calculated theoretical
Young's modulus by 5.7 %. (From 132.1 GPa to 124.6 GPa).

- The ductility of the AGI 410 material has increased to a level of 0.52 %, which is 48.6%
less than the original EN-GJL 200 material.
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7.3.7.2 AGI 410 Nao after 1 h

- The AGI 410 N3o processing increases the Tensile strength Rm of the initial material
EN — GJL 200 by 62.5 %. (From 245.3 MPa to 398.7 MPa).

- The AGI 410 N3o processing increases the Yield strength Rpo2 of the initial material
EN — GJL 200 by 42.2 %. (From 223.2 MPa to 317.5 MPa).

- The AGI 410 Na3o processing increases the hardness of the initial material EN-GJL 200 by
34.7 %. (From 219 HB to 295 HB).

- Cryogenic procesing show potencial to increase the hardness of AGI 410 from original
value of 268 HB to 295 HB. The increase in hardness was by 10.1%.

- The ductility of the material has decreased to a level of 0.5 %, which is 42.9 % less than
the original EN-GJL 200 material.

- Cryogenic processing show potencial to increase the tensile strength of AGI 410 from the
original value of 328.7 MPato 398.7 MPa while maintaining practically the same ductility.

The increase in strength was by 21.3%.

From the measured results of phase analysis, it is evident that in the case of cryogenic
treatment, the residual austenite after isothermal quenching transforms into martensite. In our case,

out of the 32.6% residual austenite, approximately 15 %, transformed into martensite.

In the article of Wang [130], it is described that cryogenic treatment has the capability to
significantly reduce the retained austenite content following the destabilization heat treatment.
However, it's important to note that cryogenic treatment alone does not achieve a complete
transformation of retained austenite into martensite. Despite this, cryogenic treatment
demonstrates the ability to substantially enhance the hardness and abrasion resistance of high-cast
irons. The notable enhancement in hardness and wear resistance is primarily attributed to
the additional formation of fine secondary carbides during cryogenic treatment after
destabilization, as compared to air cooling. Our measured results confirm Wang's findings,
particularly the observed increase in martensitic structure within the cryogenically processed

samples.

Our measurements have revealed that the delay between quenching and cryogenic
treatment has an impact on the material's hardness. In our case, the hardness increased by 3.7 %
from the original 295 HB when frozen 1 hour after quenching to 307 HB when frozen 2 hours after
quenching. Notably, the sample subjected to cryogenic treatment after a delay of 16 hours
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following quenching exhibited a hardness value approximately similar to the sample frozen

2 hours after quenching.

Additionally, the experiment has demonstrated the importance of immediately proceeding
with cryogenic processing after quenching, as any delay in this process reduces the effectiveness
of the thermal treatment. It is worth noting that this method holds great economic significance, as
it enables the correction of non-conforming products through the application of this technique.
In the appendix of this study, Fig. 106, 108, and 110 depict the microstructures of the
EN-GJL 200, AGI 410, and AGI 410 N3o materials.

Cryogenic treatment of gray cast iron or AGI seems to be promising way of thermal
treatment which is in accordance with the Thornton [131] observation of gray cast iron parts
subjected to deep cryogenic treatment exhibited a 9.14 — 81.39 % enhancement in wear rate when
compared to those parts with no additional treatment, particularly in cases where significant wear

rates (> 0.01 x 10~ mm®/m) were observed.

Based on the tensile test diagram obtained from the testing machine in graphical or
numerical form, it is only possible to determine the ultimate tensile strength Rm for cast iron.
From the perspective of the theory of limit states for cast iron under tensile stress, Rm is not
sufficient to determine permissible stress levels. To achieve this, it is necessary to establish
the elastic deformation limit Re and microplastic deformation limit 1. Currently, there is no
methodology available for determining these limits. One of the possible approaches to determine
these limits, suggested by Exner [124], involves using the derivative of the measured curve. We
recommend further research in the field of evaluating tensile tests using derivatives to address this
issue. Furthermore, we recommend investigating the effect of liquid nitrogen exposure time on the

change in material hardness and mechanical properties.

Since 2004, TEDOM engines have been using isothermally quenched gray iron for intake
and exhaust valve guides. As part of the measurement results, sets of AGI 410 N3g valve guides
will be prepared for engine testing, where the practical positive influence of cryogenic treatment

on material wear resistance will be measured.

7.4 Development of valve seat material

The experiment was focused on finding a suitable alternative material for the intake valve

seat in the TEDOM gas combustion engines instead of the currently used material — Stellite 6. The
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initial material EN-GJS 450-8 cast iron was chosen for testing, which is material commonly used
in TEDOM company for producing the housing of the injection pump. This component was chosen
due to its geometric compatibility for subsequent valve seat production as well as its material
composition. Using Non-Destructive Testing methods, we measured the influence of cryogenic
temperature on mechanical properties of the raw-parts used for testing. Destructive testing defines
the physical properties of samples with various heat treatments. Subsequently, the most suitable
material was selected to manufacture intake valve seats, which will then be tested in real operating

conditions on an engine dynamometer, often referred to as an “engine dyno".

7.4.1 Objectives of the experiment
As part of the experiment, it was planned to research:

1. Measure the Magnetism, Theoretical Young’'s modulus, Hardness on following materials

with variuos cryogenic treatment: ADI 280, ADI 350, ADI 410

2. Measure the Magnetism, Theoretical Young’s modulus, Hardness on EN-GJS 450-8 and
Q-Nitro material.

3. Prepare testing rods for testing Tensile strength, Yeld strenght, Ductility and of the
materials, Q-Nitro, ADI 280, ADI 280 Ns, ADI 280 NTs, ADI 350, ADI 350 Ns, ADI 350
NTs ADI 410, ADI 410 Ns ADI 410 NTs in order to investigate their mechanical

properties.

4. Performing a phase analysis on the folowing materials: Q-Nitro, ADI 280, ADI 280 N,
ADI 280 NTs, ADI 350, ADI 350 Ns, ADI 350 NTs ADI 410, ADI 410 Ns, ADI 410 NTs

5. Prepare real intake valve seats for the TEDOM engine and install them into the durability
test on the engine dyno.

7.4.2 Material for testing

Two sets of samples were prepared for testing. The first set was for Non-Destructive
Testing, and the second was for Destructive Testing. For Non-Destructive testing were used four
raw - part products M4546 made from EN-GJS 450-8 according to EN 1563 (CSN 42 0951) [29]
and for destructive testing was used one raw part M4546. The chemical composition of these raw
parts products is shown in Tab. 23. In Fig. 35 is shown a raw part used for testing. These raw parts

were utilized to produce the following material variants:
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Q — Nitro
ADI 280
ADI 280 N
ADI 350
ADI 350 N
ADI 410
ADI 410N

N o a > w D E

Fig. 35 Raw part - M4546

Samples for Non-Destructive testing were tested for hardness HB, Theoretical
Young's modulus Eor, and magnetism M, measured prior to heat treatment. Tab. 24 shows
measured initial values of raw parts used for testing. Subsequently, the semi-finished products
underwent heat treatment for ADI 250, 350, and 410. After the heat treatment process, were again
measured on the samples hardness, magnetism, and the theoretical modulus of elasticity.
Following these measurements, the semi-finished products were divided using a band saw whit
cooling. From the original cylindrical semi-finished products, cross-sectional slices with a square

profile were cut. Subsequently, individual samples underwent various cryogenic treatments.

A total of 26 pcs. of test samples were prepared for Non-Destructive testing. There were
eight samples for the Q-Nitro version, six samples for the ADI 280 version, six samples for the
ADI 350 version, and six samples for ADI 410. The measurement of physical properties was

conducted on a statistically significant number of measurements.

For the Q - Nitro variant was used raw part A. For the ADI 280 / ADI 280 Nitro material
variants was used raw part B, for ADI 350 / ADI 350 Nitro material variants was used raw part C

and raw part D was utilized for the ADI 410 / ADI 410 Nitro variant.
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Tab. 23 Chemical composition of castings used for testing

C [%0] | Si [%] | Mn [%0] | P [%0] | S[%0] | Cr [%] | Mg [%0] Graphite Pearlite

3.83 2.72 0.16 0.04 0.03 0.03 0.06 VI | 11.6 %* |5.60| 20 P2

*volume fraction of graphite in the structure [92].

Tab. 24 Measured data on raw parts used for testing

HB 2,5 Eor [MPa] M [A/m]
Raw part A 220+2.4 166.4 119.0+2.7
Raw part B 230+ 2.0 172.8 98.0+1.8
Raw part C 215+ 1.7 169.2 845+ 1.4
Raw part D 238+ 1.6 177.8 720+1.5

*The HV30 values were calculated using a conversion table ASTM E 140 - 97.

For the destructive testing were prepared testing rods made from the raw part M4546. Test rods
were prepared by mechanical machining, and they were subsequently heat-treated into the
following variants: EN-GJS-450-8, EN-GJS-450-8 Quenched, Q-Nitro, ADI 280, ADI 280 Ns,
ADI 280 NTs, ADI 350, ADI 350 Ns, ADI 350 NTs ADI 410, and ADI 410 Ns, ADI 410 NTs. The
lower index behind the sample designation, in our case 5, represents the time in minutes of
exposure to liquid nitrogen on the sample. In our case, we chose a freezing time of 5 min. because
this time corresponds to the practical freezing time during the production of cylinder heads.

In Fig. 36 is shown an example of one testing rod after measuring.

Fig. 36 Example of testing rod from material EN -GJS 450-8

The test specimen diameter Do was 8 mm and length Lo was 40 mm, according to
CSN 42 0316 [121]. The chemical composition of the test rods corresponds to the chemical
composition provided in Table 23. In Fig. 36 is shown an example of one testing rod after

measuring.
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7.4.3 Heat treatment of material variants

The following subsections are described the heat treatment of samples for NDT testing:
EN-GJS 450 - 8 Qunched, Q-Nitro, ADI 280, ADI 280 Nitro, ADI 350, ADI 350 Nitro, ADI 410
and ADI 410 Nitro.

7431 EN-GJS450-80Q

The samples were heated up to the austenitization temperature of 870 °C for a duration of

45 minutes, followed by quenching in oil at 20 °C for 30 minutes.

7432 Q- Nitro

The samples were heated up to the austenitization temperature of 870 °C for a duration of
45 minutes, followed by quenching in oil at 20 °C for 30 minutes. Following that, rapid freezing
was performed in liquid nitrogen, and the samples were kept immersed in liquid nitrogen for
a duration of 16 hours to ensure uniform and homogeneous conditions throughout the entire
volume of the material. After 16 hours, the samples were removed from the liquid nitrogen and
allowed to warm up to room temperature to approximately 22 °C. The next step was to temper

samples at a temperature of 180 °C for a duration of 30 minutes.

7.4.3.3 ADI 280

The process of heat treatment of raw parts included austenitization at a temperature of
870 °C for a duration of 45 minutes, followed by hardening in a salt bath type AS140 at 280 °C
for 30 minutes. The process is completed with air washing at a temperature of 20 °C.

7434 ADI280N

The process of heat treatment of raw parts included austenitization at a temperature of
870 °C for a duration of 45 minutes, followed by hardening in a salt bath type AS140 at 280 °C
for 30 minutes. The samples were allowed to cool down to room temperature at approximately
22 °C. Immediately after reaching room temperature, the samples were gradually cooled in liquid
nitrogen. Six samples were prepared, with one sample being left in its initial state for comparison
with the changes caused by freezing. The remaining five samples were sequentially exposed to
liquid nitrogen for durations of 5, 10, 20, 60, and 960 minutes.
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7.4.3.5 ADI 350

The process of heat treatment of raw parts included austenitization at a temperature of
870 °C for a duration of 45 minutes. followed by hardening in a salt bath type AS140 at 350 °C

for 30 minutes. The process is completed with air washing at a temperature of 20 °C.

7.43.6 ADI350N

The process of heat treatment of raw parts included austenitization at a temperature of
870 °C for a duration of 45 minutes, followed by hardening in a salt bath type AS140 at 350 °C
for 30 minutes. The samples were allowed to cool down to room temperature at approximately
22°C. Immediately after reaching room temperature, the samples were gradually cooled in liquid
nitrogen. Six samples were prepared, with one sample being left in its initial state for comparison
with the changes caused by freezing. The remaining five samples were sequentially exposed to
liquid nitrogen for durations of 5, 10, 20, 60, and 960 minutes.

7.4.3.7 ADI 410

The process of heat treatment of raw parts included austenitization at a temperature of
870 °C for a duration of 45 minutes, followed by hardening in a salt bath type AS140 at 410 °C

for 30 minutes. The process is completed with air washing at a temperature of 20 °C.

7.43.8 ADI410N

The process of heat treatment of raw parts included austenitization at a temperature of
870 °C for a duration of 45 minutes, followed by hardening in a salt bath type AS140 at 410 °C
for 30 minutes. The samples were allowed to cool down to room temperature at approximately
22°C. Immediately after reaching room temperature, the samples were gradually cooled in liquid
nitrogen. Six samples were prepared, with one sample being left in its initial state for comparison
with the changes caused by freezing. The remaining five samples were sequentially exposed to
liquid nitrogen for durations of 5, 10, 20, 60, and 960 minutes.

7.4.4 Measurement methodology

The properties of the testing samples were evaluated using several measurement methods.
Hardness was measured in accordance with EN 1SO 6507-1 [120], using the HV method with
a Dia Testor 2Rc hardness tester. Hardness HB 2,5 was measured using method according to
EN ISO 6507-1 [44] with a WPM hardness tester.
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The samples for microstructure analysis were prepared following standard procedures,
which involved hot-mounting them in conductive resin (Struers Polyfast), followed by sandpaper
grinding (#240, 500, 1200, 2000) and subsequent polishing using a textile cloth with diamond
suspension (3 pum and 1 um). The final step consisted of mechanical-chemical polishing with silica
(Struers OP-S).

Microstructural analysis was perfomed by conventional metallographic techniques.
A Thermofisher Scientific scanning electron microscope (SEM) and attached backscattered
electron detector (BSE) was used. Data acquisition was conducted at an accelerating voltage of

10.0 kV, and the employed evaluation software was from manufacturer.

Optical microstructural analysis was conducted using a NEOPHOT 2 microscope colloidal,
with documentation done through Digifoto COOLPIX 4500 Nikon and a USB microscope
DTX90 Levenhuk.

The speed of sound V. was determined using an ultrasonic flaw detector DIO 562
(Starmans s.r.o. Prague) with a dual probe of 20 mm diameter and a 2 MHz frequency probe for
larger paths. The intensity of residual magnetic field M was measured using the magnetic spot
method with B3 (TU Liberec) ELKOSO s.r.0. Brno instruments (set at 3rd level of magnetization).
Values of speed of sound was used for calculation of theoretical Young's modulus. Theoretical

Young's modulus Eor was calculated according to Equation 13.
7.4.5 Measured data

Tab. 25 shows the measured values of hardness HV30 and HRC, Magnetism — M, along

with the calculated values of Young's modulus — Eor for material Q-Nitro.

Tab. 25 Measured and calculated data of material Q - Nitro

Sample No. Q-Nitro

HV30 HRC* M[A/m] | Eor[GPa]

1 580 54 148 154.4

2 621 56 115 155.8

3 601 55 157 155.2

4 584 54 144 155.3

5 603 55 174 155.0

6 644 58 166 155.7

7 620 56 164 154.2

8 614 56 159 154.8
Average 608 + 20.9 56 142 £ 18.1 155.1+0.6

* The HRC values were calculated using a conversion table according to ASTM E 140 - 97.
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| In Tab. 26 to 28, values of hardness HV30 and HRC, magnetism (M), and calculated
values of Young's modulus (Eor) are depicted for material ADI 280, 350, and 410 with various

cryogenic treatments compared to original EN-GJS 450-8 material.

Tab. 26 Influence of cryogenic treatment on physical properties of material ADI 280

Sample|  Material HV30 |[HRC*| M[A/M] [(EE’L] AHV30 | AHRC* [Q}‘:ﬂ [él“;f;]
1 | EN-GJS450-8 | 242+2 | 21 | 9818 | 1728 | - : ; :
2 ADI 280 463+4 | 46 | 45923 | 1608 | +221 | +25 | +361 | -120
3 ADI280Ns | 571=5 | 54 | 446+2.5 | 1612 | +329 | +33 | +348 | -116
4 | ADI28ONw | 502+7 | 49 | 438+2.1 | 1508 | +260 | +28 | +340 | -13.0
5 | ADI280Nx | 50846 | 50 | 464+28 | 162.8 | +266 | +29 | +366 | -10.0
6 | ADI280Nw | 535+5 | 51 | 426+25 | 1631 | +293 | +30 | +328 | -9.7
7 | ADI280Nwo | 473+6 | 47 | 412+19 | 1651 | +231 | +26 | +314 | -7.7

* The HRC values were calculated using a conversion table according to ASTM E 140 - 97.

Tab. 27 Influence of cryogenic treatment on physical properties of material ADI 350

Sample|  Material HV30 | HRC* | M[A/m] [gg;] AHV30 | AHRC* | | ﬁ/l\r“n] [é%’;]
1 |EN-GJS450-8| 226+2 | 18 85+1.4 |169.2 - - - -
2 ADI 350 351+4 | 36 885+29 |1555| +125 +18 +800 -13,7
3 ADI350Ns | 387+2 | 40 690+29 |159.6 | +161 +22 +605 -9.6
4 ADI350 Ny | 381+4 | 39 662+1.5 |158.1| +155 +21 +577 -11.1
5 ADI 350Ny, | 343+5 | 35 714+ 14 |159.4 | +117 +17 +629 -9.8
6 ADI350Ngo | 361+1 | 37 755+1.9 |161.1| +135 +19 +670 -8.1
7 ADI 350 Nogo | 384+6 | 39 720+3.1 |161.3 | +158 +21 +635 -7.9

* The HRC values were calculated using a conversion table according to ASTM E 140 — 97.

Tab. 28 Influence of cryogenic treatment on physical properties of material ADI 410

Sample|  Material HV30 | HRC* | M [A/m] [(EFO);] AHV30 | AHRC* | ﬁ}\:ﬂ [2‘31;0;]

1 |EN-GJS450-8| 2502 22 72+15 | 1778 - - - -

2 ADI 410 278 +3 27 714+9.7 | 1731 | +28 +5 +642 -4.7
3 ADI410Ns | 281+4 27 622+1.7 | 1720 | +31 +5 +550 -5.8
4 ADI 410Ny | 293+6 29 550+2.9 | 172.8 | +43 +7 +478 -5.0
5 ADI 410 Ny | 281+3 27 544+24 | 1722 | +31 +5 +472 -5.6
6 ADI 410 Ngo | 287 +2 28 461 +55 | 173.7 | +37 +6 +389 4.1
7 ADI 410 Nogo | 28846 28 491+3.1 | 1726 | +38 +6 +419 -5.2
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* The HRC values were calculated using a conversion table according to ASTM E 140 - 97.

Tab. 29 presents the results of the destructive tests. Samples were divided into four groups

based on the heat treatment:
O - Original state (without freezing or quenching/tempering)

Q — Heated up to the austenitization temperature of 870 °C for a duration of 45 minutes,

followed by quenching in oil at 20 °C for 30 minutes.

N s — Cryogenic treatment in liquid nitrogen with gradual cooling and holding for 5 min.,
followed by a 1 - 4 hour interval after austempering.

NT s — Cryogenic treatment in liquid nitrogen with gradual cooling and holding for 5 min,
followed by a 1 - 4 hour interval after austempering, and subsequently tempering
at 180 °C for 1 hour.

Tab. 29 Table of measured values of mechanical properties of the investigated materials

Sample tre';'terign . Rpo2[MPa] | Rm[MPa] A5 HV30
EN-GJS 450-8 0 338.1 505.7 9.75 170
EN-GJS 450-8 * Q 0 590.3 0 627
Q-Nitro ** 0 0 721.8 0 600
0 851.0 925.1 1.71 457
ADI 280 Ns 903.6 1420.2 1.40 462
NTs 1153.3 1522.1 1.56 468
0 794.1 880.9 5.14 351
ADI 350 Ns 965.8 1083.5 421 372
NTs 950.8 1198.6 4.68 360
0 720.3 812.6 9.53 270
ADI 410 Ns 742.2 765.4 8.37 266
NTs 766.3 884.0 9.21 311

* The quenched material EN - GJS 450-8 exhibited extreme notch sensitivity. As a result,
the tensile strength and elongation values were both zero. Three test specimens were prepared from
this material, and all of them fractured in the transitional region at the radius.

** Q-Nitro material exhibited extreme notch sensitivity. As a result, the tensile strength
and elongation values were both zero. Three test specimens were prepared from this material, and

all of them fractured in the transitional region at the radius.
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7.4.6 Phase analysis

The samples for phase analysis were prepared following standard procedures, which
involved hot-mounting them in conductive resin (Struers Polyfast), followed by sandpaper
grinding (#240, 500, 1200, 2000) and subsequent polishing using a textile cloth with diamond
suspension (3 pm and 1 pum). The final step consisted of mechanical-chemical polishing with
colloidal silica (Struers OP-S).

The sample’s microstructure was examined using a Zeiss Ultra Plus scanning electron
microscope equipped with an EBSD detector Oxford Nordlys Nano. Data acquisition was
performed at an accelerating voltage of 20 kV, and the SW Oxford AZtec 3.3 software was utilized

for both data acquisition and processing.

The graphite area fraction was determined through image analysis of five SEM BSE

images, each with an area of 400x300 pum.

The same samples used for testing the physical properties were also utilized for the phase
analysis. For the Q-Nitro variant was selected sample No. 6 (Tab. 25) as it exhibited the highest
hardness among all eight samples.

For the phase analysis of the ADI 280, ADI 350, and ADI 410 samples was prepared
a special batch of samples from the same initial material used for the samples used in
the measurement of mechanical properties. The samples were divided into three groups based on
their heat treatment:

O - Original state (without freezing or tempering)

N s — Cryogenic treatment in liquid nitrogen with gradual cooling and holding for 5 min. followed

by a 1 — 4 hour interval after ADI.

NT s — Cryogenic treatment in liquid nitrogen with gradual cooling and holding for 5 min.,

followed by a 1- 4 hour interval after ADI and subsequently tempering at 180 °C for 1 hour.
Zero Solutions = residual (amorphous) fraction.

The results of phase analysis are presented in Tab. 30 to 34.
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Tab. 30 The phase composition of the material initial EN - GJS 450-8

Ing. Jakub Mréz

Material Thermal Crystal Phase Fraction 32?/?:,(?;2
treatment Structures [%0] o
Iron BCC (old) 94,32 1,88
EN-GJS 450-8 @] Iron FCC 2,11 1,90
Zero Solutions 3,57 -
Tab. 31 The phase composition of the material Q - Nitro
Material Thermal Crystal Phase Fraction 32?/?;?;2
treatment Structures [%0] o
Iron BCC (old) 64.71 1.97
Q - Nitro @] Iron FCC 0.74 1.65
Zero Solutions 34.55 -

Tab. 32 The phase composition of the material ADI 280 with various thermal treatments

Material tIQ:trrmeilt Crystal Structures | Phase Fraction [90] Standardcdewanon

Iron BCC (old) 84.19 1.85

280 @) Iron FCC 5.96 1.80
Zero Solutions 8.75 -

Iron BCC (old) 66.02 2.00

ADI 280 Ns Iron FCC 2.928 1.95
Zero Solutions 30.99 -

Iron BCC (old) 60.92 1.99

280 NT s Iron FCC 2.23 2.00
Zero Solutions 41.86 -

Tab. 33 The phase composition of the material ADI 350 with various thermal treatments

Material Thermal Crystal Structures | Phase Fraction [%] Standard deviation

treatment c

Iron BCC (old) 71.76 1.99

350 0 Iron FCC 19.71 1.99
Zero Solutions 8.52 -

Iron BCC (old) 75.90 1.98

ADI 350 Ns Iron FCC 17.19 1.99
Zero Solutions 6.91 -

Iron BCC (old) 77.44 1.95

350 NTs Iron FCC 19.53 1.98
Zero Solutions 3.08 -
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Tab. 34 The phase composition of the material ADI 410 with various thermal treatments

Material Thermal Crystal Structures | Phase Fraction [%6] Standard deviation

treatment c

Iron BCC (old) 62.94 2.01

410 O Iron FCC 33.41 1.99
Zero Solutions 3.65 -

Iron BCC (old) 67.12 1.99

ADI 410 Ns Iron FCC 19.06 1.98
Zero Solutions 13.82 -

Iron BCC (old) 68.53 1.78

410 NTs Iron FCC 21.55 1.81
Zero Solutions 9.92 -

Fig. 37 shows the microstructure of the raw part used for testing before heat treatment.

The producer of these semi-finished parts is UXA a.s. Foundry Brno.

Fig. 38 illustrates the microstructure of the Q-Nitro. Fig. 39 illustrates the microstructure
of ADI 280 Ns variant, Fig. 40 illustrates the microstructure of variant ADI 350 Ns, and Fig. 41

illustrates the microstructure of variant ADI 410 Ns.

Q\\t&p\gﬁ AL V.. e o N ot

= - 2 S > X

Fig. 37 Microtructure of EN-GJS 450-8 before heat treatment
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Fig. 39 Microstructure of ADI 280 Ns from SEM
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Fig. 41 Microtructure of ADI 410 Ns from SEM

7.4.7 Valve seat for engine test

For testing in the engine, we decided to use two materials - ADI 280 and Q-Nitro. For these
material variants we prepared detailed technical drawings documentation. From each batch, we

manufactured six intake valve seats for one engine. The drawings for the valve seat production are
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attached as appendices to this work. The motivation for choosing ADI 280 and Q-Nitro materials
for testing in the engine was due to their high hardness among the prepared samples. The average
hardness of the ADI 280 material variant is approx. 450 HV30 and Q-Nitro is approx. 600 HV30
and this hardness has been deemed suitable for the material pairing with the P37S welding on the

intake valve.

The valve seats made from the Q-Nitro variant exhibited significant difficulties in terms of
machinability due to its high hardness. The samples cracked and experienced material tear-out
during machining. As a result, it was not possible to manufacture valve seats of satisfactory quality,

leading us to leave the testing in the engine.

The valve seats made from ADI 280 material were much easier to machine compared to
the Q-Nitro material, and there were no issues with material tear-out or other defects during
the machining process. As a result, we were able to proceed with testing the valve seats on
the engine dyno. However, after approximately 200 engine hours, we were compelled to stop
the engine test due to increased valve recession. Upon closer examination, we noticed that some
valve seats had structural defects in the form of voids, which resulted in rapid wear. Fig. 38 shows
the voids in the seating surface of the intake valve seat, which resulted in the premature termination

of the test. The test was not repeated due to limited economy sources.

Another test set of intake valve seats used ADI 280 NTs material. The machining
characteristics of the valve seats made from ADI 280 NTs material are practically identical to those
made from ADI 280. These valve seats were installed in a test engine with a nominal mechanical
output power of 210 kW, as the fuel for the engine is using natural gas. As of today (08/2023), the
cylinder heads with these valve seats are in operation and show no signs of wear. The engine has
accumulated 10.000 engine hours to date (as of 08/2023), for the testing where used standard
TEDOM intake valves with P37S hardfacing. The engine undergoes valve recession checks every

2.500 hours to monitor the condition of the valve seats.

In Fig. 42, sections A and B depict the non-coaxial seating of the valve in the valve seat
ADI 280. The silver part represents the trace left by the valve. This misalignment of the valve
seating caused the premature termination of the test. The non-coaxial seating was induced by
inhomogeneity in the valve seats, resulting in geometric deformation due to the mating of

the cylinder head. Sections C and D show internal inhomogeneities (defects) within the seat.
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Fig. 42 Detail of ADI 280 intake valve seat after engine dyno test

7.4.8 Discussion of measured data

From measured values, the following can be concluded for individual materials:

GJS 450-8 Q

The quenching processing increases the tensile strength Rm of the initial material
EN — GJS 450-8 by 16.7 %. (From 505.7 MPa to 590.3 MPa).
The quenching processing increases the hardness of the initial material
EN — GJS 450-8 by 268.8 %. (From 170 HV30 to 627 HV30).
The quenched material EN — GJS 450-8 exhibits extreme notch sensitivity, which resulted

in zero ductility of the quenched material.

Q-Nitro

The Q-Nitro processing increases the tensile strength Rm of the initial material
EN-GJS 450-8 by 42.7 %. (From 505.7 MPa to 721.8 MPa).

The Q-Nitro processing increases the hardness of the initial material EN — GJS 450-8 by
252.9 %. (From 170 HV30 to 600 HV30).

When comparing material GJS 450-8 with Q-Nitro to determine the potential impact of
freezing in liquid nitrogen and subsequent tempering on hardened cast iron GJS 450-8, we
would conclude the following. We measured increase in the tensile strength Rm by 22.29%

(From 590.3 MPa to 721.8 MPa) and a decrease in hardness by 4.31 %. (From 627 HV30
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to 600 HV30). Our samples with cryogenic treatment did not show any improvement in
the material's ductility.

ADI 280

- The ADI 280 processing increases the Tensile strength Rm of the initial material
EN-GJS 450-8 by 82.9 %. (From 505.7 MPa to 925.1 MPa).

- The ADI 280 processing increases the Yield strength Rpo of the initial material
EN-GJS 450-8 by 151.7%. (From 338.1 MPa to 851.0 MPa).

- The ADI 280 processing increases the hardness of the initial material EN — GJS 450-8 by
168.8 %. (From 170 HV30 to 457 HV30).

- The ductility of the material has decreased to a level of 1.7 %, which is 82.5 % less than
the original EN — GJS 450-8 material.

ADI 280 Ns

- The ADI 280 Ns processing increases the Tensile strength Rm of the initial material
EN-GJS 450-8 by 180.8 %. (From 505.7 MPa to 1420.2 MPa).

- The ADI 280 Ns processing increases the Yield strength Rpo2 of the initial material
EN-GJS 450-8 by 167.3 %. (From 338.1 MPa to 903.6 MPa).

- The ADI 280 Ns processing increases the hardness of the initial material
EN-GJS 450-8 by 171.8 %. (From 170 HV30 to 462 HV30).

- The ductility of the material has decreased to a level of 1.4 %, which is 85.6 % less than
the original EN — GJS 450-8 material.

ADI 280 NTs

- The ADI 280 NTs processing increases the Tensile strength Rm of the initial material
EN-GJS 450-8 by 201 %. (From 505.7 MPa to 1522.1 MPa).

- The ADI 280 NTs processing increases the Yield strength Rpo2 of the initial material
EN-GJS 450-8 by 241.1 %. (From 338.1 MPa to 1153.3 MPa).

- The ADI 280 NTs processing increases the hardness of the initial material
EN-GJS 450-8 by 175.3 %. (From 170 HV30 to 468 HV30).

- The ductility of the material has decreased to a level of 1.6 %, which is 84 % less than the
original EN-GJS 450-8 material.
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ADI 350

- The ADI 350 processing increases the Tensile strength Rm of the initial material
EN-GJS 450-8 by 74.2 %. (From 505.7 MPa to 880.9 MPa).

- The ADI 350 processing increases the Yield strength Rpo of the initial material
EN-GJS 450-8 by 134.9 %. (From 338.1 MPa to 794.1 MPa).

- The ADI 350 processing increases the hardness of the initial material EN — GJS 450-8 by
106.5 %. (From 170 HV30 to 351 HV30).

- The ductility of the material has decreased to a level of 5.1 %, which is 47.3 % less than
the original EN — GJS 450-8 material.

ADI 350 Ns

- The ADI 350 Ns processing increases the Tensile strength Rm of the initial material
EN-GJS 450-8 by 114.3 %. (From 505.7 MPa to 1083.5 MPa).

- The ADI 350 Ns processing increases the Yield strength Rpo2 of the initial material
EN-GJS 450-8 by 185.7 %. (From 338.1 MPa to 965.8 MPa).

- The ADI 350 Ns processing increases the hardness of the initial material
EN-GJS 450-8 by 118.8 %. (From 170 HV30 to 372 HV30).

- The ductility of the material has decreased to a level of 4.2 %, which is 56.8 % less than
the original EN - GJS 450-8 material.

ADI 350 NTs

- The ADI 350 NTs processing increases the Tensile strength Rm of the initial material
EN-GJS 450-8 by 137%. (From 505.7 MPa to 1198.6 MPa).

- The ADI 350 NTs processing increases the Yield strength Rpo2 of the initial material
EN-GJS 450-8 by 183.9 %. (From 338.1 MPa to 959.8 MPa).

- The ADI 350 NTs processing increases the hardness of the initial material
EN-GJS 450-8 by 111.8 %. (From 170 HV30 to 360 HV30).

- The ductility of the material has decreased to a level of 4.68 %, which is 52 % less than
the original EN-GJS 450-8 material.
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ADI 410

- The ADI 410 processing increases the Tensile strength Rm of the initial material
EN-GJS 450-8 by 60.7 %. (From 505.7 MPa to 812.6 MPa).

- The ADI 410 processing increases the Yield strength Rpo of the initial material
EN-GJS 450-8 by 113,0%. (From 338.1 MPa to 720.3 MPa).

- The ADI 410 processing increases the hardness of the initial material EN-GJS 450-8 by
58.8 %. (From 170 HV30 to 270 HV30).

- The ductility of the material has decreased to a level of 9.5 %, which is 2.3% less than
the original EN-GJS 450-8 material.

ADI 410 Ns

- The ADI 410 Ns processing increases the Tensile strength Rm of the initial material
EN-GJS 450-8 by 51.4%. (From 505.7 MPa to 765.4MPa).

- The ADI 410 Ns processing increases the Yield strength Rpo2 of the initial material
EN-GJS 450-8 by 119.5 %. (From 338.1 MPa to 742.2 MPa).

- The ADI 410 Ns processing increases the hardness of the initial material EN-GJS 450-8 by
56.5 %. (From 170 HV30 to 266 HV30).

- The ductility of the material has decreased to a level of 8.37 %, which is 14.2 % less than
the original EN-GJS 450-8 material.

ADI 410 NTs

- The ADI 410 NTs processing increases the Tensile strength Rm of the initial material
EN-GJS 450-8 by 74.8 %. (From 505.7 MPa to 884 MPa).

- The ADI 410 NTs processing increases the Yield strength Rpo2 of the initial material
EN-GJS 450-8 by 126.6 %. (From 338.1 MPa to 766.3 MPa).

- The ADI 410 NTs processing increases the hardness of the initial material
EN-GJS 450-8 by 82.9 %. (From 170 HV30 to 311 HV30).

- The ductility of the material has decreased to a level of 9.2 %, which is 5.5 % less than the
original EN-GJS 450-8 material.

In the article "Influence of cryogenic treatment on microstructure and hardness of

austempered ductile iron" [125], Myszka states that higher tempering temperatures generally lead
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to increased formation of austenite and a higher number of martensitic plates in the austenitic
matrix. This results in higher hardness and strength of the material. However, higher tempering
temperatures may have a negative impact on the ductility and resilience of the material.
Our measurements contradict this claim as the strength values we obtained indicate that higher
tempering temperatures result in lower strength but higher ductility of the material. Similarly,
we observed that with increasing temperature during isothermal quenching, the hardness of
the sample decreases.

Furthermore, Myszka states that cryogenic treatment of ADI leads to an increase in strength
and hardness. Our measurements confirm this claim for ADI materials with grades 280 and 350,
where the strength of the material was enhanced due to the influence of cryogenic temperatures.
However, for ADI grade 410, we observed a decrease in strength after cryogenic treatment.
Myszka explains that the principle behind this change is the transformation of austenite into
martensite in specific microregions of the material, which results in improved strength and

hardness.

Theil states in his article "Effects of refrigeration and cryogenic treatments on austempered
ductile iron™ [126] that alloys with retained austenite in their structure can have their physical
properties altered by treatment at sub-zero temperatures. This treatment involves lowering
the material's temperature below the Ms temperature, leading to the transformation of retained
austenite into martensite. As a result of this transformation, the alloy's tensile strength, Yield
strength, and hardness. In our measurements, we observed that cryogenic treatment of ADI 280
material leads to a slight decrease in strength and a slight increase in hardness. For ADI 350
material, the effect of cryogenic temperatures resulted in a significant increase in strength by 23 %
and an increase in hardness by 21 HV. However, for ADI 410 material, we observed a decrease in

strength of approximately 6 % and a decrease in hardness by 4 HV.

According to Panneerselvam [128], ADI austempering in the temperature range of
288 °C — 399 °C is resulting the elongation of the material decreased, but the fracture toughness
remained unaffected. At lower austempering temperatures (260 °C to 288 °C), the formed austenite
displayed thermal instability and transformed into martensite after cryogenic treatment. At higher
austempering temperatures (371 to 399 °C), the austenite exhibited greater thermal stability and

only partially transformed into martensite during cryogenic treatment.
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Our measurements in samples subjected to isothermal quenching at lower temperatures
also showed that a higher amount of residual austenite remained, which transformed into
martensite in a cryogenic environment. Similar to Panneerselvam's findings, we also observed the

most significant increase in hardness in samples subjected to isothermal quenching at 350 °C.

Tempering of all the investigated materials resulted in a slight increase in strength,
especially in the case of ADI 280. Moreover, tempering after cryogenic treatment also increased
the hardness of all examined materials, with the most significant effect observed in ADI 410. Based
on the measured values, it appears that tempering after cryogenic treatment will have a positive
impact on wear resistance. These findings were reported also by Soli¢ and colleagues [127], who
investigated the effects of deep cryogenic treatment in combination with tempering on
the microstructure and abrasion wear resistance of the materials. The result showed that austenite
formed during austempering at 673 K (400 °C) is less thermally stable when subjected to 24 hours
of exposure to liquid nitrogen temperature at 77 K (196 °C) compared to a previous study where
the samples were cryogenically treated at 123 K (150 °C) for 4 hours. As a result of the deep
cryogenic treatment, the amount of austenite decreased significantly, from 35 % to 11 %. This
transformation led to increased hardness and abrasion wear resistance due to the formation of
martensite. Additionally, tempering at both temperatures further improved hardness and abrasion
wear resistance by potentially precipitating ultrafine carbides in the martensite during
the tempering process. The analysis of the abrasion wear tracks revealed the presence of combined
mechanisms of mild and severe abrasion, particularly noticeable in the deep cryogenic-treated
samples. Their samples exhibited approximately 10 % to 18 % percent better abrasion wear
resistance compared to the other groups. However, both cryogenic-treated and tempered samples
showed a similar mass loss, specimens tempered at the higher temperature displayed 20 % higher

hardness.

The ADI 280 freezing process has proven to be a tool capable of further exploiting the
material's potential. All freezing times resulted in a increasing in hardness From the measured
values, it is evident that a freezing time of 5 minutes exhibited the most significant changes
compared to the initial ADI 280 material, where we observed an increase in hardness of 108HV
(8HRC). All freezing times, except for 20 minutes, showed a decrease in magnetism. During the
20-minute freezing process, we measured a value 5 A/m higher than the initial ADI 280. For the
theoretical Young's modulus, we found that the only freezing time 10min exhibited lower
magnetism by 1 GPa. However, the measurement uncertainty is greater than the measured

difference.
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In the case of ADI 350 samples all freezing times resulted in a increasing in hardness. We
observed the most significant deviation from the initial state of ADI 350 at a freezing time of 5
minutes, with an increase of 36HV (4HRC) in hardness. We also measured a slight decrease in
hardness at a freezing time of 20 minutes, by 8HV (1HRC). All freezing times resulted in a
decrease in magnetism. The largest decrease was recorded at a freezing time of 10 minutes, with
a decrease of 223A/m. Additionally, all freezing times increased the theoretical modulus of
elasticity. The most significant increase was measured at a freezing time of 960 minutes, with an

increase of 5.8GPa.

The material ADI 410 responded to cryogenic treatment with the least impact on hardness
among the trio of ADI 280, 350, and 410. All freezing times resulted in a increasing in hardness.
The most significant change was observed at a freezing time of 10 minutes, where hardness
increased by 15HRC (2HRC). All freezing times resulted in a decrease in magnetism compared to
the initial ADI 410. The largest decrease was measured at a freezing time of 60 minutes, with a
decrease of 253A/m. All freezing times reduced the theoretical modulus of elasticity except for
the 60-minute freezing time, where we measured an increase of 0.6GPa. However, the
measurement uncertainty is greater than the measured difference. The most significant decrease
was observed at a freezing time of 95 minutes, with a decrease of 1.1GPa, where again the

measurement uncertainty is greater than the measured difference.

The lowest values of M are exhibited by initial states with a ferritic matrix. Lamellar
pearlite cementite increases the M values of initial states (FesC has a higher remanence than Fe).
The highest values of M are influenced significantly by the internal demagnetization factor of Ni
on M, with an increasing proportion of residual austenite in isothermally quenched laths of carbon-
saturated ferrite in the field of paramagnetic A — phase upper bainite. Lower bainite, therefore,
shows lower M values. Cryoannealing leads to the precipitation of ferromagnetic micro-martensite
within the A — phase. However, further growth in M does not occur, as the Ni value decreases
significantly (the ferrite laths no longer behave as individual polarized micromagnets).
Cryoprocessing reduces M. Tempering at 180 °C reduces internal stress and thereby further

reduces M.

The aim of the experiment was to demonstrate the trend in the alteration of physical
properties. Our measurements were not conducted on a statistically significant sample. Therefore,
we recommend further research in this area and conducting repeated measurements on a larger

number of samples.
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The set of measured data was so extensive that within the scope of the dissertation, it was
not possible to comment on the influence of proper freezing for isothermal quenching of ductile
iron with nodular graphite on each individual measured sample. Therefore, the discussion focuses

on the section where the mechanical properties were evaluated in strength tests.

7.5 Influence of Cryogenic Temperature on the Hardness of Stellite 6 and
Stellite 12

The investigation of the effects of cryogenic temperatures on the physical properties of
cobalt alloys is motivated by the clear evidence from previous experiments that cryogenic
temperatures have an impact on the behavior of cast irons. Additionally, in the practical operations
of the TEDOM company, there have been unexplained differences in the lifespan of cylinder heads
operating under the same conditions. The only discernible difference identified during the research
was the freezing time of the valve seats before their installation into the cylinder heads. Due to the
absence of explicit guidelines defining the conditions for valve seat freezing, it was not uncommon

for the difference in freezing time between the two operators to exceed one hour.

7.5.1 Objectives of the experiment

As part of the experiment, it was planned to research:

1. Determine the effect of cryogenic temperatures on the hardness of valve seats in order to
find out if their different hardness after technological freezing during the production of
cylinder heads can cause accidentally increased wear of valve seats.

2. Confirm or deny the need to freeze valve seats in a controlled manner due to the fact that
in the technological process of manufacturing cylinder heads, there is currently no
regulation that would explicitly define the time after which the valve seats should be
immersed in liquid nitrogen.

3. Inthe event that the negative effect of liquid nitrogen on the hardness of the valve seats is
confirmed, find the optimal freezing time so that decreased hardness does not affect the

life of the cylinder head.

7.5.2 Material for testing

The intake valve seats are cast from Stellite 6 material and the exhaust valve seats are cast
from Stellite 12 material. The valve seats are cast by the company PBS Velka Bites a.s., using the

technology of precision casting into a disposable mold. To eliminate internal stress and improve
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hardness values, the castings were annealed in a gradual heating annealing furnace at temperatures
ranging from 900 °C to 950 °C with a "soaking" period at this temperature lasting for 3 to 4 hours.
Subsequently, they are cooled in the furnace down to 500 °C. Tab. 35 shows the chemical
composition of the tested materials, which is in compliance with the specified material

composition requirements.

Tab. 35 The chemical composition of Stellite 6 and Stellite 12 used for testing

C [%] | Cr [%] | W [%] | Fe [%] | Ni [%] | Si[%] | Mn [%] | Mo [%] | B [96] ] Co [96]

Stellite6 | 1.2 27.3 6.1 1.8 0.29 1.4 0.4 0.2 0.02 | Balance

Stellite 12 | 1.6 325 10.2 1.7 0.36 11 0.29 0.35 0.01 | Balance

7.5.3 Measurement methodology

The measurement was carried out on seven samples of each material, where hardness was
first measured before exposure to liquid nitrogen. Then the valve seats were immersed for 5, 10,
15, 30, 60, and 960 min in liquid nitrogen so that the liquid level was always above the examined
samples. The test samples used in this test were the same as in the previous test. The use of the
same material samples in the testing was done to eliminate any potential changes in structure and

properties that could arise from different materials.

After freezing in liquid nitrogen, hardness was measured again on all samples. The freezing
process was conducted in a manner that prevented thermal shock to the material. The valve seats
were gradually immersed in liquid nitrogen for short periods of time, and the duration of exposure

gradually increased.

The hardness was measured around the circumference of the semi-finished product
every 45°. Hardness was measured in accordance with EN ISO 6508-1 [45], using the HRC
method with a BRIRO VA hardness tester.

7.5.4 Measured data

Tab. 36 and Tab. 37 show the measured data of hardness value for Stellite 6 and Stellite 12
before and after freezing in liquid nitrogen. Fig. 44 and 45 graphically present changes of hardness
depending on the length of exposure to liquid nitrogen. Fig. 43 shows the raw part of the valve

seats after freezing in liquid nitrogen.
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Fig. 43 Cast valve seats — left, semi-finished valve seats after freezing — right

HRC
Hard Average
ardness Position on seat Average diferengce
hardness hardness
Material | Sample | Timeincryo [min] | 0° | 45° | 90° | 135° | 180° | 225° | 270° | 315°
Stellite 6 1 0 42.1143.7143.9| 436 | 423 | 438 | 442 | 43.0 | 43.4+£0.8 0.0
0 41.3|1435|435| 434 | 465 | 46.4 | 442 | 440 | 44117
Stellite 6 2 -08+1.6
5 412 1423431424 | 445 | 46.4 | 431 | 435 | 43.3+1.6
0 443 1451 |44.7 | 442 | 44.1 | 46.3 | 443 | 42.7 | 447+ 1.0
Stellite 6 3 -2.1+0.9
10 4191422 |43.2| 440 | 42.6 | 42.2 | 425 | 43.0 | 42.7+0.7
0 4111447 |44.2 | 43.3 | 44,2 | 46.2 | 456 | 435 | 44.2+1.6
Stellite 6 4 -16+1.6
15 40.2 141.3 423 | 43.0 | 424 | 45.2 | 440 | 43.6 | 426=+1.6
0 4331419 (452|440 | 44.0 | 456 | 43.2 | 434 | 439+1.2
Stellite 6 5 -12+1.2
30 40.2 1418 435|438 | 43.1 | 43.2 | 431 | 425 | 42712
0 4351428 443 | 47.0 | 452 | 47.0 | 46.0 | 445 | 45.1+1.6
Stellite 6 6 1.0+1.7
60 43.0141.1 1423 | 46.0 | 453 | 46.1 | 453 | 440 | 442+1.8
0 44014421432 | 413 | 440|465 | 446 | 46.2 | 440=+1.6
Stellite 6 7 -02+1.4
960 41.8 1424 |44.0| 443 | 45.0 | 445 | 443 | 426 | 43.8+1.2
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Fig. 44 Graph of the change in the hardness of Stellite 6 depending on the length of exposure to liquid

nitrogen

Tab. 37 Measurements of Stellite 12 hardness under the exposure to liquid nitrogen

HRC
Hardness Average
Position on seat Average diference
hardness hardness
Material | Sample | Time in cyro [min] | 0° | 45° | 90° | 135° | 180° | 225° | 270° | 315°
Stellite 12 1 0 50.251.0|50.3|51.1|51.3|50.0|50.9|51.0(50.7+0.5 0.0
0 49.5|49.6|50.0|50.5|50.9 | 50.8 | 50.3 | 49.0 [ 50.0 £ 0.7
Stellite 12 2 -1.1+1.2
5 47.0|46.2|49.2|49.0|50.0 | 50.5|50.2 |48.9(489+15
0 51.0(50.2|50.8|51.2|50.0 |50.3|51.0|51.2(50.7+0.5
Stellite 12 3 -27+0.6
10 49.248.0|49.9|475|49.0|49.5|49.0|49.0(48.0+0.8
0 48.2151.3|50.0|50.2 |50.5|49.9|50.4|51.050.2+0.9
Stellite 12 4 -28+1.1
15 46.2 |46.4|46.5|49.7 | 475|485 |46.2 | 485 |47.4+1.3
0 50.0 {50.2|50.0|51.2|51.8|51.0|51.0|48.050.4+1.2
Stellite 12 5 -1.3+0.9
30 48.4149.0/49.9|49.2 | 49.6 | 49.0|49.0|48.4 (49.1+05
) 0 50.0(50.1|51.2|51.0|515|52.0|51.5|51.2|51.1+0.7
Stellite 12 6 -04+0.9
60 49.1| 50 |50.5|51.2|52.3|51.3|51.2|50.1|50.7+1.0
) 0 48.0(50.6|50.2|51.0|50.5|50.5|49.5|50.050.0+0.9
Stellite 12 7 -09+0.8
960 47.9|49.5|49.3|50.0|49.0|49.8|49.0|48.1(49.1+0.8
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Fig. 45 Graph of the change in the hardness of Stellite 12 depending on the length of exposure to liquid

nitrogen

7.5.5 Discussion of measured data
From the measured values for Stellite 6, it can be concluded:

- All exposure times to cryogenic temperatures resulted in a decrease in hardness.

- The smallest impact on hardness was exhibited by the sample with a freezing time of
960 minutes.

- The highest impact on hardness was exhibited by the sample with a freezing time of
10 minutes.

From the measured values for Stellite 12, it can be concluded:

- All exposure times to cryogenic temperatures resulted in a decrease in hardness.

- The smallest impact on hardness was exhibited by the sample with a freezing time of
60 minutes.

- The highest impact on hardness was exhibited by the sample with a freezing time of
15 minutes.

Yang [135] observes that cryogenic processing leads to microstructure refinement in the

surface layer and a decrease in residual stress. Furthermore, the results pertaining to
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microstructural changes suggested that optical microscopy might not be sufficient for accurately

characterizing microstructures resulting from different freezing conditions.

From the measured values, it is evident that it is necessary to regulate the technological
freezing time of the valve seat, as there is a possibility that the freezing time could correspond to
the greatest decrease in the hardness of the valve seat material. Due to this fact, TEDOM Company
has implemented a technological guideline for pressing valve seats into the cylinder head, which
defines an optimal freezing time for the intake and exhaust valve seats of 5 min + 1 min. This
procedure can help increase the lifespan of cylinder heads and assist in examining the influence of

valve seat freezing, allowing the elimination of the variable effect of different freezing durations.

Differences in Hardness are, in some cases, smaller than the measurement error. The
experiment demonstrated trends in the material's hardness changes. As part of further research, we

recommend focusing on a statistically significant sample.

7.6 Influence of cryogenic temperature on the Young’s modulus of Stellite
6 and Stellite 12

In the previous experiment, we focused on studying the hardness changes of Stellite 6 and
Stellite 12 materials in relation to the duration of exposure to liquid nitrogen. This experiment
objective was to investigate the influence of the exposure time to liquid nitrogen on the theoretical

Young’s modulus of Stellite 6 and Stellite 12 materials.

For testing mechanical properties, we employed NDT methods, as it was not feasible from
a financial standpoint to prepare a sufficient number of samples to test multiple variations of

cryogenic exposure times on mechanical characteristics.

7.6.1 Objectives of the experiment

As part of the experiment, it was planned to research:

1. Non-destructively calculate the theoretical Young’s modulus Eor for the material Stellite 6

and Stellite 12, before and after exposure to liquid nitrogen.
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7.6.2 Measurement methodology

The measurements were carried out on the same samples as the hardness measurements in
the previous experiment. The speed of sound V. was determined using an ultrasonic flaw detector
DIO 562 (Starmans s.r.0., Prague) with a dual probe of 10 mm diameter and 5 MHz frequency for
L up to 100 mm.

To measure the theoretical Young’s modulus, it was necessary to calculate the constant K
(Equation 17). Test samples, shown in Fig. 46, were used to measure the required physical
quantities for the calculation of the constant. Theoretical Young's modulus Eor was calculated
using (Equation 13). Hardness was measured in accordance with EN ISO 6508-1 [45], using the
HRC method with a BRIRO VA hardness tester.

7.6.3 Material for testing

The measurements were conducted on the same samples that were used to assess the
influence of cryogenic temperatures on hardness. This means that the samples were exposed to
cryogenic temperatures for 5, 10, 15, 30, 60, and 960 minutes. The freezing process was conducted
in a manner that prevented thermal shock to the material. The valve seats were gradually immersed

in liquid nitrogen for short periods of time, and the duration of exposure was gradually increased.

- 10 mm

Fig. 46 Testing cones made from Stellite 6 and 12

7.6.4 Measured data

Tab. 38 and 39 shows the calculated values of Young's modulus. Further, the tables show
changes in mechanical and acoustic properties due to the initial state without the action of liquid
nitrogen. Fig. 47 and 48 show graphical representation of change in Young's modulus and speed

of sound depending on cryo time.
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Tab. 38 Table of calculated changes in the mechanical and acoustic properties of Stellite 6

The average . Change
speed of sound V. Changing the Young's
; average speed
in the sample a7 | modulus
- — - 1 of sound [m.s™]
Material | Sample | Time in cryo [min] [m.s7] Eor [GP4]
Stellite 6 1 0 6014.5+32.8 - 206.1
. 0 6043.9 £ 34.5
Stellite 6 2 3 507242 571 +28.6 +£45.8 +1.9
. 0 6054.9 +17.9
Stellite 6 3 10 627612 13.6 +221.2+183 +15.2
. 0 6057.6 + 13.8
Stellite 6 4 15 6298.9 2 143 +241.3+14.1 +25.3
. 0 6021.9 + 46.6
Stellite 6 5 30 624194433 +220.0+475 +15.1
. 0 6057.6 5.5
Stellite 6 6 50 62759296 +218.3+7.6 +15.0
. 0 6019.2 + 66.8
Stellite 6 7 960 620602785 +187.0+£72.7 +12.8
500 30 .
= 400 &
£ 300 25 S,
— ®
S 200 » $ o } o0 W
- 100 3
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2 : 5 3
o
« -100 0 E
(%}
§ -200 o
a -300 5 2
< -400 S
< <
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Cryogenic time [min]
® Speed of sound e EOT

Fig. 47 Graph of the change in speed of sound and Young s modulus for Stellite 6 depending on the
length of exposure in liquid nitrogen
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Tab. 39 Table of calculated changes in the mechanical and acoustic properties of Stellite 12

The average Changing the Change
speed of sound | average speed Young's
in the sample of sound modulus Eor
Material | Sample | Time in cryo [min] [m.s7] [m.s7] [GPa]
Stellite 12 1 0 6349.8 +9.6 - 208.2
. 0 6366.1 + 14.8
Stellite 12 2 5 6262 1L 195 -104.0 £17.2 -7.3
. 0 6321.3+4.6
Stellite 12 3 10 62431 £ 783 -78.3+16.5 -5.5
. 0 6368.0 £9.3
- + -
Stellite 12 4 15 631132 236 56.7 £16.5 4.0
. 0 6381.3+7.1
Stellite 12 5 30 6277 1 L3120 -104.2 £ 19.2 -7.4
. 0 6362.7 + 8.4
-133.0 + 10. -9.
Stellite 12 6 50 62297 = 123 133.0+10.4 9.4
. 0 6375.6 £ 11.4
Stellite 12 7 960 6289.8 < 23.8 -85.9+17.6 -6.1
500 0
400 -1
- &
»n 300 -2 O
E. 200 3 =
< w
5 100 4 &
S >
3 0 S5 5
5 -100 s ¢ ° § 6 E
'8 e N
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Fig. 48 Graph of the change in speed of sound and Young s modulusfor Stellite 12 depending on the

length of exposure in liquid nitrogen
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7.6.5 Discussion of measured data
From measured values, it was possible to state regarding Stellite 6:

- All freezing times exhibited a positive impact on the Young's modulus. The lowest increase
was observed in samples frozen for 5 minutes, while the highest increase was recorded in

samples frozen for 15 minutes.

- During the 15-minute freezing process, the speed of sound increased by 4%, and the
calculated theoretical elastic modulus increased by 12.3%. (From 206.1 GPa to 231.4 GPa)

From measured values it was possible to state regarding Stellite 12:

- All freezing durations exhibited a negative impact on the theoretical elastic modulus. The
most significant decrease was observed in the sample subjected to 60 minutes of freezing,

while the smallest decrease occurred in the sample frozen for 15 minutes.

- During the 60-minute freezing process, the speed of sound decreased by 2.1%, and the
theoretical elastic modulus decreased by 4.5%. (From 208.2 GPa to 198.8 GPa)

Theoretical values of the Young’s modulus need to be verified within the scope of further
research on the influence of cryogenic temperatures on the mechanical properties of cobalt alloys.
The conducted analysis was not supported by a project that would provide the resources for us to
examine in more detail, and on a statistically significant sample, the impact of cryogenic

temperatures on the elasticity modulus of the material.

7.7 Influence of cryogenic temperature on the Magnetism of Stellite 6 and
Stellite 12

This experiment focuses on studying the changes in magnetism of Stellite 6 and
Stellite 12 materials in cryogenic environments. Magnetization measurements allow us to quantify
the response of materials to an applied magnetic field, by subjecting Stellite 6 and Stellite 12

samples to varying magnetic fields and measuring their resulting magnetization.

The findings from these magnetization measurements will contribute to a deeper
understanding of the magnetic properties and behavior of Stellite 6 and Stellite 12 alloys. This
knowledge enhances our ability to optimize their magnetic performance for specific applications,

such as in magnetic sensors, motors, or other magnetically sensitive systems. Additionally, it lays
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the foundation for further investigations into the underlying mechanisms governing the magnetic
response of these alloys, supporting the development of advanced cobalt-based materials with

tailored magnetic properties.

7.7.1 Objectives of the experiment

As part of the experiment, it was planned to research:

1. Measure the impact of cryogenic processing on the magnetic properties of Stellite 6 and

Stellite 12 materials using the magnetic spot method.

7.7.2 Measurement methodology

The intensity of residual magnetic field M was measured using the magnetic spot method
with DOMENA B3 (TU Liberec) ELKOSO s.r.o., Brno instruments (set at 3rd level of
magnetization). Fig. 49 is shown the DOMENA B3 measurement device used for samples testing.

<<<<<

Fig. 49 Domena B3

7.7.3 Material for testing

The measurements were conducted on the same castings that were used to assess the
influence of cryogenic temperatures on hardness. This means that the castings were exposed to
cryogenic temperatures for 5, 10, 15, 30, 60, and 960 minutes. The freezing process was conducted
in a manner that prevented thermal shock to the material. The valve seats were gradually immersed

in liquid nitrogen for short periods of time, and the duration of exposure gradually increased.

133



Dissertation Ing. Jakub Mréz

7.7.4 Measured data

In Tab. 40 and 41 is shown the intensity of the residual magnetic field in Stellite 6 and
Stellite 12 materials before and after cryogenic processing. These tables provide a visual
representation of the changes in the magnetic properties of the alloys resulting from the cryogenic
treatment. Fig. 50 and Fig. 51 demonstrate the graphical representation of the changes in
magnetism based on the duration of exposure to liquid nitrogen, without any time delay during the
natural warming process. These figures provide important insights into the thermal effects on the
magnetic properties of the materials and serve as a foundation for further research in the field of

magnetism and cryogenic materials.

Tab. 40 The influence of cryogenic treatment on the magnetism values of Stellite 6 material.

Time in cryo Average magnetism The average change
Material Sample [min] y ?A/mir?] in magnetism
[A/min]
Stellite 6 1 0 22.8+6.0 0
. 0 22.0+3.6
Stellite 6 2 -8.3+£3.7
5 13.7+3.7
. 0 204 1.2
Stellite 6 3 -25+43
10 179+ 73
. 0 20.1+£09
Stellite 6 4 +145+2.3
15 34.6+3.6
. 0 21.6+2.2
Stellite 6 5 +10.1+2.9
30 315+£35
] 0 21.4+2.8
Stellite 6 6 +12.8+ 4.4
60 34.2+59
. 0 215+1.7
Stellite 6 7 -13.8+25
960 76+32
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Fig. 50 Change in the magnetism of Stellite 6 depending on the time of exposure in liquid nitrogen

Tab. 41 The influence of cryogenic treatment on the magnetism values of Stellite 12 material.

Time in cryo Average magnetism Average change in
Material Sample [min] y ?A/mir?] magnetism
[A/min]
Stellite 12 1 0 29.7+3.4 0
. 0 282+1.8
Stellite 12 2 -75+29
5 20.7+3.6
. 0 29.2+2.5
Stellite 12 3 -3.6+5.0
10 25.8+ 6.6
. 0 29.0+23
Stellite 12 4 -13.0+24
15 16.0+2.4
. 0 309+1.8
Stellite 12 5 -13.8+1.9
30 17.1+1.9
0 304+1.7
Stellite 12 6 184+ 1.7
60 12.0+1.7
. 0 305+42
Stellite 12 7 -26.0+33
960 45+2.1
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Fig. 51 Change in the magnetism of Stellite 12 depending on the time of exposure in liquid nitrogen
7.7.5 Discussion of measured data
From measured values, it was possible to state regarding Stellite 6:

- The freezing times of 5, 10, and 960 minutes showed a reduction in magnetism. The largest
decrease in magnetism was observed during the 960-minute freezing time, where we
measured a decrease of 13.8 A/m compared to the original value, which is a decrease of
about 64.2%.

- Freezing times of 10, 15, 30, and 60 minutes exhibited an increase in magnetism. The
highest value was recorded for the 15-minute freezing time, where we measured increased

magnetism about 72.1%.
From measured values, it was possible to state regarding Stellite 12:

- Across all freezing times, we observed a decrease in magnetism. The largest decrease was
recorded for the freezing time of 960 minutes, where we measured a reduction of 26 A/m,
corresponding to a decrease of 85.3 % in magnetism value. The lowest decrease in
magnetism was observed during the freezing time of 10 minutes, where we measured a

reduction of 3.6 A/m, which is about 11.6% less than the original value.
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One possible reason for the fluctuation in magnetism is the change in the material's
structure. Cryogenic temperatures can lead to a modification in the crystal structure of cobalt alloy,
thereby affecting the arrangement of magnetic domains. These changes can result in a reduction

of the magnetic moment in the material and consequently lower the overall magnetization.

Another factor is the so-called spin-flip scattering phenomenon. The research conducted
by Kudrnovsky, Drchal, and Turek (2017) [94], in the article titled "Spin-Flip Scattering in
Magnetic Materials." shed light on the phenomenon of spin-flip scattering in magnetic materials.
At low temperatures, collisions can occur between the magnetic moments of electrons and the
crystal lattice. These collisions can transfer the moment from the magnetic moments to the crystal

lattice, thus reducing the overall magnetic moment of the material.

To thoroughly investigate changes influenced by cryogenic temperatures, we recommend
conducting further research using advanced methods of diagnosing phase transitions in materials.
This will enable us to gain a deeper understanding of the alterations and enhancements resulting

from these temperature variations.

7.8 Tribological experiment

This experiment was focused on the research conducted on overlay materials used on the
valves of internal gas combustion engines, existing friction pairs valve - valve seat from the
world’s biggest producer of gas combustion engines and potential valve seat materials made from
ADI 280, ADI 280 Nsand Q - Nitro materials. The experiment evaluates the coefficient of friction
as one of the parameters for assessing the performance and durability of these pairs. As an
additional parameter, experiment evaluates the width, depth, and material loss of the test specimen.
By analyzing the friction behavior, we can identify potential areas for improvement and optimize

the material selection, surface treatment. and lubrication techniques.
The tribological experiment was divided into three phases:

Phase 1 was focused on investigating the tribological properties of valve overlay materials. In this
phase, valves from global manufacturers of gas combustion engines were examined. The
selected valves for these tests were those commonly used in combustion engines for
alternative fuels. We included an intake valve from TEDOM TRW in the tests. This valve
has been historically used by the LIAZ company. The valve is made of a nickel superalloy

called Nimonic 80A, which is commonly used in small automotive engines due to its

137



Dissertation Ing. Jakub Mréz

excellent mechanical and corrosion properties. We also included an exhaust valve from
TEDOM after the operation (8000 engine hours) to investigate the influence of thermal
loading and operation on the tribological properties. In this phase, we used standardized

tribological pins as test counterparts.

Phase 2 was focused on evaluating the tribological properties of cast irons ADI 280, ADI 280

Nitro, and Q - Nitro. Additionally, in the second phase, we measured the tribological
properties of Stellite 6 and Stellite 12, which underwent cryogenic processing. As the
friction pair of materials, we used an intake valve from TEDOM with overlay material
P37S for ADI 280, ADI 280 Nitro, and Q-Nitro. We chose this friction pair because the
investigated cast iron materials were intended for use in valve seat applications. For the
Stellite 6 material, we used an intake valve from TEDOM. The choice of these friction
pairs was made in order to examine realistic material combinations. For the Stellite 12
material, we used an exhaust valve from TEDOM with overlay material P37S. The choice

of these three pairs was made to examine realistic material combinations.

In Phase 3, we examined real-life tribological friction pairs of valve and valve seats from global

7.8.1

manufacturers of combustion engines. We also included an exhaust valve from TEDOM
after the operation (8000 engine hours) to investigate the influence of thermal loading and
operation on the tribological properties. Additionally, we included an intake valve from
TEDOM TRW in the tests. This valve was historically used in LIAZ engines and featured
a valve head made of Nimonic 80A material. The valve does not have hard-facing.
Therefore, we wanted to measure the tribological behavior of the Nimonic 80A and

Stellite 6 pair, simulating the scenario if this valve were used in today's TEDOM engine.

Objectives of the experiment

As part of the experiment, it was planned to research:

Measure and evaluate the coefficient of friction of valve overlay materials and select the
overlay material that exhibits the lowest coefficient of friction.

Measure and evaluate the coefficients of friction of the ADI 280, ADI 280 Ns and Q - Nitro
materials, and determine the material with the lowest coefficient of friction.

Compare the materials ADI 280, ADI 280 Ns, and Q - Nitro with real tribological friction
pairs and assess their potential for use as intake valve seats in combustion engines from

a tribological perspective.
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4. Measure and evaluate the influence of cryogenic temperatures on the coefficient of friction
for Stellite 6 and Stellite 12 materials.

The findings from this tribological experiment section will contribute to the understanding
of friction and wear characteristics in valve - valve seat systems. Moreover, they will provide
insights into the potential of alternative materials and surface treatments for improving the

performance and cost-effectiveness of friction pairs.

7.8.2 Measurement methodology

For the tribological experiment was used method “Pin-on-Disc” described in more detail
in Chapter 5 of this thesis. The tribological properties of the surface are evaluated using a

Tribometer for both dry and liquid environments from Anton Paar company.

The chosen friction pair consists of the examined valve head and the corresponding
counterpart. Both parts are in contact during the tribological experiment. The experiment was
carried out at room temperature (22 °C — 24 °C with 30 — 60 % relative humidity) without any
lubricant. The examined valve head is clamped in the holder Fig. 52 where on the left side is shown
a standard TEDOM intake valve, in the middle is a standard TEDOM exhaust valve, and on the
right side is an EM-KU manufacturer exhaust valve. The roller is fixed in a holder above the table,
without the possibility of rotation and performs sliding friction on the examined surface of the
valve. The chair rotates at a speed of 60 rpm, the applied load during the experiment is 10 N, and
the length of the experiment was 3000 cycles for phase 1 and 1500 cycles for phase 2 and phase 3.
This difference was chosen because for phases 2 and 3, the tested samples were glued to the
standardized testing cylinders using Loctite EA 3421 epoxy adhesive. We aimed to eliminate the

influence of gradual joint loosening, which could lead to inaccuracies in the measurements.

Fig. 52 Examples of a tribological experiment
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During the measurement, the working surfaces were in constant contact and under constant
load with the counterpart. Contact between the valve head and the counterpart was always on the
sealing cone on the valve head, so that the contact corresponded as maximum as possible to real

operation.

Evaluation of the amount of wear on the examined surfaces (valve surfaces) was performed
on a SENSOFAR S Neox confocal microscope. It is a microscope that enables non-contact
scanning of surfaces using confocal and interferometric methods. A Leica DVM6 digital

microscope was used to assess pin wear.

In order to analyze the chemical composition of the valve seats used as counterparts, we
used the spectrometer BAS DELTA PROFESSIONAL.

7.8.3 Material for testing

Due to copyright law, we will not mention the names of the engine manufacturers in this
work. Instead, we will use code designations to maintain anonymity. We will use the abbreviation

Engine Manufacturer - EM and alphanumeric code designations.

In the first phase of the testing, we tested the valve heads of various engine producers with
a standardized counterpart. As a counterpart material was used a standardized roller from
REDHILL company. These rollers were made from CSN 14 109 steel with a hardness of 60-
62 HRC. They were in the shape of cylindrical rollers with dimensions of 6 x 24 mm according to
ISO 3290. The design of the counterpart is illustrated in Fig. 53. The specific friction pairs used in
the first phase are shown in Tab. 42. Before the experiment were modified the valves by removing
the valve stems using an EDM machine. This modification was necessary to fit the valves into the

tribometer. The wire cutter was chosen to avoid any thermal influence on the samples.
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Fig. 53 Normalized counterpart used as a “PIN”

Tab. 42 Friction couples tested in the First loop of tribological testing

Disc Pin Test No.
TEDOM - Exhaust valve * CSN 14109 1.
TEDOM — Exhaust valve ** CSN 14109 2.
TEDOM — Exhaust valve — After operation* CSN 14109 3.
TEDOM - Intake valve * CSN 14109 4,
TEDOM - Intake valve** CSN 14109 5.
EM - SC — Intake valve CSN 14109 6.
EM - SC — Exhaust valve CSN 14109 7.
EM - LI — Intake valve CSN 14109 8.
EM - LI — Exhaust valve CSN 14109 9.
EM - SCH — Intake valve CSN 14109 10.
EM SCH — Exhaust valve CSN 14109 11.
EM KU — Intake valve CSN 14109 12.
EM MA — Intake valve CSN 14109 13.
EM MA — Exhaust valve CSN 14109 14.

* Manufacturer Mahle; **Manufacturer TRW

In the second phase of testing was used as “Disc* intake and exhaust valve TEDOM. Both
valves are equipped with a P37S hard facing weld. The chemical composition of this hardfacing
is shown in Tab. 3. Before the experiment were modified the valves by removing the valve stems
using an EDM machine. This modification was necessary to fit the valves into the tribometer.
The wire cutter was chosen to avoid any thermal influence on the samples. As a “PIN* were used
cylinders prepared from real valve seats. In Tab. 39 are shown the material variants and their heat

treatments. On Fig. 54 on the left side, there is depicted a CAD model of the valve seat with
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extracted cylinders. This model was used for EDM machine to extract rollers. On the right side of

the image, there is a real valve seat with extracted rollers.

Fig. 54 Prepared cylinders from real valve seat used as a “PIN”

The samples of ADI 280, ADI 280 Ns, and Q-Nitro cast irons, used for tribological tests,
were extracted from the specimens that were previously examined for their physical properties.
We used ADI 280 Ns for tribological measurements due to its highest hardness among the frozen
samples ADI 280. Similarly, samples of Stellite 6 and Stellite 12 with varying freezing times were
obtained from the test material used in the previous tests.

Tab. 43 Friction couples tested in the Second loop of tribological testing

Disc Pin Test No.
TEDOM - Intake valve ADI 280 15.
TEDOM - Intake valve ADI 280 Ns 16.
TEDOM - Intake valve Q-Nitro 17.
TEDOM - Intake valve Stellite 6 -Without freezing 18.
TEDOM - Intake valve Stellite 6 — frozen 5 min 19.
TEDOM - Intake valve Stellite 6 — frozen 10 min 20.
TEDOM - Intake valve Stellite 6 — frozen 15 min 21.
TEDOM - Intake valve Stellite 6 — frozen 30 min 22.
TEDOM - Intake valve Stellite 6 — frozen 60 min 23.
TEDOM - Exhaust valve Stellite 12 — Without freezing 24.
TEDOM - Exhaust valve Stellite 12 — frozen 5 min 25.
TEDOM - Exhaust valve Stellite 12 — frozen 10 min 26.
TEDOM - Exhaust valve Stellite 12 — frozen 15 min 217.
TEDOM - Exhaust valve Stellite 12 — frozen 30 min 28.
TEDOM - Exhaust valve Stellite 12 — frozen 60 min 29.

As part of the first phase, we tested intake valves and exhaust valve TEDOM from different

manufacturers to identify potential differences between suppliers. Both TRW valves have the
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valve head made of the Nimonic 80A superalloy. In the test, we also included an exhaust valve
TEDOM after 8000 engine hours to observe if the coefficient of friction changes over time. These
valves and their valve seats are marked in Tab. 44.

The third phase of the testing was used as “Disc* intake and exhaust valve heads from
world manufacturers of gas combustion engines. Each valve in this test is intended for the gas
version of the combustion engine. The chemical composition of the valves is depicted in Tab. 45.
Before the experiment, the valves were modified by removing the valve stems using an EDM
machine. This modification was necessary to fit the valves into the tribometer. The wire cutter was
chosen to avoid any thermal influence on the samples. As a “PIN“ cylinders were used prepared
from real valve seats. These prepared rollers were glued to standard test cylinders from company
REDHILL using Loctite EA 3421 epoxy adhesive. The chemical composition of the valve seats
used in testing is depicted in Tab. 46.

Tab. 44 Friction couples tested in the Third loop of tribological testing

Disc Pin Test No.
TEDOM - Exhaust valve — After operation Exhaust valve seat TEDOM 30.
TEDOM - Intake valve TRW Intake valve seat TEDOM 31.
EM - SC — Intake valve Intake valve seat EM - SC 32.
EM - SC — Exhaust valve Exhaust valve seat EM - SC 33.
EM - LI — Intake valve Intake valve seat EM - LI 34.
EM - LI — Exhaust valve Exhaust valve seat EM - LI 35.
EM - SCH — Intake valve Intake valve seat EM - SCH 36.
EM - SCH — Exhaust valve Exhaust valve seat EM - SCH 37.
EM - KU — Exhaust valve Exhaust valve seat EM - KU 38.
EM - MA — Intake valve Intake valve seat EM - MA 39.
EM - MA — Exhaust valve Exhaust valve seat EM - MA 40.

Tab. 45 Chemical composition of valve head used in testing as “Disc*
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Engine val Part of Chemical composition [%0]
manufacturer alve valve
Cr Ni Mo |Cu| Fe |Mn| Co |[Nb |[Ti| V |W/|AI|Si
Hard facing | 30.2 | 21.4 | 0.1 | - 1.0 - 40.7 - 107 - |59 - -
Exhaust
VA Valve head | 19.0 | 76.1 | 0.1 - 0.7 - - 0.1 (25| - - 115 -
o Hard facing | 27.1 | 96 | 3.8 | - | 55.1 | 3.7 - 0.7 | - - - - -
ntake
Valvehead | 20.9 | 3.7 | 0.2 |0.1]| 628 | 9.1 - 20| - |01]0.7]| - -
Hard facing | 25.9 | 208 | 0.2 | - | 181 | 3.2 | 221 | 0.6 | - - 191 - -
Exhaust
L Valvehead | 209 | 3.7 | 0.2 {0.1] 628 | 9.1 - 20| - 10107 - -
o Hard facing | 24.8 | 204 | 0.1 | - | 214 - 235 - - - 199 - -
ntake
Valve head | 8.7 02 |01/|00)| 870 | 05 - - - 101 - - 131
Hard facing | 27.4 | 144 | 3.6 | - | 51.2 | 2.9 - 05 - - - - -
Exhaust
s Valvehead | 21.9 | 3.7 | 0.2 | 0.1 | 62.1 | 9.2 1.9 - - 101109 - -
Hard facing | 24.8 | 44.6 | 0.1 - 1.8 - 19.9 - 112|176 - - -
Intake
Valve head | 19.9 | 74.0 - - 3.4 - - - |27 - - - -
Hard facing | 220 | 36 |01 | - | 619 | 8.8 - 21| - - 109 - -
Exhaust
seh Valvehead | 21.7 | 3.8 | 0.1 | 0.2 | 62.2 | 9.0 - 21| - 10109 - -
ok Hard facing | 21.7 | 3.6 | 0.2 - 62.8 | 8.3 - 22 | - - 108 - -
ntake
Valvehead | 215 | 3.7 | 0.2 | 0.2 | 624 | 8.8 - 22| - 10109 - -
Hard facing | 9.2 02 |08 (02| 876 | 0.6 - 0.05| - |01 - - 112
KU Exhaust
Valve head | 9.7 0.2 |08 (02| 880 | 0.6 - 0.05| - |01 - - 103

Tab. 46 Chemical composition of valve seats used in testing as “Pin*

Engine Valve Chemical composition [%0]
manufacturer seat

Cr | Ni | Mo | Cu | Fe |[Mn| Co |[Nb|V |W| Al |Si|S
Exhaust | 6.1 - 8.7 - 78.8 - 25 | 08|31 - - - -
MA Intake | 6.0 | 112 | 129 | - | 638 |09 | - |16 |22|14]| - - |-
g Exhaust| 304 | 04 | 22 | 01 | 640 | 07| - [005/01| - | 04 |15/ -
Intake | 10.9 | 0.3 | 20 | 01 | 840 | 06 | - [005/02| - | 08 |1.0]0.2
- Exhaust | 7.7 5.2 28.0 - 52.6 - 4.7 - - - - 16| -
Intake | 76 | 52 | 265 | - |[546 | - | 47 | - | - | - - |14 -
o Exhaust| 162 | - | 221 | - 48 | - | 557 | - | - | - - 12 -
Intake | 4.6 - | 103 | 151 | 474 | 1.0 | 1567 | - |22 |33 - - |05
KU Exhaust| 23.8 | 3.6 | 0.9 - 1104 | 04 | 564 |01| - |45 005 | - | -

7.8.4 Measured data

The measured results from testing are shown in Tab. 47 — 49. The width of the wear is
measured on a confocal microscope after the end of the tribological experiment. The depth of the
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disc — valve wear is measured on a confocal microscope after the end of the tribological

experiment. The volume wear of the pin was calculated from the wear measurements according to

CSN EN 1071-13 [122].

Tab. 47 Results of the First loop of tribological testing

Test No. Vv?lz\;er(wDildStﬁ) Depth of DISC PIN wg—:ar Statifc_ I_:riction I.é);?c?c?cq)lnc
[um] wear [um] [mm?] coeficient [-] coeficient [-]
1. 377.11 10.33 0.0008 0.211 0.359 + 0.070
2. 317.03 4.33 0.0008 0.133 0.209 + 0.061
3. 497.91 29.37 0.0069 0.163 0.654 + 0.097
4. 484.57 6.58 0.0008 0.238 0.378 + 0.049
5. 455.63 16.31 0.0007 0.178 0.404 + 0.140
6. 773.82 50.27 0.0141 0.181 0.625 + 0.200
7. 607.22 46.32 0.0357 0.480 1.030 + 0.059
8. 476.42 32.18 0.0028 0.192 0.626 + 0.089
9. 693.52 38.82 0.0211 0.216 0.619 + 0.130
10. 586.78 32.92 0.0032 0.168 0.667 + 0.063
11. 470.24 34.65 0.0033 0.185 0.725 £ 0.052
12. 495.97 13.82 0.0058 0.273 0.772 + 0.168
13. 332.29 11.93 0.0013 0.221 0.580 + 0.033
14, 667.01 21.71 0.0096 0.202 0.672 +0.078

Results of second loop of tribological testing:
Tab. 48 Results of the Second loop of tribological testing
Valve (DISC . L Dynamic
Test No. wear (width) Depth of DISC PIN wear [mm?] Statu_: I_:rlctlon F);iction
wear [um] coeficient [-] .

[nm] coeficient [-]
15. 574.96 45.37 0.0042 0.229 0.801 + 0.086
16. 475.54 30.32 0.0023 0.251 0.349 + 0.157
17. 355.70 29.94 0.0007 0.257 0.376 + 0.154
18. 519.27 32.91 0.0033 0.431 0.596 + 0.074
19. 721.09 2.31 0.0162 0.193 0.752 + 0.186
20. 710.74 4.42 0.0158 0.221 0.846 + 0.203
21. 719.15 3.35 0.0163 0.212 0.805 + 0.195
22. 840.30 5.20 0.0180 0.202 0.797 + 0.150
23. 566.63 3.82 0.0051 0.208 0.872 £ 0.192
24. 583.13 12.36 0.0295 0.259 0.709 + 0.073
25. 527.20 3.94 0.0079 0.271 0.737 + 0.086
26. 595.65 7.38 0.0088 0.321 0.683 + 0.062
27. 558.75 3.84 0.0054 0.229 0.784 + 0.108
28. 534.13 4.72 0.0077 0.259 0.718 + 0.083
29. 523.81 5.56 0.0065 0.221 0.757 + 0.096
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Results of third loop of tribological testing:

Tab. 49 Results of the Third loop of tribological testing

Test No. Vv?tle\;?’(wDi:jStﬁ) Depth of DISC PIN Wgar Stati(_: I_:riction ?:yr?catlirg:f

[um] wear [um] [mm?] coeficient [-] coeficient [-]
30. 579.85 22.95 0.0481 0.431 0.715 + 0.088
31. 340.22 8.77 0.0008 0.253 0.467 + 0.055
32. 317.09 22.13 0.0582 0.223 0.330+0.118
33. 402.83 4.22 0.0087 0.448 0.676 + 0.094
34. 506.47 18.97 0.0065 0.283 0.734 + 0.060
35. 572.18 40.29 0.0874 0.296 0.681 =+ 0.055
36. 324.29 29.15 0.1091 0.205 0.659 =+ 0.045
37. 519.27 34.91 0.0005 0.368 0.780 + 0.044
38. 237.72 15.83 0.0417 0.233 0.504 + 0.053
39. 510.27 23.39 0.0091 0.265 0.663 + 0.045
40. 581.36 0.46 0.0211 0.205 0.719 + 0.282

7.8.5 Discussion of measured data

The measured values from the first phase of the tribological experiment showed that the
lowest dynamic coefficient of friction was observed on sample No. 2 (0.209 + 0.061). This sample
was an exhaust valve TEDOM made of the nickel superalloy Nimonic 80A. For the serially used
intake valve, TEDOM with P37S overlay was measured dynamic friction coefficient of
0.378 £ 0.049. For the serially used exhaust valve TEDOM with P37S overlay was measured value
of a friction coefficient of 0.359 £ 0.070. These values are practically very close to each other.
There is a significant change in the friction coefficient between the new and used exhaust valves
TEDOM. The new exhaust valve shows a friction coefficient of 0.359 + 0.070, while the valve
after 8000 engine hours of use shows a friction coefficient of 0.654 + 0.097. In this case, it could
be due to increased abrasive wear due to greater particle release from the exhaust valve. The P37S
overlay material exhibits the lowest friction coefficient among the materials tested in the first phase
of the test.

Fig. 55 shows a graphical comparison of the coefficient of friction behavior for the
materials ADI 280. ADI 280 Ns and Q-Nitro from the second phase. Materials can be sorted on

the basis of their static friction coefficients as follows:

- ADI 280 - static friction coefficient: 0.229
- ADI 280 Ns - static friction coefficient: 0.251

- Q-Nitro - static friction coefficient: 0.257
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Materials can be sorted based on their dynamic coefficient of friction as follows:

- ADI 280 Ns - average Dynamic friction coefficient: 0.349 + 0.157
- Q-Nitro - average Dynamic friction coefficient: 0.376 + 0.154
- ADI 280 - average Dynamic friction coefficient: 0.801 + 0.086

At the beginning of the friction coefficient behavior, the mechanism of groove formation
and gradual deformation of the surface roughness can be observed, which lasts approximately for
the first 60 seconds. This is followed by a phase of increasing coefficient of friction due to
increasing adhesion forces and accumulation of particles at the contact surface. which lasts from
60s to 100s. This is followed by a period of constant coefficient of friction up to about 200 seconds.
The coefficient of friction for ADI 280 Ns and Q-Nitro then decreases to a level of approximately
0.3. The coefficient of friction for ADI 280 material stabilizes at a value of approximately 0.8.
A steady state, in which the value of the coefficient of friction does not change significantly, occurs
when sufficient smoothing of the contact surfaces is achieved. It is characterized by the fact that

the wear during the tribological process is minimal.

In the course of his tribological investigation of ADI, Hu [134] found that, in comparison
to the initial cast iron state of the casting, ADI exhibited significantly enhanced strength,
characterized by an ultimate tensile strength reaching approximately 1220 MPa. The friction
coefficient of ADI was markedly influenced by operational conditions, with an observed decrease
in the friction coefficient corresponding to escalated normal loads and sliding speeds. This
phenomenon was primarily linked to the quantity of graphite transferred from the matrix onto the
tribosurface, as well as the formation of a graphite-based lubricant layer. Our measured values

align with Hu's findings. Different values were obtained in the case of the ADI280 material.

The measured values indicate that cryogenic treatment has a positive effect on the
tribological properties of isothermally hardened and oil-hardened cast iron. Further recommended
testing includes performing this experiment on a statistically significant sample size and testing
the EN- GJS 450-8 cast iron reference material.
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Fig. 55 Comparison of friction coefficient cast irons

The influence of cryogenic temperatures on the coefficient of friction behavior of Stellite 6
is shown in Fig. 55. It is clear from the measured data that the value of the static coefficient of
friction decreases due to the influence of cryogenic temperatures. The static friction coefficient of
Stellite 6 without cryogenic treatment was measured to be 0.431, which is the highest value of the
Stellite 6 samples. Surface strengthening after cryogenic processing can be attributed to the
formation of new structural phases or changes in dislocations within the material's crystal lattice.
These alterations enhance the surface's resistance to wear, thus reducing resistance during motion
or friction. However, the sample without the freezing treatment shows stable behavior over time
with no gradual increase in the dynamic coefficient of friction. The static friction coefficients can

be ordered as follows:

- Stellite 6 - freezing 5 minutes - Static friction coefficient: 0.193

- Stellite 6 - freezing 30 minutes - Static friction coefficient: 0.202
- Stellite 6 - freezing 60 minutes - Static friction coefficient: 0.208
- Stellite 6 - freezing 15 minutes - Static friction coefficient: 0.210
- Stellite 6 - freezing 10 minutes - Static friction coefficient: 0.221

- Stellite 6 — without freezing - Static friction coefficient: 0.431

148



Dissertation Ing. Jakub Mréz

Each of the frozen samples exhibits a gradual increase in the friction coefficient. If we
organize the samples based on the average dynamic friction coefficient. the order would be as
follows:

Stellite 6 — without freezing - average Dynamic friction coefficient: 0.600 + 0.074

Stellite 6 - freezing 5 minutes - average Dynamic friction coefficient: 0.752 + 0.178

Stellite 6 - freezing 30 minutes - average Dynamic friction coefficient: 0.797 + 0.145

Stellite 6 - freezing 15 minutes - average Dynamic friction coefficient: 0.805 + 0.187

Stellite 6 - freezing 10 minutes - average Dynamic friction coefficient: 0.846 + 0.199

Stellite 6 - freezing 60 minutes - average Dynamic friction coefficient: 0.872 + 0.188

The measurements show a significant impact of cryogenic temperatures on the tribological
properties of Stellite 6. Consequently, the study suggests further continuing the measurements and
directing the focus toward investigating the structural changes responsible for the alteration of the

friction coefficient.

The influence of cryogenic temperatures on the change of the coefficient of friction of
Stellite 6 is shown in Fig. 56. From the measured data on the influence of cryogenic temperatures
on the tribological properties of Stellite 12, it can be concluded that this material is less susceptible
to the effects of cryogenic temperatures on the coefficient of friction than Stellite 6. The value of

the static coefficient of friction for the material Stellite 12 is affected by the length of freezing.

The material composition of Stellite 6 and Stellite 12 consists of cobalt-based alloys with
varying additives and carbon content. These differences in chemical composition can result in
distinct structural changes during cryogenic processing, ultimately impacting their tribological
properties. The microstructure of a material, including the arrangement and formation of crystals,
plays a crucial role in determining its mechanical and tribological characteristics. Cryogenic
temperatures can induce phase transformations within the material, potentially leading to
alterations in its tribological properties. Depending on the phases that Stellite 6 and Stellite 12
assume at specific temperatures, they may exhibit varying reactions. Various wear mechanisms
can influence the tribological behavior of materials. Cryogenic temperatures have the capacity to
modify these wear mechanisms. Consequently, affecting the performance of both Stellite 6 and

Stellite 12 materials in tribological applications.
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Fig. 56 Influencing of cryogenic treatment to friction coefficient of Stellite 6

The influence of cryogenic temperatures on the change of the coefficient of friction of
Stellite 12 is shown in Fig. 57.

Freezing times of 15 min and 60 min show a decrease in the coefficient of static friction.
while freezing times of 5 min. 10 min and 30 min show a slight increase in the coefficient of static

friction.

The materials. according to the static friction coefficient. can be ordered as follows:

- Stellite 12 - freezing 60 minutes - Static friction coefficient: 0.221
- Stellite 12 - freezing 15 minutes - Static friction coefficient: 0.229
- Stellite 12 - without freezing - Static friction coefficient: 0.259

- Stellite 12 - freezing 30 minutes - Static friction coefficient: 0.259
- Stellite 12 - freezing 5 minutes - Static friction coefficient: 0.271

- Stellite 12 - freezing 10 minutes - Static friction coefficient: 0.320

Each of the frozen samples. except for the one exposed 10 min. exhibits a gradual increase
in the friction coefficient. If we arrange the samples according to the average friction coefficient.

the order would be as follows:
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- Stellite 12 - freezing 10 minutes - average Dynamic friction coefficient: 0.683 + 0.046
- Stellite 12 - without freezing - average Dynamic friction coefficient: 0.709 & 0.053

- Stellite 12 - freezing 30 minutes - average Dynamic friction coefficient: 0.718 + 0.056
- Stellite 12 - freezing 5 minutes — average Dynamic friction coefficient: 0.737 + 0.073
- Stellite 12 - freezing 60 minutes - average Dynamic friction coefficient: 0.757 = 0.077

- Stellite 12 - freezing 15 minutes - average Dynamic friction coefficient: 0.784 + 0.084
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Fig. 57 Influence of cryogenic treatment to friction coefficient of Stellite 12

Based on the measured values, from a tribological perspective, it is recommended to use
the shortest possible cryogenic treatment time. i.e., up to 5 min, for cooling the intake valve seat
(Stellite 6). Beyond this time, the coefficient of friction begins to increase, and from the
experimental measurements of hardness changes. It is evident that the most significant decrease in

hardness occurs at 10 minutes. This can lead to increased wear of the intake valves.

Based on the measured values, it is recommended to use a cryogenic freezing time of
10 min, for the exhaust valve seats (Stellite 12). At this duration, the measured friction coefficient
values are the lowest, and the decrease in material hardness does not reach its maximum. Both of
these recommendations were incorporated into the internal guidelines of TEDOM, and the
company began implementing the cryogenic freezing process during the production of cylinder

heads. TEDOM started to systematically monitor whether this measure contributed to increasing
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the lifespan of cylinder heads. By statistically tracking the results, the company aims to assess the
effectiveness of the implemented changes and evaluate any potential improvements in the
durability and performance of the cylinder heads.

The ADI 280 material exhibits a relatively stable friction coefficient behavior with an
average dynamic coefficient friction of 0.801 + 0.086. Compared to Stellite 6 without freezing
0.596 + 0.074, its friction coefficient is higher. However, it is lower compared to the frozen
variants. Compared to Stellite 12, ADI 280 shows comparable behavior.

Materials ADI 280 Ns and Q-Nitro have significantly lower friction coefficients than
Stellite 6 without freezing and Stellite 12 without freezing. From a tribological standpointl, these
two materials appear to be excellent alternatives for intake valve seat inserts in gas combustion
engines or in engines with direct injection. This is due to their good friction properties, even under
challenging conditions. The harsh conditions in engines running on alternative fuels are caused by
the fact that gaseous fuels are dry and do not provide lubrication to the valve seats, resulting in dry
contact between the valve and the seat. Similarly, direct injection engines do not lubricate the valve
seats.

In the third phase of testing, where was compared real friction pairs from engines currently
used for gas applications, the results indicate that the exhaust valve TEDOM after 8000 operation
hours, exhibited a dynamic friction coefficient of 0.715 + 0.0881. Remarkably, this value is only
slightly higher than that of the new valve 0.709 + 0.0725. These findings suggest that the selected
overlay material P37S, remains stable in terms of tribological properties and wear resistance over
time. The minimal difference between the dynamic friction coefficients of the new and used
exhaust valves implies that the P37S overlay material exhibits excellent long-term stability and
durability, making it a suitable choice for gas engine applications.

The measurement of the intake valve from TEDOM with a valve head made of Nimonic
80A material shows that in terms of friction, it is advantageous as a friction material when
combined with Stellite 6. Stellite 6 with Nimonic 80A material, exhibits a dynamic friction
coefficient of 0.467 + 0.055. whereas with P37S overlay material, it exhibits a dynamic friction
coefficient of 0.596 + 0.074.

In the last part of the tribological experiment were compared friction pairs of intake valves

and valve seats from global manufacturers of gas combustion engines, Fig. 58.
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Fig. 58 Comparison coefficient of friction intake valves and valve seat materials

From the measured data, it can be observed that the dynamic friction behavior of the
EM — SC friction pair (0.330 £+ 0.118) is very similar to that of ADI 280 Ns (0.349 + 0.157) or
Q - Nitro (0.376 + 0.154). Fig. 59, is show the behavior of the dynamic coefficient of friction in
these materials. From this perspective, the materials ADI 280 Ns and Q-Nitro appear to be suitable
friction pairs with the P37S overlay material as a replacement for modern materials. The similarity
in their dynamic friction behavior to that of the EM - SC friction pair suggests their potential as

viable alternatives for intake valve seat inserts in gas combustion engines.
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Fig. 60 Comparison coefficient of friction exhaust valves and valve seat materials

Fig. 60 are compared the dynamic friction coefficient behaviors of materials used for
exhaust valves and exhaust valve seats. From the measured results, it is evident that, with the

exception of the EM - MA material, the materials exhibit similar tribological behavior. The
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EM - MA material initially showed the lowest static friction coefficient of 0.205, but over time,
abrasive wear increased the friction coefficient up to a value of 1., leading to micro-welding and
significant vibrations. All measured graphs depicting the friction coefficient profiles are presented
in the appendix of this study. First phase is in Appendix 10.1, second phase is in Appendix 10.2
a third phase is in Appendix 10.3.

Aditional part of material testing, we included the progressive intermetallic material FezAl,
developed at the Technical University in Liberec, Department of Materials, in the tribological tests.

The results are shown in Appendix 10.4.

The set of measured data was so extensive that within the scope of the dissertation, it was
not possible to comment each tribological behavior individual measured samples. Therefore, the
discussion focuses on the coeficient of friction as a one of the measured parameters.

8 CONCLUSION

The thesis presented deals with the physical properties of the materials that surround the
combustion chamber of the TEDOM internal combustion engine. The influence of cryogenic heat

treatment on the physical and tribological properties of these materials is also studied.
The following conclusions are drawn from the measured values:

The experimental results highlight important aspects of the mechanical behavior of the
cylinder head material. The bridge area between the valves near the spark plug emerges as a critical
point, exhibiting a lower theoretical Young's modulus with a local minimum value of 121.7 GPa.
This area is susceptible to high thermal and mechanical stresses. The hardness tests show no
significant variation with engine use, confirming the stability and longevity of the material. The
observed variations in Young's modulus between different areas of the new cylinder head (ranging
from 126.4 to 145.3 GPa) and the wider range in the used cylinder head (121.7 to 158.7 GPa)
indicate possible changes in the material during operation. In addition, The Eichelberg factor
highlights the areas that are subjected to the highest thermal stress, providing valuable information

for addressing potential thermal fatigue issues.

TEDOM has decided to discontinue the production of EN-GJS 400 cylinder heads for
economic reasons, based on a comprehensive evaluation of cylinder head measurements in both

EN-GJS 400 and EN-GJL 250 materials. The consistently acceptable measurements in both
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materials ensure that the manufacturing processes are in line with the design drawing
specifications and within the desired tolerances, with the prioritization of EN-GJL 250 material
for cylinder head production. TEDOM aim is to optimize manufacturing processes, maintain

quality standards and achieve cost-effectiveness.

Research into advanced heat treatment of EN-GJL 200 material has shown that applying
specific heat treatment techniques improves the mechanical properties of grey cast iron
components. Significant improvements in hardness and Tensile strength have been observed
through the use of isothermal quenching and freezing. Mechanical performance was improved by
the modified microstructure resulting from these treatments. In addition, a significant increase in
Tensile strength and ductility was observed following the cryogenic treatment of AGI cast iron.
The results highlight the importance of applying cryogenic treatment promptly after quenching to
achieve optimum results. Overall, these heat treatments offer new opportunities to improve the
overall performance and reliability of engineering materials. and have great potential to improve

the mechanical properties of grey cast iron components.

The thermal processing of EN-GJS 450-8 ductile cast iron with nodular graphite using
avariety of heat treatment techniques has been shown to have a significant effect on the
mechanical properties of the material. The Q-Nitro treatment resulted in a significant increase in
tensile strength but high fragility. The ADI 280 Ns treatment showed significant strength
improvements with reduced ductility. The ADI 280 NTs variant showed the most effective
combination of high strength and ductility of the materials tested. This makes it a promising choice

for practical applications in engine components.

Analysis of Stellite 6 and Stellite 12 valve seats revealed specific freezing times at which
local minimum hardness values were observed: 10 minutes for Stellite 6 and 15 minutes for
Stellite 12. These findings led to the development of a technological regulation for the freezing of
valve seats during the production of cylinder heads at TEDOM. The regulation stipulates that the
minimum freezing time for valve seats must be 5 minutes with a tolerance of + 1 min. The aim of
this standardized procedure is to increase the service life of cylinder heads and eliminate the
variable effects of different freezing times, thus providing more consistent and reliable results.

Cryogenic treatment did not significantly change valve seat hardness.

These variations indicate that specific freezing times can have a subtle effect on hardness

levels, highlighting the importance of maintaining a consistent freezing duration to achieve

156



Dissertation Ing. Jakub Mréz

consistent and reproducible results in the manufacturing process. Overall, the study provides
valuable insight into optimizing the valve seat freezing process in cylinder head manufacturing,
which can help improve overall cylinder head performance and durability.

The effects of liquid nitrogen exposure on Stellite 6 and Stellite 12 are evident from the
measured values of theoretical Young's modulus. In the case of Stellite 6, both Young's modulus
and the speed of sound increased from their initial states with the action of liquid nitrogen, reaching
local maximum after 15 minutes of exposure. In contrast, Stellite12 showed a decrease in both
Young's modulus and speed of sound with exposure to liquid nitrogen, with the most significant

decreases occurring after 60 minutes of exposure.

Changes in the magnetic properties of the cobalt alloys, particularly Stellite 6 and
Stellite 12, were observed during cryogenic processing. The decrease in magnetism can be
attributed to changes in the crystal structure of the material at low temperatures and the
phenomenon of spin-flip scattering. Spin-flip scattering is a collision between magnetic moments

and the crystal lattice. which reduces the overall magnetization.

Tribological results show that the influence of cryogenic temperatures on the friction
coefficient of Stellite 6 is significant. Short-term exposure to cryogenic temperatures resulted in
the decrease of the static friction coefficient for Stellite 6. Stellite 6 shows a variable effect on the
dynamic friction coefficient depending on the freezing duration. Stellite 12, on the other hand,
showed a lower sensitivity to cryogenic temperatures compared to Stellite 6, with a variable effect

on the coefficient of static and dynamic friction depending on the duration of freezing.

The ADI 280 material showed a stable coefficient of friction behavior. Its friction
properties were comparable to those of Stellite 6 without freezing, but lower than the frozen grades.
The materials ADI 280 Nitro and Q-Nitro showed significantly lower coefficients of friction than
Stellite 6 and Stellite 12. making them potential candidates for intake valve seat inserts in gas

combustion engines or engines with direct injection.

The last phase was the study of real friction pairs from engines currently in use for gas
applications. After 8000 hours of operation, the TEDOM exhaust valve showed a slightly higher
coefficient of friction in comparison with the new valve. Of the real-life friction pairs, the
EM — SC valve-seat pair had the lowest coefficient of friction, indicating that it has the potential

to be the most efficient friction pair.
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8.1 This thesis contributes to both theory and practice

At a theoretical level, the thesis enhances our understanding of the mechanical and thermal
properties of various materials used in the construction of critical engine components. Valuable
insight into the behavior and performance of materials under different conditions is provided by
the comprehensive investigation of Young's modulus, hardness, and other mechanical parameters.
Studying cryogenic processing and its effect on material properties highlights the potential benefits
and limitations of such treatments, enabling researchers and engineers to make informed decisions
regarding material selection and processing techniques. Furthermore, studying the tribological
properties and coefficient of friction of different materials further contributes to the knowledge in
this field, helps to develop advanced materials, and improves our understanding of material

interactions in engine systems.

In terms of practical implications, the findings of this thesis have direct relevance and
application in the automotive industry, particularly in the design and manufacture of
high-performance engines. Detailed analysis of material behavior under operating conditions,
including thermal and wear effects, provides critical information for engineers to optimize engine
component performance and reliability. Identifying suitable materials for specific engine parts,
such as valve seat inserts, enables manufacturers to improve engine efficiency and durability. In
addition, valuable guidance for improving the overall performance and efficiency of engine
systems in the field is provided by the knowledge gained from real-world friction pairs in gas

applications.

Overall, this dissertation is a significant contribution to the advancement of materials
science and its practical applications in engine technology. The results of the research will enable
informed decisions to be made on the selection of materials and processing methods for engine
components, paving the way for the development of more robust and efficient engine components.
The findings of the research have the capability to drive innovation in engine design, resulting in
more sustainable and higher-performing engines to meet the changing demands of the modern
transport and energy industry. This thesis initiated a collaborative research project on the effects
of cryogenic temperatures on the mechanical properties of materials used in space applications
between the Technical University of Liberec, Warsaw University of Technology and the
Politecnico di Milano. The research conducted in this study has provided valuable insights into the
behavior of various materials under extreme temperature conditions, which is crucial for space

exploration and aerospace engineering.
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8.2 Suggestions for further research

There are several promising research directions to explore the microstructural changes
induced by cryogenic processing in terms of material characterization. Advanced microscopy
techniques, such as electron microscopy and atomic force microscopy, could be used to study the
changes in the crystal lattice and the behavior of the dislocations at different cryogenic
temperatures. Furthermore, performing in-situ measurements during cryogenic processing could
reveal real-time changes in the material’s structure and help to understand the dynamics of phase

transformations.

In the area of tribology, further research could focus on the study of the long-term wear
behavior of materials under real engine conditions. More comprehensive data on the performance
and wear resistance of engine components such as valves and valve seats could be obtained through
extended durability tests with different material combinations and cryogenic treatments.
Investigating the effects of different operating conditions such as temperature, pressure and
lubrication on these materials' friction and wear characteristics would help tailor their properties

to specific engine applications.

There could be more opportunities to optimize engine components by extending the
research to a wider range of materials, such as different alloys and composites. Investigating the
effects of cryogenic processing on a wider range of materials could lead to the discovery of new
combinations of materials with improved properties, which could lead to further improvements in

engine performance and efficiency.

It is of paramount importance to consider the impact of these materials and processes on
the environment. A life cycle assessment of the environmental footprint of cryogenic processing
and the use of different materials in engine components would be valuable. More sustainable and
environmentally friendly options for the automotive industry could be identified by assessing
energy consumption, greenhouse gas emissions, and other environmental impacts associated with

production use and disposal of these materials.
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10 APPENDIX

10.1 Friction Coefficient Profiles in the First loop of the Tribological testing
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Fig. 61 Test No. 1 Disc - TEDOM Exhaust valve / Pin — CSN 14 109
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Fig. 62 Test No. 2 Disc - TEDOM Exhaust valve TRW / Pin — CSN 14 109
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Fig. 63 Test No. 3 Disc - TEDOM Exhaust valve after operation / Pin — CSN 74 109
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Fig. 64 Test No. 4 Disc - TEDOM Intake valve / Pin — CSN 14 109
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Fig. 65 Test No. 5 Disc - TEDOM Intake valve TRW / Pin — CSN 14 109
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Fig. 66 Test No. 6 Disc - EM - SC Intake valve / Pin — CSN 14 109
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Fig. 67 Test No. 7 Disc - EM - SC Exhaust valve / Pin — CSN 14 109
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Fig. 68 Test No. 8 Disc - EM - LI Intake valve / Pin — CSN 14 109
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Fig. 69 Test No. 9 Disc - EM - LI Exhaust valve / Pin — CSN 14 109
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Fig. 70 Test No. 10 Disc - EM - SCH Intake valve / Pin — CSN 14 109
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Fig. 71 Test No. 11 Disc - EM - SCH Exhaust valve / Pin — CSN 14 109
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Fig. 72 Test No. 12 Disc - EM - KU Intake valve / Pin — CSN 14 109
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Fig. 73 Test No. 13 Disc - MAN Intake valve / Pin — CSN 14 109
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Fig. 74 Test No. 14 Disc - MAN Intake valve / Pin — CSN 14 109
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10.2 Friction Coefficient Profiles in the Second loop of the Tribological
testing
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Fig. 75 Test No. 15 Disc — TEDOM Intake valve / Pin — ADI 280
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Fig. 76 Test No. 16 Disc — TEDOM Intake valve / Pin — ADI 280 Nitro
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Fig. 77 Test No. 17 Disc — TEDOM Intake valve / Pin Q-Nitro
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Fig. 78 Test No. 18 Disc — TEDOM Intake valve / Stellite 6 - Without freezing

14

0 500 1000 1500 2000 2500
Time [s]

Fig. 79 Test No. 19 Disc — TEDOM Intake valve / Stellite 6 — Frozen 5 min.
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Fig. 80 Test No. 20 Disc — TEDOM Intake valve / Stellite 6 — Frozen 10 min.
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Fig. 81 Test No. 21 Disc — TEDOM Intake valve / Stellite 6 — Frozen 15 min.
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Fig. 82 Test No. 22 Disc — TEDOM Intake valve / Stellite 6 — Frozen 30 min.
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Fig. 83 Test No. 23 Disc — TEDOM Intake valve / Stellite 6 — Frozen 60 min.
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Fig. 84 Test No. 24 Disc — TEDOM Exhaust valve / Stellite 12 - Without freezing
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Fig. 85 Test No. 25 Disc — TEDOM Exhaust valve / Stellite 12 — Frozen 5 min.
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Fig. 86 Test No. 26 Disc — TEDOM Exhaust valve / Stellite 12 — Frozen 10 min.
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Fig. 87 Test No. 27 Disc — TEDOM Exhaust valve / Stellite 12 — Frozen 15 min.

o
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Fig. 88 Test No. 28 Disc — TEDOM Exhaust valve / Stellite 12 — Frozen 30 min.
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Fig. 89 Test No. 29 Disc — TEDOM Exhaust valve / Stellite 12 — Frozen 60 min.
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10.3 Friction Coefficient Profiles in the Third loop of the Tribological
testing
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Fig. 90 Test No. 30 Disc — TEDOM Exhaust valve — After operation / Stellite 12
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Fig. 91 Test No. 31 Disc — TEDOM Intake valve TRW / Stellite 6
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Fig. 92 Test No. 32 Disc — EM - SC Intake valve / EM - SC Intake seat
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Fig. 93 Test No. 33 Disc — EM - SC Exhaust valve / EM - SC Exhaust seat
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Fig. 94 Test No. 34 Disc — EM - LI Intake valve / EM - LI Intake seat
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Fig. 95 Test No. 35 Disc — EM - LI Exhaust valve / EM - LI Exhaust seat
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Fig. 96 Test No. 36 Disc — EM - SCH Intake valve / EM - SCH Intake seat
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Fig. 97 Test No. 37 Disc — EM - SCH Exhaust valve / EM - SCH Exhaust seat
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Fig. 98 Test No. 38 Disc — EM - KU Intake valve / EM - KU Intake seat
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Fig. 99 Test No. 39 Disc — EM - MA Intake valve / EM - MA Intake seat
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Fig. 100 Test No. 40 Disc — EM - MA Exhaust valve / EM - MA Exhaust seat
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10.4 Friction Coefficient Profiles of Intermetallic Fe3Al in Tribological
Testing

Aluminide Fe3Al, an intermetallic compound of iron and aluminum, exhibits unique
physical properties due to its specific crystal structure. This compound combines high-temperature
resistance with relatively low density (around 6.0 to 6.5 g/cm?), good mechanical strength
(typically ranging from 100 MPa to 300 MPa), moderate hardness (approximately 150 to 250 HV),
and a significant melting point of about 1500 to 1550 °C. It is characterized by this remarkable
melting point, rendering it suitable for applications in extremely high-temperature environments,
such as exhaust pipes of small combustion engines. With its resistance to oxidation and corrosion,
it can serve as a protective coating or material for valve seats in these engines, where it's exposed
to high temperatures and aggressive chemical surroundings. The thermal conductivity of Fe3Al

ranges between approximately 20 to 40 W/(m-K).

Within the framework of tribological testing, we have decided to test the samples of
aluminide on valves produced by EM-KU. We tested the samples on both the intake and exhaust

valves.

The obtained results are depicted in Fig. 101 and 102. Test pins are illustrated in Fig. 103.
In combination with the intake valve EM - KU, we measured a static friction coefficient of 0.2; on
the exhaust valve EM KU, it was 0.26. We measured dynamic friction coefficient 0.550 + 0.120

on the intake valve and 0.773 £ 0.064 on the exhaust valve.

0 500 1000 1500 2000 2500
Time [s]

Fig. 101 Test No. 41 Disc — EM - KU Exhaust valve / Fe3Al
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0 100 200 300
Time [s]

Fig. 102 Test No. 42 Disc — EM - KU Intake valve / Fe3Al

Fig. 103 Testing pins made from Fe3Al
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10.5 Measured values of the contact plate of cylinder heads

Tab. 50 Measured values of the contact plate of the new cylinder head

Point Ly [mm] Ls [mm] Eo.r [GPa] HB EF [W/m]
1 20.54 16.54 133,2 205 11.088
2 20.36 16.38 132,9 208 11.23
3 19.24 15.76 137,8 204 11.194
4 17.76 14.94 145,3 199 11.176
5 17.39 13.94 132,0 201 10.843
6 17.76 14.44 135,8 207 11.278
7 18.69 15.02 132,6 209 11.271
8 19.99 15.92 130,3 204 10.934
9 20.73 17.12 140,1 206 11.37

10 21.56 17.46 134,7 207 11.241
11 22.21 17.8 1319 210 11.295
12 22.58 18.2 133,4 208 11.248
13 22.39 17.96 132,2 208 11.203
14 21.84 17.58 133,1 203 10.983
15 21.47 17.14 130,9 205 11.007
16 15.73 12.34 126,4 202 10.692
17 14.99 12.14 134,7 201 10.938
18 14.8 11.96 134,1 203 11.019
19 15 12.28 137,7 207 11.341
20 17.95 14.42 132,6 207 11.167
21 15.17 12.26 134,2 209 11.323
22 15.73 12.62 132,2 205 11.054
23 20.54 16.5 132,5 195 10.558
24 15.73 13.08 142,0 198 11.022
25 16.28 13.22 135,4 198 10.809
26 22.76 18.36 133,7 200 10.851
27 15.07 12.44 140,0 226 12.369
28 20.36 16.7 138,2 209 11.459
29 22.66 18.36 134,8 207 11.246
30 22.58 18.28 134,6 208 11.289
31 22.21 17.92 133,7 206 11.157
32 22.21 17.68 130,2 207 11.081
33 21.55 17.38 133,6 204 11.05
34 21.84 17.72 135,2 206 11.21
35 21.65 17.88 140,1 206 11.37
36 20.2 18.16 166,0 206 12.11
37 21.28 16.98 130,8 208 11.15
38 20.36 16.28 131,3 205 11.02
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39 18.87 15.6 140,4 204 11.28
40 18.69 14.96 131,6 207 11.13
41 18.97 15.04 129,1 208 11.09
42 19.8 16.14 136,5 206 11.25
43 20.91 16.9 134,2 202 10.97
44 18.87 15.26 134,3 202 10.98
45 14.62 12.02 138,8 200 11.02
46 14.25 11.66 137,5 199 10.93
47 14.25 11.58 135,6 198 10.82
48 14.9 12 133,2 202 10.94
49 16.1 13.06 1351 203 11.05
50 15.91 12.88 134,6 202 10.99
51 20.91 16.82 132,9 202 10.93
52 15.36 12.34 132,6 204 11.02
53 14.99 11.88 129,0 205 10.94
54 14.06 11.3 132,7 219 11.77
55 15.36 12.35 132,8 211 11.38
56 16.19 12.77 127.,8 205 10.89
57 22.39 18.04 133,3 207 11.19
58 21.65 17.50 134,2 208 11.03
59 22.58 18.34 135,5 201 11.02
60 22.58 18.15 132,7 202 11.01
61 18.17 14.70 134,3 204 11.01
62 18.15 14.68 134,3 205 11.00
63 18.13 14.66 134,3 205 10.99
64 18.10 14.64 134,2 205 10.98
65 18.08 14.62 134,2 205 10.97
66 18.06 14.60 134,2 205 10.96
67 18.03 14.58 134,2 205 10.96
68 18.01 14.56 134,2 205 10.95
69 17.99 14.54 134,2 205 10.94
70 17.96 14.52 134,2 205 10.93
71 17.94 14.50 1341 205 10.92
72 17.92 14.48 134,1 205 10.94
73 17.89 14.46 134,1 205 11.02
74 17.87 14.44 1341 205 11.34
75 17.85 14.42 1341 205 11.17
76 17.82 14.40 134,1 205 11.32
77 17.80 14.39 134,0 205 11.05
78 17.78 14.37 134,0 205 10.56
79 17.75 14.35 134,0 205 11.02
80 17.73 14.33 134,0 205 10.81
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81 17.70 14.31 134,0 205 10.85
82 17.68 14.29 134,0 205 12.37
83 17.66 14.27 134,0 205 10.99
84 17.63 14.25 133,9 205 11.17
85 17.61 14.23 133,9 205 11.32
86 17.59 14.21 133,9 205 11.05
87 17.56 14.19 133,9 205 10.56
88 17.54 14.17 133,9 205 11.02
89 17.52 14.15 133,9 205 10.81
90 17.49 14.13 133,9 205 11.09
Tab. 51 Measured values of the cylinder head contact plate after operation lifetime
Point Ly [mm] Ls [mm] E. [MPa] HB EF [W/m]

1 17.49 13.84 128,6 213 11.324
2 18.88 15.50 138,4 217 11.870
3 18.40 15.18 139,8 209 11.512
4 16.56 13.95 145,8 221 12.306
5 15.36 12.28 131,3 224 11.968
6 14.15 11.46 134,7 216 11.694
7 13.69 11.06 134,1 220 11.869
8 14.90 11.68 126,2 210 11.085
9 15.25 11.84 123,8 218 11.388
10 14.25 11.58 135,6 217 11.775
11 15.36 12.10 1275 218 11.529
12 17.58 13.92 128,8 215 11.430
13 15.58 16.76 237,7 210 13.711
14 19.99 16.64 142,3 217 11.997
15 19.06 15.48 1355 217 11.770
16 17.76 13.98 127,3 216 11.423
17 14.99 12.00 131,6 215 11.534
18 14.25 11.48 133,3 204 11.041
19 15.27 11.98 126,4 210 11.093
20 17.39 13.96 132,4 212 11.411
21 19.99 15.80 128,3 211 11.214
22 20.91 17.10 137,4 207 11.331
23 19.06 15.82 1415 215 11.870
24 14.99 11.78 126,8 206 10.909
25 13.61 11.20 139,1 210 11.540
26 14.15 11.78 1424 213 11.797
27 15.56 12.72 137,3 217 11.830
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28 17.39 14.52 143,2 207 11.519
29 19.24 15.94 141,0 205 11.347
30 19.43 15.58 132,1 211 11.350
31 17.58 14.64 142,4 213 11.799
32 11.66 9.65 140,7 213 11.743
33 12.58 9.90 127,2 212 11.222
34 11.84 9.92 1442 209 11.652
35 12.21 10.28 145,6 209 11.695
36 12.21 10.56 153,6 210 11.982
37 11.84 9.90 143,6 214 11.887
38 12.03 9.98 141,4 219 12.066
39 12.95 10.26 128,9 215 11.436
40 12.30 10.04 136,8 211 11.516
41 13.32 10.98 139,6 216 11.857
42 13.02 11.02 147,1 221 12.349
43 13.69 10.98 132,1 220 11.801
44 12.77 10.72 144,7 215 11.973
45 12.12 10.18 1449 215 11.978
46 13.14 10.68 135,7 216 11.727
47 13.32 10.68 132,0 218 11.698
48 12.77 10.60 141,5 222 12.222
49 12.40 10.90 158,7 211 12.174
50 12.40 10.38 143,9 211 11.745
51 12.21 10.30 146,2 216 12.067
52 12.77 10.64 142,6 216 11.955
53 12.40 10.36 143,4 222 12.281
54 12.77 10.40 136,2 207 11.293
55 24.80 20.42 139,2 215 11.797
56 22.21 18.15 137,2 211 11.526
57 17.39 14.45 141,8 217 11.981
58 15.91 13.18 141,0 211 11.651
59 14.62 11.98 137,9 202 11.095
60 13.60 11.18 138,8 205 11.277
61 12.21 10.16 142,2 211 11.691
62 12.58 10.55 1445 230 12.714
63 12.75 10.27 133,3 226 12.138
64 12.58 10.28 137,2 222 12.076
65 12.40 10.40 144,5 226 12.516
66 12.21 10.08 140,0 205 11.315
67 12.21 9.96 136,7 215 11.710
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68 12.03 9.96 140,8 207 11.443
69 12.21 10.42 149,6 210 11.866
70 12.49 10.20 137,0 215 11.721
71 19.60 15.40 126,8 217 11.455
72 11.47 9.80 149,9 219 12.333
73 12.21 10.30 146,2 215 12.017
74 14.34 11.04 121,7 211 10.959
75 13.51 10.82 131,7 218 11.688
76 13.22 10.66 133,5 219 11.802
77 12.95 10.76 141,8 215 11.880
78 14.25 11.24 127,8 205 10.894
79 13.32 10.80 135,0 215 11.654
80 12.58 10.30 137,7 207 11.342
81 12.77 10.68 143,7 205 11.432
82 13.51 10.86 132,7 213 11.473
83 12.95 10.44 133,5 211 11.400
84 12.40 10.28 141,2 211 11.658
85 13.14 10.76 137,7 219 11.946
86 12.95 10.54 136,1 208 11.338
87 12.77 10.50 138,9 217 11.884
88 12.77 10.24 132,1 211 11.350
89 12.95 10.54 136,1 207 11.287
90 12.77 10.29 133,4 219 11.795

Ing. Jakub Mraz

Fig. 104 Original cylinder head before and after preparing for testing
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10.6 Aditional photos from the development of valve guide materials

Fig. 106 EN- GJL 200 EBSD map. Magnification 500x. Colours represent detected grains. Average

grain diameter is 25 ym.
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r iy,

I = 5 Hm; pase map; Step=0. 1 pm; Grid200x150
Fig. 108 AGI 410 EBSD map, MAG = 5000%. Blue colour represents ferrite with BCC lattice; yellow

colour represents retained austenite with FCC lattice. Unindexed pixels are black.
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= Spm; Map12; Step=0.1 pm; Grid200x 150

Fig. 110 AGI 410 N3y EBSD map MAG = 5000%. Blue colour represents ferrite with BCC lattice; yellow

colour represents retained austenite with FCC lattice. Unindexed pixels are black.
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10.7 Manufacturing drawings for ADI 280 and Q - Nitro valve seats
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Fig. 111 Drawing of valve seat ADI 280
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Fig. 112 Drawing of valve seat — Q-Nitro
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10.8 Additional images from the engine dyno test showcase the valve seat
damages specifically observed in the ADI 280 material.

Fig. 114 For comparison with the surface of a flawless valve seat ADI 280.
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