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Hydrogen has a negative effect on most metallic materials. The main mechanism for the negative
effects is hydrogen embrittlement (HE). Hydrogen diffuses to the material’s different microstructural
features and defects, affecting the materials’ mechanical properties by lowering the material’s strength
and toughness. Knowledge of material properties are crucial information in design and analysis for
Internal Combustion Engines (ICEs) components.

This thesis will test two ICE component materials to see how the hydrogen affects their mechanical
properties. These materials are X40CrSiMo 10-2 and 42CrMo4. The focus will be on the difference of
tensile strength and strain of the material with and without hydrogen. The fracture surfaces were
analysed to see how the hydrogen affected the fracture type. These both will be used to determine how
much hydrogen has affected the materials.

The hydrogen experiments were conducted by the University of Oulu. These included machining of
samples, hydrogen doping, and tensile testing. The reduction in mechanical properties was mostly on
the strain and toughness of the materials. The reduction in strain for X40CrSiMo 10-2 was 60,2% and
for 42CrMo4 52,1%. The toughness reduction was 67,7% and 54,9% respectively. Ultimate strength
reduction was 6,7% and 3,3%. The fracture point’s strength of X40CrSiMo 10-2 was reduced by 6,7%
and for 42CrMo4 it increased by 10,3%.

Overall, the thesis concludes that both materials had a high reduction in strain and toughness due to
hydrogen. Also, the strength of the materials was mostly reduced with one exception. These could be
due to there only being one test per condition.

Keywords: Hydrogen embrittlement, Hydrogen embrittlement index, Mechanical properties, Internal
combustion engine, Tensile strength, Stress, Strain
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Vedylld on negatiivinen vaikutus useimpiin metalleihin. Vetyhauras on suurin tekija niihin
negatiivisiin vaikutuksiin. Vety diffundoituu materiaalin mikrorakenteessa l0ytyviin eroihin ja
virheisiin. Tdma vaikuttaa materiaalin mekaanisiin ominaisuuksiin alentamalla materiaalin lujuutta ja
sitkeyttd. Tieto materiaalin ominaisuuksista on tirkedé polttomoottorien komponenttien suunnitellussa
ja analyysissa.

Téssé diplomitydssa testataa kuinka vety vaikuttaa kahden eri polttomoottori kompenentin
materiaaleihin. Naméa materiaalit ovat X40CrSiMo 10-2 ja 42CrMo4. Painopisteend oli vetolujuuden
ja venyman muutos kun materiaali on altistettu vedylle. Myds murtopinnat tutkittiin, jotta ndhtéisiin
miten vety vaikutti materiaalin murtotyyppiin. N4iti tietoja kéytetdfin madrittdimédn kuinka paljon vety
vaikutti kyseisiin materiaaleihin.

Vety testaukset toteutettiin Oulun yliopistossa. Vety testauksiin kuului ndytteiden koneistaminen, vety
lataukset, ja vetokokeet. Mekaanisten ominaisuuksien lasku oli suurinta venyméssi ja sitkeydessa.
Venymén arvo laski materiaalilla X40CrSiMo 10-2 60,2% ja materiaalilla 42CrMo4 52,1%. Samojen
materiaalien sitkeys laski 67,7% ja 54,9%. Murtolujuudet laskivat 6,7% ja 3,3%. Murtuma kohdan
lujuus laski X40CrSiMo 10-2 materiaalilla 6,7% kun taas materiaalilla 42CrMo4 se nousi 10,3%.

Opinndytetydn lopputulemana molempien materiaalien venyma ja sitkeys laski huomattavasti vedysta
johtuen. My0s materiaalien lujuudet laskivat hieman ja yhdessé tapauksessa se nousi. Tdma voi johtua
siitd, ettd testejd tehtiin vain yksi per olosuhde.

Avainsanat: Vetyhauraus, Vetyhauraus indeksi, Mekaaniset ominaisuudet, Polttomoottori,
Vetolujuus, Jannitys, Venyma
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1 Introduction

1.1 Background for the thesis

The idea for the thesis came from me as my Batchelor’s thesis topic which was about green
fuels effects on laser powder bed fusion metals. Also, there was interest in knowing how, and
how much hydrogen affects certain components on internal combustion engines (ICEs). As,
some of the component’s materials have not been studied before. Studies with similar
microstructures have been made but the exact effect on the certain type and chemical
composition of the material could not be found. The effects could change due to different

manufacturing processes used or chemical composition.

The purpose of this thesis was to gather data for research and development, and to prepare the
failure analysis teams on the potential further use of hydrogen as a fuel. The analysis of the
fracture surfaces could also help in identifying other phenomena in which hydrogen could be
trapped/diffused to metals. As some manufacturing processes can trap and help hydrogen to

diffuse to the metal materials.
1.2 Research problem and research questions

Hydrogen is starting to be adopted as an alternative fuel in many fields to combat greenhouse
gas emissions. Challenges with hydrogen as fuel in ICEs, introduces the effects of hydrogen
on the components of the ICEs, the main critical challenge being hydrogen embrittlement
(HE). There have been studies on the hydrogen embrittlement of many ICE component
materials, but some of the component materials and mitigation strategies have not been tested.
This research aims to quantify the effect of hydrogen on 42CrMo4 and X40CrSiMo 10-2
martensitic steels for ICEs, via mechanical testing after hydrogen doping of the samples.
Also, it will look at the effects of the engine conditions (pressure and heat) on the hydrogen
absorption in the literature review part as these cannot be tested quantitively due to budget

restraints.
The key research questions for the thesis are:

e How the hydrogen exposure affects the selected materials mechanical

properties/performance?

e How does the 42CrMo4 alloys test results compare to other studies results?



12

e Could the effect of hydrogen be mitigated in any way on the materials?

e How the fracture type of components material change when the material has been

exposed to hydrogen?
1.3 Thesis scope and objectives

The scope of the thesis is to quantitively and qualitatively evaluate the effect of hydrogen on
the ICEs component materials. This will include material selection for the tests and
preparation of the samples from these materials. Hydrogen doping of the samples with
electrochemical charging. Tensile testing will be done ex-situ i.e. after the electrochemical
charging, to look at the loss of ductility and strength. The microstructure of the samples will
be checked with etching and metallographic microscope. Fractography of the samples will be
looked at using Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy
(EDS) to determine the effects of hydrogen on the fracture type of the sample’s materials. The
results from the materials tensile testing will be quantitively analyzed and compared to data
collected from different studies. The objectives for the thesis are to gather data on the effect of
hydrogen environment on the ICE materials. Also, to see if the components’ materials are

compatible for use in hydrogen powered ICEs.
1.4 Structure of the thesis

The thesis is structured as follows:
e Chapter 1 introduction to the thesis background, scope, objectives and structure.
e Chapter 2 a literature review of hydrogen embrittlement and its testing methods.

e Chapter 3 methodology of the experimental work done for the thesis: hydrogen
charging parameters, tensile testing parameters, sample preparation, equipment used,

and analysis methods for data gathered from tensile testing and fractography.

e Chapter 4 going through the test results and the data gathered with the defined analysis
methods and discussion based on the results. Also, looking at the results from an
overall engineering standpoint i.e., whether the materials are suitable to be used in

hydrogen ICEs. The possible future development ideas are also discussed.

e Chapter 5 concludes the thesis as a study and the beforementioned chapters.
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2 Literature review

2.1 Hydrogen

Hydrogen is used as a fuel source in many different fields. These are automotive, aerospace,
and marine. It has been shown to be used in ICEs and fuel cells. The aim for the use of
hydrogen as a fuel source in different fields is to lower greenhouse gas emissions. As, there is
a global effort to reach net zero emissions by 2050 [1], [2]. Hydrogen is stored in gas or liquid
form. The volumetric energy density of hydrogen changes depending on the temperature,
pressure, and form on which it is stored. In Figure 1 are different volumetric energy densities
for common fuels and hydrogen. In liquid state the hydrogen is stored at cryogenic
temperatures at 20K which is around -253°C in atmospheric pressure [3]. These bring
challenges with material selection on the storage and transportation of hydrogen. Hydrogen is

used in 4-stroke ICEs and more specifically in spark ignition engines [4].

Volumetric energy density (MJ/L)

Diesel NG 34,60
Gasoline |GG 34,20
Natural gas (liquid) [NNENEGNE 222
Hydrogen (liquid) | 10,10
Natural gas (compressed, 250 bar) | NG ©
Hydrogen (compressed, 700 bar) [l 5.6

Hydrogen (ambient pressure) 0,0107

Figure 1 Volumetric density of common fuels used in ICES. [3], [5]

2.2 Internal combustion engine (ICE)

Internal combustion engine (ICE) is a heat engine where combustion of air and fuel mixture
takes place in a combustion chamber. In which the expansion due to the combustion of the
mixture results in direct force to the piston or rotor of the ICE leading to rotation force out

from the driveshaft. [6]
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Four-stroke cycle

Otto and Diesel ICEs use a four-stroke cycle which has four different stages: intake stroke,

compression stroke, expansion/power stroke, and exhaust stroke, which are shown in Figure

2.17]

Intake stroke starts when the piston is at the topmost point inside the cylinder i.e. it is
at the Top Dead Centre (TDC). When the piston moves down the cylinder it draws in

air/fuel mixture or fresh air, as the volume in the combustion chamber increases. [7]

Compression stroke starts when the piston has moved to Bottom Dead Centre (BDC)
and the intake stoke has stopped. When the BDC is hit the intake valves close and the
piston starts to move upwards towards the TDC staring to compress the mixture inside

thus rising temperature and pressure. [7]

Expansion/power stroke, in Otto engine, slightly before the piston hits TDC the spark
plug ignites the air and fuel mixture i.e. these types of engines are known as spark
ignition engines. In Diesel engines the compression from the piston getting to TDC
ignites the air and fuel mixture. Just after TDC the ignition of the mixture rapidly
increases the temperature and pressure inside the cylinder which leads to expansion

forces driving the piston down during the power stroke. [7]

Exhaust stroke, as the piston has been driven down to BDC by the power stroke and
the cylinder is full of hot combustion/exhaust gases. Next the exhaust valves open to
let the hot gases out and the pistons are moving towards the TDC pushing the gases

out. As the piston gets closer to TDC the valves close and the cycle starts again from

the intake stroke. [7]



15

fnlet Exhaust Inlet Exhaust [nlet Exhaust Inlet Exhatst

||

LA AL

PAN...

- # B A Errer i rarssrld =

¥
i
¥

o3} :
O
I
n .
Sy ey

/’,

//

A EELEEEEALELEA TIPS

o e e e

|

(¢) Intake (b) Compression (¢) Expansion {d) Exhaust

Figure 2 The four-stroke engines operating cycle schematic. (TC=TDC and BC=BDC) [7]

2.3 Failure analysis

Failure analysis is systematic and scientific research on how components or materials have
failed or gotten damaged. The materials can be anything but in internal combustion engines
they are mostly metals. Failure is broadly defined as the point in which the material or
structure no longer can fulfill its function [8]. Understanding failures is a process which
involves observing and analyzing the materials. Then applying engineering principles from
different disciplines such as material science, manufacturing, thermodynamics, and others, to
prevent future failures [9]. Also, it aims to identify different failure modes of components and
how these failures affect the entire system. It has a significant role in research and
development, warranty, and regulatory bodies, as some of the failures could lead to bodily
harm and/or damage to property. Thus, it has a significant role in many different industries

including marine, automotive, construction, and aerospace.

The analysis for failed components can be divided into two categories: Non-destructive
testing (NDT) and destructive testing (DT). The names imply their modes of testing as NDT
does not make changes to the tested material and is usually done before any destructive
testing. These types of non-destructive tests include visual testing, dye penetrant testing,

magnetic particle testing/inspection, X-ray fluorescence testing, ultrasonic testing, and
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radiographic testing. They mostly only assess the surface of the component/material but some
of the techniques can inspect the material under the surface. So, things that can be inspected
are surface defects, wear characteristics, sub-surface defects, internal defects, metallic and
non-metallic inclusions [10]. With x-ray fluorescence testing the materials bulk chemical
composition can be obtained, and in ultrasonic and radiographic testing internal defects could
be seen up to a certain point [10], [11]. In destructive testing the component is made into
different samples, for example: machined into tensile testing specimens, Charpy V-notch

specimens, and smaller pieces to fit it under SEM or other analyzers.
2.3.1 Tensile testing

Tensile testing shows how materials behave under applied stresses as the deformation and
fracture characteristics of materials differ. The most common experimental method to test
hydrogens effects on materials is tensile testing [12]. The focus will be on uniaxial
load/tension, on the engineering tensile test as it provides basic information on the materials’
strength. In this type of tensile testing the amount of uniaxial force is continually increased,

and the elongation of the sample is simultaneously observed. [13]

The stress (s) on the sample is obtained by dividing load (P) with the original cross-section
(Ao) seen in equation (1). The average linear strain () i.e. the amount of deformation on the
sample is calculated using the elongation (AL) of the sample by using the original length (Lo)
and the current length (L) while the stress is applied the equation can be seen in (2). Strain

rate is the change in strain (¢) per unit time equation (3). [13]

From these the engineering stress-strain curve can be obtained which can be seen in Figure 3.
It shows the tensile strength (ultimate tensile strength) which shows the maximum amount of
stress the material can withstand before necking or fracturing, and the amount of uniform
strain on the material. Also, it shows offset yield strength point where the materials
deformation has changed from elastic to plastic, and the dotted line shows how much it has
permanently deformed as the point is after the yield point. Fracture stress shows the point
where the material breaks and how much strain it gets before failure. This curve can also be
modified to show relation with the engineering stress or stress, to the elongation. In slow

strain rate testing the strain rate is slower compared to normal tensile testing. [13]
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2.3.2 Fracture types

Fracture types are usually divided into two, brittle and ductile fractures. The effect of the
fracture type on the stress-strain curve can be seen in Figure 4. In brittle fractures the
toughness of the material i.e. the area under the curve is lower compared to ductile one.
Toughness shows the amount of energy per area the material can absorb. Ductile materials
can absorb more energy. Also, usually the strain and elongation of the material is lower in
brittle materials. The fracture on brittle fractures usually happens before necking starts on the

tensile testing sample.
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Brittle

Ductile

Stress

O e o — — -

Strain

Figure 4 Stress strain curve for ductile and brittle fractures. [14]
Brittle fractures are usually categorized with intergranular and transgranular fracture
mechanisms. In intergranular brittle fractures the fractures crack occurs at the grain
boundaries. Usually, in transgranular brittle fractures the crack travels through the grain and
not at the grain boundaries with sharper cleavage planes i.e. flat surfaces on the fracture
surface. Intergranular fracture can be seen in Figure 5 showing a blocky like appearance and

transgranular in Figure 6 showing the cleavage planes. [15]

Figure 5 Intergranular fracture of A304 steel. Figure 6 Transgranular fracture of ultra-high
[16] strength steel. Modified from [17].
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Ductile fractures are usually identified from necking and for having dimples on the fracture
surface. In microvoid coalescence (MVC) small voids in the material link together leading to
a fracture during yielding of the material showing dimpled appearance. This type of fracture

can be seen in Figure 7. [18]

Figure 7 Conventional microvoid coalescence (MVC) showing the dimpled appearance. [19]
Fatigue fractures are caused by cyclic loading and usually start to form from imperfections in
the metals and/or small cracks. These types of fractures can be identified from beach marks
on the fracture surface. They usually point towards the imperfection that has started the

fracture, this can be seen at the bottom in Figure 8.

Figure 8 Fatigue fracture of a rod with beach marks. [20]
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2.4 Hydrogen embrittlement (HE)

Phenomenon known as hydrogen embrittlement (HE) is due to the hydrogen being the
smallest element and thus being able to penetrate and interact with metals. Leading to the
degradation of their mechanical properties. Hydrogen embrittlement is a complex issue as the
interaction between mechanical forces and material microstructures is affected by hydrogen.

[12]
The subchapter looks at the different effects and transfer modes of hydrogen on metals.
2.41 Hydrogen absorption and diffusion

The hydrogens absorption, desorption, hydrogen fluxes inwards and outwards in the
subsurface and the diffusion to the bulk can be seen in Figure 9. The difference of activation
energies between the surface, subsurface, and bulk can be seen in Figure 10. In the model
shown in Figure 9 the hydrogen atoms migrate from the surface to the subsurface from which
it then diffuses to the bulk of it. The hydrogen content inside the bulk depends on the
hydrogen fluxes between the interfaces at the surface and the subsurface. The fluxes are
dependent on the activation energies, constants obtained from analysis or experiments,

pressure, and temperature. [21]

Dissociative
adsorption Surface-bulk

Recombinative transport
desorption

H, ]ads ]sb > O
%% 1 Jait o © ¢
% < Jdes < ]b_s OO
b

gas phase surface subsurface

Figure 9 Schematic diagram of the hydrogens fluxes absorption (Jass) and desorption (Jdes), the
hydrogen fluxes inwards (Jsb) and outwards (Jbs), and the diffusion to the bulk (Jair). Modified from [21].
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Figure 10 Schematic diagram of potential energies for hydrogen absorbing metals. Eqes is the
activation energy value for desorption, Ess value for migration of hydrogen from the surface to
subsurface, Eps value for subsurface to surface migration, and Edi value for diffusion of hydrogen into
the bulk region. [21]

2.4.2 Trapping of hydrogen in steels

Hydrogen trapping is a phenomenon where hydrogen atoms are retained inside the material’s
microstructural defects during interstitial diffusion. The hydrogen absorbed by material in the
crystalline structure can be in three different forms: diffused hydrogen, reversible trapped
hydrogen and irreversibly trapped hydrogen [12]. The small hydrogen atoms can

move/diffuse through interstitial sites i.e. small gaps between atoms in a solid crystal lattice.

Different types of traps for hydrogen on metals lattice can be seen in Figure 11. Hydrogen can
be trapped in interstitial sites, surface traps, subsurface traps, grain boundaries, dislocations,
and vacancies [22]. It can also be trapped in the interface between the base material and voids
or inclusions left to the material after alloying and/or manufacturing processes. In Figure 12
the different trap sites are illustrated on a microscopic and lattice scale. Grain boundaries are

the interface between two differently oriented crystals in a crystalline lattice of a material.
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This is shown in Figure 11 by the difference in angle of the atoms and in Figure 12 by the
small gray lines. Dislocations are line defects that are seen in all crystalline structures. The
type of dislocation marked with L in Figure 11 is an edge dislocation where there is an
incomplete plane of atoms within a crystal, the lower edge of it is shown at the bottom edge
of the L. Vacancies are point defects where an atom is missing from the normal lattice.

[23]
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Figure 11 Hydrogen traps in steels lattice, a) interstitial sites, b) surface traps, c) subsurface traps, d)
grain boundary traps, e) dislocation traps, f) vacancy traps. [22]
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Figure 12 lllustration of trap sites for hydrogen on lattice and microscopic scale.[24]

The traps can be classified as irreversible and reversible. This classification is done by their
binding energy/activation energy. They are classified as irreversible if the activation energy is
higher than 60 kJ/mol, and as reversible if it is under it [22]. In Table 1 different types of traps

and their activation energies are listed.
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Table 1 Trap types and their binding / activation energies based on references ([22], [25]).

Binding energy /
Trap type: activation energy
(kJ/mol)
Interstitial site in iron-based
alloy 4-8
Lath boundary ~18
Austenite/martensite 22
Dislocation 24 - 26
Screw dislocation core 20 -30
Grain boundary 18-53
Fe oxide interface 47
Ferrite/cementite interface 66 - 68
Cr carbide interface 67
Y203 interface 70
MnS interface 72
Al2Os interface 79
FesC interface 84

2.4.3 Hydrogen embrittlement mechanisms

There are many different theories on how hydrogen damage occurs in metal alloys. These
damage types have been divided into two different categories by how the hydrogen is trapped.
It can be trapped reversibly or irreversibly. Theories explaining the phenomenon of
irreversibly trapped hydrogen damage are hydrogen pressure theory and hydrogen-induced
phase transfer theory (HIPT). For reversible theories they are hydrogen-enhanced decohesion
mechanism (HEDE), hydrogen-enhanced localized plasticity mechanism (HELP), and
hydrogen-enhanced strain-induced vacancies (HESIV). From which not one has been
universally accepted to account for all forms of reversible HE phenomena. Other mechanism
theories for HE is Nanovoid coalescence mechanism (NVC), and combination of Hydrogen-
enhanced decohesion mechanism (HEDE) and hydrogen-enhanced localized plasticity
mechanism (HELP). All the mechanisms are based on postmortem i.e. after failure
observations of samples. Thus, they do not provide direct evidence on the effect of the

hydrogens on the cohesive strength and promotion of dislocation movement. [22]

Hydrogen pressure theory suggests that hydrogen atoms accumulate/segregate at defect

location like micro voids and inclusion sites. These locally accumulated hydrogen atoms then
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combine back to hydrogen molecules. When the process of hydrogen atoms being diffused to
the metal continues. The amount of hydrogen molecules at these defect locations rise,
producing a high hydrogen gas pressure. When this local pressure exceeds the materials
critical strength, hydrogen-induced cracking takes place. Illustration of hydrogen-induced

cracking at a defect location by the hydrogen pressure can be seen in Figure 13. [22]

H: molecule pressure -
"

| . .
Hydrogen induced cracking

Figure 13 Hydrogen-induced cracking at a defect location with hydrogen pressure. [26]
Hydrogen-induced phase transfer theory (HIPT) illustrated in Figure 14, proposes that certain
elements in alloys can form brittle hydrides due to their strong metal-hydrogen bonding
energies. Some of these specific alloying elements are zirconium (Zr), niobium (Nb),
vanadium (V), and tantalum (Ta). The formation of hydrides can be spontaneous, or stress
induced. In spontaneous formation the hydrogen can directly combine with these specific
metals at high hydrogen concentrations. In stress induced formation the local hydrogen
concentration reaches the solubility level to the metal by the low hydrogen concentration
being redistributed due to stress gradient field. The mechanism is divided into four steps seen
in Figure 14. 1) Hydrogen diffuses and accumulates at the crack tip, 2) hydrides start to from
and grow, 3) crack occurs along a specific cleavage plane within the brittle hydride, 4) crack

propagation ends at the interface of the hydride and material. [22], [27]
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Figure 14 Schematic diagrams of Hydrogen-induced phase transfer theory (HIPT). Modified from [22]
Hydrogen-enhanced decohesion mechanism (HEDE) is illustrated in Figure 15, where the
hydrogen reduces the cohesive interatomic interactions/bonds. In a way that atomic separation
is more prone to happen under low tensile stress. This is due to the hydrogen being absorbed
near the crack tip which in turn leads to weakening of the bonds between atoms, presumably
metal bonds leading to brittle fracture. The weakening also contributes to the propagation and
formation of dislocations. Also, hydrogen segregates at grain boundaries resulting in the
reduction on the cohesive interactions between the metals’ atoms in metal bonds. Due to this

intergranular fractures have been seen in HEDE HE mechanisms. [12], [22], [27], [28], [29]

Figure 15 Schematic diagrams of Hydrogen-enhanced decohesion mechanism (HEDE).
Modified from [22]

Hydrogen-enhanced localized plasticity mechanism (HELP) is illustrated in Figure 16, in
which hydrogen promotes generation and mobility of dislocations. When hydrogen is in solid
solution it affects the barrier for dislocation movement, thus causing enhanced localized
deformation near the fracture surface. The interstitial hydrogen accumulates at the crack tip
by dislocation-assisted convection and the concentration of it is higher in these localized
deformation areas, which are designated as the HELP zone. These dislocation pileups in a
localized area, contribute to premature material failure. It is also stated that the hydrogen
atmosphere enhances dislocation mobility by the hydrogen segregating to the lattice defects

like dislocations and reduces the strain energy in the area. When comparing HELP to HEDE,
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HELP emphasizes the crucial role of alloy’s plasticity in hydrogen-assisted fracture. In HELP
the failure is not classified as embrittlement but rather as a highly localized plastic failure

process due to the hydrogen. [22], [27], [28], [29], [30]
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Figure 16 Schematic diagrams of Hydrogen-enhanced localized plasticity mechanism (HELP).
Modified from [22]

Hydrogen-enhanced strain-induced vacancies (HESIV) mechanism is illustrated in Figure 17.
In which it is assumed that hydrogen accelerates formation of strain-induced vacancies and
stabilizes vacancy clusters. These vacancies clusters together are said to facilitate microvoids
initiation and growth, and the linking of said microvoids speeds up the progression of ductile
fracture. [22], [28]
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Figure 17 Schematic diagrams of Hydrogen-enhanced strain-induced vacancies (HESIV). [31]
Nanovoid coalescence mechanism (NVC) is illustrated in Figure 18. In the first stage
deformation ahead of the crack tip starts generating dislocation plasticity. Thus, it can be said
that it happens in accordance to HELP mechanism as the hydrogen accumulates at the crack
tip by a dislocation-assisted convection. The localized plasticity by accumulation hydrogen
leads to high local concentrations of hydrogen. These then leads to occurrence of intense
plasticity on then second stage in regions with higher concentration of hydrogen very close to
the crack tip. In stage three the dislocation plasticity generates and accumulates excess
vacancies in the HELP zone which are being stabilized with hydrogen by binding to said

vacancies. Stage four starts when critical local excess vacancy concentration is reached and
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nanovoids start to nucleate and grow. This nucleation and growth lead to fracture by nanovoid
coalescence. Typical fracture surface made by this type of HE mechanism is quasi-brittle
densely covered with nano dimples. The stages show that NVC mechanism has effects from

HEDE, HELP, and HESIV. [22], [28], [32]
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Figure 18 Schematic diagrams of Nanovoid coalescence mechanism (NVC). Modified from [22]

Hydrogen-enhanced decohesion mechanism (HEDE) and hydrogen-enhanced localized
plasticity mechanism (HELP) combined effects illustrated in Figure 19. Similarly to NVC at
in the first stage deformation ahead of the crack tip starts generating dislocation plasticity and
hydrogen accumulates at the crack tip by a dislocation-assisted convection. The localized
plasticity by accumulating hydrogen leads to high local concentrations of hydrogen. On
second stage the accumulated hydrogen induces local plasticity and weakens the HELP zone.
Which in stage three leads to decohesion reducing the cohesion between metal bonds leading

to fracture. [12], [22]
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Figure 19 Schematic diagrams of Hydrogen-enhanced decohesion mechanism (HEDE) and hydrogen-
enhanced localized plasticity mechanism (HELP) combined effects. Modified from [22]
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2.4.4 Hydrogen charging methods

Gaseous hydrogen charging is done with pressurized hydrogen. There are autoclaves and
high-pressure reactors that can vary the temperature together with the hydrogen pressure.
Also, pressurized chambers are used to precharge samples before tensile testing, and there are
testing machines that can do tensile testing in a pressurized chamber. Cathodic/
electrochemical hydrogen charging is done in an acidic aqueous medium which is commonly
known as an electrolyte. Hydrogen is made from the electrolyte through electrolysis in which
external current is flown through the sample acting as a cathode and a platinum electrode
acting as the anode. Most used electrolytes consist of water with addition of sodium chloride
(NaCl), sodium hydroxide (NaOH), and/or HoSO4. The most used electrolyte for the
electrochemical charging of martensitic steels is H2SO4 together with As>O3; which is used to
prevent hydrogen recombination from H" ions to gaseous hydrogen H,. Thiourea can also be
used to prevent the recombination. Also, there is a variable called current density which
affects the concentration of hydrogen inside the sample but most used one is ImA/cm?. [12],

[22]
2.4.5 Hydrogen embrittlement’s effect on mechanical properties

Hydrogen has been shown to affect metals tensile strength (ultimate tensile strength),
ductility, toughness, and fatigue toughness [22]. It affects all metal alloys, but some are more
resistant to it than others. In Table 2 are comparison between different alloys and ratios of
strength, elongation, and reduction in area between charged and non-charged samples.
Strength ratios are gathered from notched tensile tests, and elongation and reduction in area
from smooth ones. The severity is based on these ratios and are as follows, negligible 1,0 —
0,97, small 0,96 — 0,90, high 0,89 — 0,70, severe 0,69 — 0,50, and extreme 0,49 — 0,0. These
are hydrogen environment embrittlement (HEE) index values. Hydrogen embrittlement index
(HEI) is calculated with equation (4), and in which the X is the material property with
hydrogen and Xr is the property without hydrogen. The preferred values for the severity

ratings are the strength and reduction in area ratios. [33]

HEI = 222 5 100% = (1 — HEE) * 100% = ( - ’;—h) £ 100% (4)
f f
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Table 2 Table of different metal alloys and their ratios of strength, elongation, and reduction in area

between hydrogen charged and non-charged samples. [33]

Severit Material Microstructure Strength Elongation Reduction in area
y categorization ratio Hz/He ratio Hz/He ratio Hz/He
6061-T6 Aluminium based 1,07 1,00 1,08
Copper
(OFHC) Copper based 1,00 1,00 1,00
Negligible SS 316 Austenitic steel 1,00 0,95 0,96
2024 Aluminium based - 0,95 0,97
22-13-5 -
(Nitronic 50) Austenitic steel - 1,00 1,00
Titanium Titanium based 0,95 0,96 1,00
(pure)
smail | T | Copperbased 0,93 1,00 0,98
SS 310 Austenitic steel 0,93 1,00 0,96
SS 347* Austenitic steel 0,92 1,00 1,00
SS 304L Austenitic steel 0,87 0,92 0,91
4149 Ferritic steel 0,85 - -
normalized
High Inconel®
9 718 no Titanium based 0,83 - -
aging*
Nickel 270 Nickel based 0,70 0,92 0,75
X42 Ferritic steel - 0,95 0,78
430F Ferritic steel 0,68 0,63 0,58
Ti-6Al-4v o
(STA) Titanium based 0,58 0,85 0,95
Severe Inconel® Titanium based 0,54 - -
718 aged* ’
X100* Ferritic steel - 0,63 0,49
18-2-12 -
(Nitronic 32) Austenitic steel - 0,64 0,47
440C Martensitic steel 0,50 - -
4140 Ferritic steel 0,40 0,18 0,18
Extreme 4140 QT Ferritic steel 0,25 0,19 0,19
410 Martensitic steel 0,22 0,12 0,19
440A Martensitic steel 0,21 - -

* At lower hydrogen pressure

Two differently alloyed austenitic stainless steel (SS) 316, precharged with 138 MPa

hydrogen gas at 573K for 10 days engineering stress and strain curve can be seen in Figure
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20. These show that hydrogen charging has only a small effect on the mechanical properties

of SS 316. Alloy E had more Nickel and Molybdenum compared to alloy A. [34]
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Figure 20 Engineering stress and strain curves for two differently alloyed SS 316. [34]

Stainless steels 3108S, 304L, 410 were tested in air (a) and hydrogen (h) atmospheres. The
410A is air hardened and untempered, and 410T is tempered. They were tested with notched
tensile testing. The hydrogen doping was done with hydrogen gas at 2MPa in-situ i.e. while
the notched tensile tests were running. The notched tensile tests results can be seen in Figure

21, They were done in different temperatures 25°C (Figure 21a) and 80°C (Figure 21b). [35]
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The results show that on 304L the higher temperature reduced the ultimate tensile strength
(UTS) of the material at air atmosphere, and it was about the same on the different hydrogen
atmospheres. For 304L the hydrogen affected its displacement and the change in displacement
was higher at lower temperature. Alloy 310S had only minor changes in its strength and
displacement values in both atmospheres. On 410A the higher air temperature showed a small
lowering of its strength. In hydrogen atmosphere at lower temperature the strength was lower
compared to the higher temperature. On 410T the displacement difference was slightly higher
on the higher temperature. 304L and 310S had microstructure of equiaxed austenite with
annealing twins. 410A and 410T had martensitic microstructure, 410A having untempered

martensite and 410T tempered martensite. [35]

2000 2 2000
—a— 3041.-25a —e— J041L-80a
1800 | 5 304L-25h 1800 - J04L-80h
1600 —=— 3108-25a 1600 —a— 31085-80a
= 1400 i F108-25h = 1400 | ot J105-80h
E 1200 —a— 410A-25a f —a— 410A-80a
= o 410A25h | F 1200 - et 410A-80h
.a 1000 —#— 410T-25a = 1000 | —+— 410T-80a
s 800 410T-25h ? q00 L < 410T-80h
i ) o
= 600} 5 owor
400 400
200 200 |
] 0 L L L X
H] 1} | 2 3 4 5
Displacement (mm) Displacement (mm)

Figure 21 Strength and displacement curves for 304L, 310S, 410A, and 410T at different temperatures
a) temperature was 25°C and in b) 80°C with atmospheres of air (a) and hydrogen (h). (modified from
[33])

2.4.6 Temperatures, pressures, and times effect on hydrogen embrittlement

In the previous chapter the temperatures effect on a few stainless steels were also covered. It
showed that the ratio of strength and displacement between hydrogen charged, and non-
charged samples were lower or the same at room temperature when comparing to higher
temperature. It is also stated in literature that hydrogen embrittlement susceptibility is at the
highest near and in room/ambient temperature especially in ferritic steels, austenitic steels,
and nickel based alloys [27], [29], [36], [37]. Hydrogen embrittlement susceptibility means
the materials tendency to become brittle under hydrogen atmosphere thus affecting the
materials’ mechanical properties. The higher hydrogen embrittlement susceptibility at room
temperature is said to be due to hydrogen being more diffusible at elevated temperatures

which promotes desorption of hydrogen from materials. Also, the elevated temperature gains
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enough energy for the hydrogen to escape from weaker traps to the bulk lattice i.e., interstitial
sites. In Figure 22 hydrogens thermal desorption profiles for samples CD-P (ferrite/cementite
lamella structure), MC-M (martensitic lath, with block and packet substructures within prior
austenite grains), and HC-M (lenticular martensite with twins, lath martensite, and retained
austenite). The Figure 22 shows that the first peak in desorption rate is at around 400K
(127°C) and it was said that it had activation energy of around 34kJ/mol which is for weaker
traps releasing the hydrogen. Second peak at 650K (377°C) for CD-P for 62 kJ/mol activation
energy and at 600K (327°C) for HC-M for 43kJ/mol, indicating of other weaker traps with
different activation energies. [22], [38]
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Figure 22 Thermal desorption profiled for hydrogen charged samples CD-P, MC-M, and HC-M. [38]
The temperatures effects on X90 pipeline steels were tested in hydrogen atmosphere and at
different temperatures. Graph showing its fracture shrinkage, ductility, elongation, cross-

sectional shrinkage, and temperature can be seen in Figure 23. The values for shrinkage ratio



of fracture area (V) and ductility (6) were obtained by comparing the in solution and air

results. Based on the results, the ductility and shrinkage ratio of fracture area was at the
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lowest at 313K i.e. around 40°C and had the highest embrittlement at this temperature. The
dip of ductility in the graph was from 293K to 323K (20°C to 50°C). [39]
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Figure 23 Ductility(d) and fracture area shrinkage(W¥) of X90 pipeline steel at different temperatures in

Higher hydrogen pressure has been shown to have a more negative effect on the material’s

NS4 solution. [39]

mechanical properties. The most affected properties are the ductility, and the ultimate tensile

strength.

Ultra-high strength martensitic steels were tested in different hydrogen gas pressures with

slow strain rate testing (SSRT), and the martensitic steels had different prior austenitic grain

sizes. The variation of the hydrogen gas pressure was from 0.21 to 5.5 MPa. Size of the prior

austenitic grains were small (11.0pum), medium (12.9um), and large (21.9um). The graph

showing the results is seen in Figure 24 and shows that the hydrogen pressure on all the

samples lowered the beforementioned materials mechanical properties. [40]
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Figure 24 Engineering stress and strain curves for different doping pressures and prior austenitic grain
sizes. [40]

Stainless steel 304 was tested in different partial pressures of hydrogen with SSRT. This was
done by a gas that had 5% hydrogen and 95% argon. A graph for SkPa and 3.5MPa partial
pressures of hydrogen can be seen in Figure 25. With having 0.1 MPa and 70 MPa real
pressure of the gas mixture. The stress strain curve indicates that the hydrogen gas pressure
affected the stainless steel 304s’ ultimate tensile strength, elongation, ductility, and toughness.

[41]
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Figure 25 Stress strain curve of stainless steel 304 at different partial pressures of hydrogen. [41]

Exposure time to hydrogen can affect the materials’ mechanical properties. As when the
exposure time is high the materials defects and lattice get saturated with the hydrogen, i.e. the

traps within the material get filled with hydrogen.

X52 steel was tested with 4.0 MPA hydrogen at different charging times and the engineering
stress and strain curve can be seen in Figure 26. Showing that with higher charging times the
strain gets lower i.e. the elongation decreases while ultimate tensile strength is similar to the

original. [42]
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Figure 26 X52 engineering stress and strain curve with different charging times. [42]

2.5 Previous findings for the selected materials

The materials chosen for the thesis were 42CrMo4 quenched and tempered (QT), and
X40CrSiMo 10-2. There has already been research on 42CrMo4, but none could be found for
the X40CrSiMo 10-2.

In the study on 42CrMo4 different precharging methods were compared to each other. They
tested the hydrogen content after each charging method. These charging’s were done for
notched tensile test samples with gaseous hydrogen at 19,5 MPa with temperature of 430°C
and for 21 hours, and electrochemically for 3 hours with different electrolytes and current
densities. For the gaseous hydrogen the hydrogen concentration was 1,2 parts per million
(ppm), electrochemically with 1 M H2SO4 solution with 0,25 g/l of As>O3 and current density
of 1 mA/cm? had 1,2 ppm, 1 M H>SOy4 solution with 0,25 g/1 of As>O3 0.5 mA/cm? had 0,95
ppm, and 1 M H>SO4 solution 1 mA/cm? had 0,5 ppm. The Vickers hardness for the material

was measured at 223 HV30 and it was quenched and tempered at 700°C for two hours.
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Tensile testing were done ex-situ with gaseous hydrogen and 1 M H>SO4 solution with As>O3
with current density of 1 mA/cm? on notched tensile specimens and showed minimal change
in their mechanical properties, around 4 — 13% HEI%. The notched tensile strength (on) in-
situ hydrogen tests results can be seen in Table 3. In-situ tests on the notched tensile

specimens had the biggest HEI values on lower displacement rates. [43]

Table 3 Notched tensile strength tests results on hydrogen atmosphere i.e. in-situ testing. [43]

H-charging conditions (Irjrifﬁ/Rn?itr?) ;I'r:]r&e) on (MPa) ';,/E)I Embri(t;t:]erg)depth
AR 0,4 12,0 1330,0 | - -
1 M H2SO04 + As20s 0,4 11,0 1069,0 | 19,6 0,5
i=1mA/cm2 0,1 38,0 931,0 | 30,0 0,9
1,0 6,0 1155,0 | 13,2 0,3
0,4 15,0 1129,0 | 15,1 0,4
1 M H2SO04 + Asz0s 0,1 51,0 1094,0 | 17,7 0,8
i=0.5mA/cm2 0,05 1120 | 9720 | 26,9 0,8
0,02 198,0 | 1030,0 | 22,6 0,8
0,01 266,0 | 8820 |337 0,8
1,0 7,0 1173,0 | 11,8 0,3
0,4 16,0 1131,0 | 14,9 0,3
M SO0 = 1 mAem2 0,10 59,0 1124,0 | 15,5 0,6
0,05 158,0 | 11150 | 16,2 0,7
0,02 2250 | 11340 | 147 0,4
0,01 456,0 | 11240 | 155 0,6

Another study looked at the effect of the quenching and tempering (QT) on the hydrogen
embrittlement of 42CrMo4. The tests were done in air and in-situ in two different electrolytes:
low H 1 M H3S04 solution with current density of 1 mA/cm?, and 1 M H2S04 with 0.25g/L

of As,03 solution with the current density of 1 mA/cm?. The in-situ tests results can be seen
in Table 4. Showing that for the lower tempering temperature and time, the hydrogen
embrittlement is seen to be more severe based on the nominal stress. Also, the amount of

hydrogen embrittlement seems to be related to the hardness of the 42CrMo4. [44]
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Table 4 In-situ hydrogen tests at different mediums on 42CrMo4 with different quenching and
tempering temperatures. [44]

Steel Hardness Te_s_t Displaceme_nt Rate oNS HEI (oNS)

Grade Conditions (mm/min) (MPa) (%)
air 0,4 2055 -

QT600-3m | 484 HV low H 0,01 476 77
high H 0,01 457 78

air 0,4 1870 -

QT000- | 335 hy low H 0,01 930 50
high H 0,01 792 58

air 0,4 1701 -

QT600-2h | 307 HV low H 0,01 1299 31
high H 0,01 891 48

air 0,4 1455 -

QTe90- | 280 Hv low H 0,01 1306 10
high H 0,01 1083 26

air 0,4 1053 -

QT725-4h | 206 HV low H 0,01 961 9
high H 0,01 851 19

In another study they quenched and tempered 42CrMo4 at different tempering temperatures.
The hydrogen charging was done with gaseous hydrogen at 19,5 MPa and 450°C for 21
hours, after which the reactor was cooled down to 85°C. The tensile testing was done on
smooth and notched tensile tests specimens. Smooth tensile tests showed minimal hydrogen
embrittlement of the tested grades and their related Embrittlement indexes same as HEI% are
seen in Figure 27. Showing that the highest amount of HEI% was around 12% for the grade
tempered at 550°C and 6% for the one at 500°C. The results for notched tensile tests can be
seen in Table 5. Showing that with the precharged samples the hydrogen content was higher
in lower tempering temperature grades which also had a higher hardness. Also, the HEI% of
the samples were higher in the lower tempering temperature samples. The fracture mechanism
plasticity-related hydrogen induced cracking (PRHIC) is described to be “micro-plastic
tearing on a very fine scale, along martensite lath interphases.” [45] The testing speed, i.e. the
displacement/strain rate, also affected the amount of embrittlement, but with very low testing
speed the hydrogen content in the sample lowered due to desorption as there was no hydrogen

atmosphere while testing. [45]
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Figure 27 Different embrittlement indexes same as HEI for the different steel grades. [45]

Table 5 Test results of notched tensile tests for hydrogen precharged (ex-situ) samples. [45]

Test Test Fracture
Steel | speed | G1o% | | ONIMP | RA | HEI(out | HEIRA |\ FESME
Grade | [mm/mi : PP al %] | s)[%] | )I[%] -
n]
04 | 12min | Uncharg | 4a5q | 12, - - MVC
ed 5
49CMod | 04 | 9min 12 1273 1; 4 6 MVC
700 =
(201HB) 0,04 80 min 1,2 1258 3 5 18 MVC
0004 | 14n | 12 = 0.1 1204 | 96 3 23 MVC
04 | 17min | Uncharg | 45ep | 11, - - MVC
ed 9
42CiMod | 04 | 15min | 12 1527 | |3 1 MVC
650 _
(246HB) | 04 1053 mil g 1508 | 8.9 5 25 MVC+PRHIC
0,004 | 16h 1’28; 0| 1487 | 79 6 34 MVC+PRHIC
04 | 12min U”gc‘jarg 1724 | 85 - - MVC
4226'\(;'04 0,4 12 min 1,4 1604 | 7,6 7 11 MVC
(281HB) | 004 |8min | 1.4 1384 | 60| 20 29 MVC+PRHIC
0004 | 14n | 1? o Lol o133 [ 34| 23 60 MVC*ZRH'C”
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04 | 8min U”‘;Zarg 1800 | 7,5 - - MVC
4CMoa | 04 | 9min | 17 1602 | 63 | 11 16 | MVEHPRAICH
550
(307HB) | 004 |65min| 17 1303 |49 | 28 35 MVC*%RH'C”
0004 | 11n | V7 5 Lol oq248 27| 31 64 MVC*%RH'C”
04 | 15min U”‘;Zarg 1833 | 6.4 - - MVC
42CiMod | 04 | 13min | 19 1534 | 47| 16 g7 | MVOHPRAICH
500
(335HB) | 004 |80min| 1.9 1050 | 31| 43 51 MVC*'DGRH'C+'
0004 | 6h | 19 o Lo771 |os | s8 92 MVC*%RH'C"'
MVC: microvoid coalescence; PRHIC: plasticity-related hydrogen induced cracking; IG:
intergranular.

2.6 Mitigation possibilities

This chapter reviews studies on mitigating the effects of hydrogen embrittlement but does not
consider their potential impact on the internal combustion engine (ICE) components operating
conditions/variables, such as temperature, pressure, and friction. Some approaches use
protective coatings which may interact or impact the beforementioned operating

conditions/variables. Also, the possible flaking of the coatings is not considered.

In the article the effects of pure nickel and nickel-graphene coatings on quenching and
partitioning (QP) steels substrate were studied related to hydrogen embrittlement. Hydrogen
environment was made with 0,2 M H2SO4 with 2g/L of thiocarbamide i.e. thiourea and the
charging time was 5 min with two different current densities. The QP steels were coated with
electroplating. SSRT tests were done ex-situ, and the results can be seen in Figure 28 and
show that the pure nickel coating reduced the HE by a small margin. The nickel-graphene
coating the effects of the HE was reduced by a lot when comparing the same current density
doping tests done on the substrate material QP (uncharged). The total elongation loss on the
nickel-graphene coating in hydrogen atmosphere was around 8% when comparing it to the
same atmosphere test on the substrate material which was around 80%, the difference is
around tenfold. The nickel-graphene coating seemed to have an effect on the diffusion of

hydrogen to the substrate QP. [46]
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Figure 28 a) Stress and strain curve of different sample with and without coating, b) Their hydrogen

concentration, and elongation loss. [46]

In the study copper samples coated with graphene. Hydrogen charging was done with 0,5M
H>SO4 with 250 mg/L of As>0Os3. SSRT test results are shown in Figure 29 and the difference

between the charged pure copper and graphene coated was around 8%. The difference

between the uncharged pure copper and charged with graphene coated was around 3%. The

hydrogen embrittlement ratio (HER) between charged pure copper and graphene coated were

10% and 3% respectively. [47]
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Figure 29 SSRT test schematic and the results from the tests of pure copper and graphene coated
pure copper. [47]
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3 Methodology

3.1 Testing setup

The testing setup was decided based on previous studies of the material 42CrMo4 and the
available equipment. The hydrogen charging will be done with electrochemical charging. This
will be done ex-situ i.e. the samples will be precharged before the tensile testing. The type of
tensile testing samples will be notched tensile testing samples. The dimensions of these
samples will have similar dimensions between the shoulders and have a different grip section
as in the previous studies ([43], [44], [45], [48]). The exact same dimension could not be
machined. The dimensions of the machined samples are seen in Figure 30. Four samples will
be made from 42CrMo4 QT and X40CrSiMo10-2. One sample from each will be tested in air
and the other with hydrogen precharging. The charging is done in an acidic electrolyte of 1 M
H>S04 and 2 g/l of thiourea, with a current density of 1 mA/cm? for 6 hours. Thiourea is
added to block the recombination of hydrogen. In the study ([43]) the saturation time of the
42CrMo4 was tested and the result was that at around 3 hours the samples became saturated.
The selection of 6 hours for the charging is due to not having any data on the saturation time
of the X40CrSiMo 10-2. The tensile testing will be done for both non-charged and charged
samples with a displacement rate of 0,1 mm/min. The machining, hydrogen charging, and

tensile testing were done by the University of Oulu based on the variables above.

M10x1.5

(=] g \
E: o~ qr/b
i o g
25
DETAILA
- 62 - SCALE 10:1

Figure 30 Dimensions of the notched tensile test specimens.
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Abrasive Cutter

Equipment Picture of equipment What was it used for
MEBA Component cutting to
MEBASWING 320 fit them in the abrasive
G-HSS cutter
Cutting components to
Buehler Delta
the size needed for
Automatic

tensile specimen

milling




Struers Labopress-

3

45

Struers Tegramin-
30 grinding and

polishing machine

Sample pressing for the
grinding and polishing
machine, and for

metallographic samples

Grinding and polishing
to obtain wanted
surface finish on

samples




Leica DM6 M

46

Struers Duramin-
40 hardness

measurer

Optical microscope for

microstructure analysis

Hardness measurements




Wolpert hardness

measurer

47

Hitachi
FOUNDRY-
MASTER smart,
spark Optical
Emission
Spectroscopy
(OES)

Hardness measurements

Chemical composition

measurement




TESCAN VEGA3
and Thermo
Scientific EDS-

detector

Hydrogen charging
cell with 1M
H2S04 + (2 g/)
thiourea and a
MMO (mixed
metal oxide) mesh
electrode
(University of
Oulu)

| gjrescan

48

High resolution
Scanning Electron
Microscope (SEM)
images and chemical
composition
measurements with
Energy Dispersive

Spectroscopy (EDS)

Hydrogen cell for
doping of the samples
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Zwick 100kN
Tensile testing of the
Tensile testing
non-charged and

machine
(University of hydrogen charged
Oulu) samples
ulu

3.3 Testing procedure made by University of Oulu

1) Machining the specimens to threaded round notched tensile bars

1. X40CrSiMo 10-2 hydrogen sample was made from sample 1 in Table 7 and
the non-charged one from sample 2. (Table is seen in Chapter 4.2

Microstructure analysis)

2) H-charging surface preparation = polishing the between-the-threads area with 1200
grid sandpaper

3) Spot-welding a wire for coupling the specimen to a working electrode
4) H-charging the specimens at room temperature

1. In electrolyte of 1M H2SO4 and 2 g/ of thiourea, with a current density of 1

mA/cm? for 6 hours

5) Transfer of the specimen from the H-charging to the tensile testing. There was 3-

minute downtime from the end of hydrogen charging to the tensile tests start.
6) Tensile testing of the specimens

7) After the hydrogen charged tensile tests, the fracture surfaces were rinsed again with

ethanol to suppress possible rusting

8) Exporting the data + template report
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3.4 Analysis methods

The material will be tested before any tests to see if they fit the standard for the chemical
composition and the hardness will be checked to see how the results fit the previous studies.
The chemical composition will be measured with spark Optical Emission Spectroscopy (OES)

and the hardnesses with Vickers and Brinell hardness measurers.

With spark OES the sample is burned with an electrode in an argon atmosphere. The machine
then analyses the visible range of light and its intensity at different wavelengths with
detectors. These certain wavelengths have been specified to a certain basic element and with
software the intensities are then converted to a mass percentages, and that is how you obtain

the chemical composition of the sample. [49]

Vickers and Brinell hardnesses are measured by indenting the sample with a pyramid shaped
and a ball shaped indenter respectively. In ideal conditions the Vickers hardness
measurements pyramid indenter makes a square indentation on the sample. The squares
dimensions from each sharp end to the opposite one are measured and are used to obtain value
of d1 and d2. The equation for surface of the indentation (d) in equation (5) is the same in
both measurement methods but the d1 and d2 measurement methods are different. The
Vickers hardness of the material can then be calculated based on the equation (6) in which the
test load is F. The Brinell hardness indentation is made with a ball which leaves a circle
indentation on the sample from which the ball’s diameter is measured from two different
locations with 90° in between the measurements. These values are then used to obtain the
surface of the indentation (d). The Brinell hardness is then calculated with the equation (7).
Usually, modern hardness measurers use automatic calculations to obtain the hardnesses or

from a list of precalculated hardness values for a specific surface of the indentation (d). [50]

dl+d2

d= )
F
HV ~ 1,854 x ey (6)
2
HB = 0,102 x —2- (7)

2 dz
nD2(1- |1-75

The tensile testing data will be analyzed and made into a stress strain curve. The HEI% will
be calculated based on the notched fracture strength, ultimate strength, and strain data

gathered by the tensile testing. The HEI% i.e. reduction will also be calculated based on the
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toughness. In equation § the formula for calculating the overall toughness for the material is
seen. The method is called trapezoidal rule which approximates the area under the curve
based on the small trapezoids made between each measurement point in the tensile testing
data. The fracture type can be estimated based on the stress strain graph and the other data,

but it can be verified with Scanning Electron Microscope (SEM) high magnification images.

n—1(0i+0i+1)

Toughness = )|, S (&ir1 — &) (8)
The fracture type will be checked with SEM, and the length of the embrittlement depth will be
measured. SEM works by blasting electrons from a filament of the electron gun. These
electrons are then aligned with an anode, magnetic lenses and stigmators, to have the
electrons in the wanted way as these affect the image quality of the SEM. After the electrons
have hit the wanted surface i.e. the sample some of them scatter back by only losing small
amount of energy and others are from close to the surface with lower energy. The higher
energy electrons that have scattered back are called backscattered electrons (BSE) and they
can show more about the material as they are from slightly below the surface. In BSE images,
the higher the Z-value of the element is, the brighter the gray scale. For example, if there is
iron (Fe) with Z-value of 36 and oxygen (O) with 8 the areas with oxygen are darker
compared to the iron ones. The electrons from near the surface with lower energy are called
secondary electrons (SE) and they show more about the topology of the sample which is more
used in analysis of fracture surfaces. The BSE image can also tell about differences in depth

and thus both SE and BSE are used simultaneously while analyzing. [51]
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4 Results and Discussion

This chapter will look at the experimental parts test and results. These will be then discussed
in the subchapters. Possible future developments ideas will be discussed in their own

subchapter.
4.1 Chemical composition analysis

The chemical composition for the component’s materials were checked with Hitachi’s OES.
The material X40CrSiMo 10-2 chemical composition was measured from two samples as the
tensile testing samples will be made from two different components. The material 42CrMo4
chemical composition was measured from only one sample as the tensile testing samples were
made from one component and from the same area. The results for the chemical composition
measurements for 42CrMo4 are shown in Table 6, and for X40CrSiMo 10-2 in Table 7. For
X40CrSiMo 10-2 the tensile test samples chemical compositions are closely matched together

thus the difference should not affect the hydrogen tests.

Table 6 42CrMo4 chemical composition standard and test result from the sample.

42CrMo4 C Cr Mn Mo P S Si
Sample 0,490 1,000 0,684 0,215 0,010 0,008 0,245
Table 7 X40CrSiMo 10-2 chemical composition standard and test results from the samples.
xagesiMe | ¢ Cr Mn Mo Ni P s si
Sample 1 0,411 8,920 0,437 0,035 0,086 | 0,018 0,006 2,650
Sample 2 0,413 9,010 0,440 0,036 0,085 | 0,016 0,007 2,630

4.2 Microstructure analysis

The same samples were then mounted in a resin and grinded and polished for etching. The
42CrMO4 and the X40CrSiMo 10-2 samples were etched with Vilella’s etchant that was
made from 100ml of ethanol, 5Sml of HCI, and 1 gram of picric acid. The microstructure
images obtained with the Leica Dm6 M with different magnifications can be seen in Figure 31
- Figure 34. They show that the microstructure of the sample’s material was martensitic type.
On the 42CrMo4 the martensitic laths are seen better. In X40CrSimo 10-2 the martensitic
type of structure could be identified with low magnification and contained a lot of carbides.
The number of carbides was similar in both the samples 1 and 2. The type of carbides on

samples of X40CrSiMo 10-2 were checked with SEM/EDS. The measurement points can be
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seen in Figure 35 and Figure 36, and the corresponding chemical composition results in Table
8 and Table 9. They showed that the carbides are chromium (Cr) carbides as the level of it
was high compared to the base materials level. So, based on the measurements and
comparison of the two different materials, the hypothesis for the tensile tests is that the
X40CrSiMo 10-2 will be more prone to hydrogen embrittlement. As, the Cr-carbides are one

type of irreversible hydrogen trap, and it has more of them.

Figure 31 Microstructure of 42CrMo4 etched with Vilella on 500x magnification.



Figure 33 Microstructure of X40CrSiMo 10-2 sample 2 etched with Vilella on 50x magnification.
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Figure 34 X40CrSiMo 10-2 microstructure of both sample 1 (left) and sample 2 (right) were taken with
1000x magnification.

2.5um
———

Figure 35 EDS measurement points for sample 1 of X40CrSiMo 10-2.
Table 8 Results of the EDS measurements of X40CrSiMo 10-2 sample 1.

C Si Cr Mn \ Fe
X401 base - 283 | 960 - - 87.58
X40-1 point 1 132 | 158 | 2897 | 140 - 66.73
X40-1 point 2 110 | 214 | 20.10 - - 76.67
X40-1 point 3 108 | 162 | 3175 - 0.77 | 6478
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Figure 36 EDS measurement points for sample 2 of X40CrSiMo 10-2.
Table 9 Results of the EDS measurements of X40CrSiMo 10-2 sample 2.

C Si Cr Fe
X402 base - 279 | 1026 | 86.95
X40-2 point 1 121 | 221 | 2644 | 7014
X40-2 point 2 108 | 246 | 2291 | 7355
X40-2 point 3 135 | 232 | 2807 | 6826

4.3 Hardness tests

The hardness of the material was tested with the Struers Duramin-40 and Wolpert hardness
measurers. The tests for the hardness on Duramin-40 were done with Vickers hardness
measurement head and with a force of 10 kg. The measurement grid was 3x3 cm. With
Wolpert the measurements were done with Brinell hardness measurement head, and the ball
diameter was 2.5 mm and the force 187.5 kg. Five different spots were measured. The

averages of the hardness tests can be seen in Table 10.
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Table 10 Hardness measurement test results averages.

Hardness 42CrMo4 X40CrSiMo 10-2 sample | X40CrSiMo 10-2 sample
tests 1 2
HV10 282,9 295,5 291,3
HB 285,2 291,8 287,8

4.4 Tensile testing results

The tensile tests were all conducted at room temperature ~21°C. The stress strain graphs for
each material with and without hydrogen charging can be seen in figures (Figure 37 - Figure
40) and combined into one in Figure 41. The mechanical properties from these graphs can be
seen in Table 11. Based on the mechanical properties the HEI% were calculated and are
shown in Table 12. The results show that both materials were prone to hydrogen
embrittlement. Based on the calculated HEI% the X40CrSiMo 10-2 was more prone to it. As,
the reduction of both toughness and strain were 67,7% and 60% respectively. While on
42CrMo4 the values were 54,9% and 52,1% respectively. The fracture point’s strength HEI%
for X40CrSiMo 10-2 lower by 6,7% and for the 42CrMo4 it was higher by 10,3%. The HEI%
calculated by the ultimate tensile strength showed that for the X40CrSiMo 10-2 value was
lowered by 6,7% and for 42CrMo4 by 3,3%. These findings show that the mechanical
properties were mostly lowered by the reduction in strain. Thus, it also impacts the toughness
of the material. The amount of reduction in the toughness could affect the components
lifetime. As, the material cannot absorb the same amount of energy as the original component
material. There only being one test per condition could affect the tests results as there could

be anomalies.
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Figure 37 Stress strain graph of non-hydrogen charged X40CrSiMo 10-2.
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Figure 38 Stress strain graph of hydrogen charged X40CrSiMo 10-2.
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Figure 39 Stress strain graph of non-hydrogen charged 42CrMo4.
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Figure 40 Stress strain graph of hydrogen charged 42CrMo4.
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Figure 41 Stress strain graph showing all the tested samples in one graph.
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Table 11 Tensile test results for all the samples, ones with (H) are the hydrogen charged ones.

Specimen identifier me Rpo.2 Rm At (corr) Toughness trest
Unit GPa MPa MPa % MJ/m? s

X40CrSiMo 10-2 206,38 753,94 881,95 5,17 4566,30 13,87

X40CrSiMo 10-2 (H) | 201,55 771,48 822,69 2,05 1475,50 6,28

42crmo4 195,82 684,02 854,34 6,52 5075,39 16,63

42crmo4 (H) 204,48 701,44 825,87 3,12 2289,50 7,37

Table 12 Calculated HEI% for the ICE component materials.
Fractrepont  Ulimatetenslle  SIAN AL oughness

X40CrSiMo 10-2 6,72 6,72 60,17 67,69
42crmo4 -10,28 3,33 52,14 54,89

4.41 Tensile test result comparison to literature

The tensile testing results for 42CrMo4 differ from the ones found in literature for similar

hardness values. Most comparable results from the literature are the ones found in Table 5, as

they were also notched tensile tests with ex-situ hydrogen precharging. Closest displacement

rate to the one chosen for experiments is 0,04 mm/min, the one used for experiments were 0, 1
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mm/min. The closest hardness is 281 HB, and the hardness tests showed that the tested
material hardness was 285,2 HB. Also, the tests in air for both the literature results and the
experimental samples results show that the materials had a high difference of ultimate tensile
strength. With these given values the results for the literatures tests were that the HE1% based
on ultimate tensile strength was 20% and based of reduction in area was 29%. They differ
from the experimental parts increase based on the ultimate tensile strength of 10,3% and the
reduction based on the strain of 52,1%. Both reduction in area and strain measure the ductility
of the material. Thus, it can be said that the experiments’ samples had higher loss of ductility

than the ones found in literature.
4.5 Fracture surface analysis

The fracture surfaces were examined with SEM. The embrittlement depth could not be
determined from the samples. This was due to the fracture type was not consistent near the

edges.

Overview of the no-charged and hydrogen charged X40CrSiMo 10-2 fracture surfaces can be
seen in Figure 42 and Figure 43 respectively. All the SEM images contain the secondary
electron (SE) image on the left and backscattered electron (BSE) image on the right. The
hydrogen charged samples fracture surface appears to be blockier compared to the non-
charged one. This blocky like structure is looked at closer in Figure 44 and Figure 45. They
show that the fracture type on the hydrogen charged one has flat areas typical for intergranular
fractures, indicating of brittle fracture type. Some quasi-cleavage fracture could also be seen
in Figure 44. The fracture surface on the non-charged sample also showed small signs of
intergranular fracture type seen in Figure 46, which seems to be typical for the material. The
hydrogen dope sample contained a bigger area of intergranular fracture type. Also, the

intergranular fractures appeared to be more severe.
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SEM MAG: 48 x WD: 11.86 mm | | VEGA3 TESCAN
SEM HV: 20.0 kV Det: SE, BSE
Performance in nanospace

Figure 42 X40CrSiMo 10-2 non-hydrogen charged samples fracture surface overview.

SEM MAG: 48 x WD: 11.58 mm | | | | VEGA3 TESCAN
SEM HV: 20.0 kV Det: SE, BSE

Performance in nanospace

Figure 43 X40CrSiMo 10-2 hydrogen charged samples fracture surface overview.
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SEM MAG: 413 x WD: 11.58 mm VEGA3 TESCAN
SEM HV: 20.0 kV Det: SE, BSE

Performance in nanospace

Figure 44 X40CrSiMo 10-2 hydrogen charged samples fracture surface showing some intergranular
fracture type.

SEM MAG: 1.54 kx WD: 11.74 mm | i | ) VEGA3 TESCAN
SEM HV: 20.0 kv Det: SE, BSE

Performance in nanospace

Figure 45 X40CrSiMo 10-2 hydrogen charged samples closer look at the intergranular fracture.
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62 WD: 11.78 mm | VEGA3 TESCAN
SEM HV: 20.0 kV Det: SE, BSE

Performance in nanospace

Figure 46 X40CrSiMo 10-2 non-hydrogen charged samples fracture surface.
Overview of the 42CrMo4 non-charged and hydrogen charged samples fracture surfaces can
be seen in Figure 47 and Figure 48 respectively. Comparing the two together shows that the
non-charged sample has more height than the hydrogen charged one. Based on the tensile
testing data it has deformed more in the plastic region of the stress strain curve. Both are
indicators for necking of the sample. The area showing the necking is outlined with red.
Closeup of both samples fracture type in the red area can be seen in Figure 49 and Figure 50,
and it is quasi-cleavage fracture in both. It is a transgranular fracture which happens when
there is localized plastic deformation. It is typical for transgranular fracture to show
similarities to the microstructure of the material. This could explain why the non-charged
sample has a bigger area of it. The fracture type outside red area on the non-charged sample
can be seen in Figure 51. Hydrogen charged sample can be seen in Figure 52 and with a
higher magnification in Figure 53. Comparing them together the non-charged sample has
more dimples, and the dimple size is larger. Also, there are more signs of transgranular brittle
fractures on the hydrogen charged sample. As, the martensitic structure could be seen from

the higher magnification image.
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SEM MAG: 54 x WD: 10.17 mm | VEGA3 TESCAN
SEM HV: 20.0 kV Det: SE, BSE
Performance in nanospace

SEM MAG: 62 x WD: 10.65 mm | VEGA3 TESCAN

SEM HV: 20.0 kV/ Det: SE, BSE

Performance in nanospace

Figure 48 42CrMo4 hydrogen charged samples fracture surface overview.



SEM MAG: 563 x WD: 10.62 mm
SEM HV: 20.0 kV Det: SE, BSE

SEM MAG: 577 x WD: 10.77 mm | VEGA3 TESCAN
SEM HV: 20.0 kV Det: SE, BSE

Performance in nanospace

Figure 50 42CrMo4 hydrogen charged samples fracture type on the red outlined area.
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SEM MAG: 642 x WD: 10.67 mm ( VEGA3 TESCAN
SEM HV: 20.0 kV Det: SE, BSE
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Figure 52 42CrMo4 hydrogen charged samples fracture type outside the red area.
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Figure 53 Closer look at 42CrMo4 hydrogen charged samples fracture type outside the red area.

4.6 Possible future developments

The experiment only had one variable, the samples being hydrogen charged or not. It could be
beneficial to have more samples with different charging times, to see how the different
hydrogen content affects the materials. Also, to have more samples per condition to eliminate
the possibility for anomalies. For 42CrMo4 this has already been done in the literature but for
X40CrSiMo 10-2 nothing was found. Also, the use of hydrogen gas would better simulate the
real atmosphere. The atmosphere inside the cylinder in an internal combustion engine has
variation of temperature and pressure. Also, the exposure time would be one variable inside
the cylinder. These variables would bring the testing closer to the real atmosphere where the
materials operate. These could be varied to obtain a wider range of knowledge for the material
inside the engine. As it could be possible for the materials to be more susceptible to hydrogen
embrittlement at lower temperatures and higher pressures. As, hydrogen desorbs from metals

at higher temperatures.
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5 Conclusions

In conclusion, this study aimed to test the mechanical properties of two internal combustion
engines component materials in hydrogen atmosphere. These two materials were 42CrMo4

and X40CrSiMo 10-2.

The research in the literature review focused on the hydrogen embrittlement phenomenon and
previous findings for 42CrMo4. Also, basic knowledge of hydrogen, internal combustion
engines and failure analysis were covered. Potential mitigation possibilities were also

mentioned based on other studies.

Two samples were prepared from each material for tensile testing in air and after precharging
with hydrogen. They were charged electrochemically in an acidic electrolyte of 1 M H2SO4
and 2 g/l of thiourea, with a current density of 1 mA/cm? for 6 hours. Tensile testing

parameters were room temperature ~21°C and displacement rate of 0,1 mm/min.

The machining, hydrogen charging, and tensile testing were done by the University of Oulu.
Tensile testing results showed that both materials were susceptible to hydrogen embrittlement.
This was measured with hydrogen embrittlement index (HEI) i.e. the amount of reduction in
selected mechanical properties. X40CrSiMo 10-2 HEI% calculated based on fracture point’s
strength, ultimate tensile strength, strain, and toughness were 6,7%, 6,7%, 60,2%, and 67,7%
respectively. For 42CrMo4 the values were -10,3%, 3,3%, 52,1%, and 54,9% respectively.
These results would indicate that the biggest impact on the mechanical properties were on
strain and toughness. These results are only indicative as there were only one test done per
condition. Thus, strength and other results could differ if more tests were done. The toughness
reduction could affect the components lifetime, as the material cannot absorb the same

amount of energy as the non-hydrogen charged one.

The fracture surfaces also showed signs of hydrogen embrittlement by having more
intergranular fractures on the hydrogen-charged X40CrSiMo 10-2 sample. On the hydrogen-
charged 42CrMo4 both the dimple size and the area of the fracture surface related to necking

were smaller.
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