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ABSTRACT 
 
Since hydrogen is an alternative energy source and has both economic and environmental benefits, 
it has received more attention. To use hydrogen a certain condition must be met, safe pressurized 
containers which are often made of metal. The metal is required due to the high mechanical strength 
and reasonable cost. The problematic part is that hydrogen affects the mechanical properties of the 
material. Using metal in an environment with hydrogen will break down and lead to Hydrogen 
Environmental Embrittlement (HEE). If hydrogen will be used safely, understanding its effect on 
high-strength steel is necessary. Many studies have been done on hydrogen embrittlement, but it is 
not sufficient and therefore studies are still ongoing. 
The goal is to create further understanding of when components exposed to hydrogen in their 
service environment, in terms of mechanical, fracture surface and microstructural aspects. There 
are two types of stainless steel that was examined, 304 stainless steel (304 SS) and 316L stainless 
steel (316L SS), all specimens are cylindrical. The study mainly focused on mainly experimental 
aspects with some simulations. 
To charge the samples with hydrogen, a cathodic charging method was chosen. For fast strain rate, 
samples were loaded from 12 to 48 hours while slow strain rate was not preloaded. Measurement 
and Digital image correlation (DIC) were used due to slippage during tensile testing, it would also 
provide the actual engineering stress-strain curve. To see the microstructure, it was sanded, 
polished and etched. A special container was created to test the slow strain rate. This was done 
through several different tests. 
Both types of steel were affected by hydrogen, the yield strength and ductility were reduced. 
Charging at the slow strain rate leads to extreme embrittlement compared to the high strain rate. 
The grain boundaries had decreased in size after being charged with hydrogen. The 304 SS grains 
were more difficult to detect compared to the 316L SS. 
Different types of factors can affect the result, for the slow strain rate, hydrogen was present all the 
way until it reached its breaking point and after it started diffusion. Meanwhile, the hydrogen 
diffusion started at a high strain rate when it was taken out from charging in the container. During 
the time it takes to place the sample in the tensile testing machine and do the tensile test, the 
hydrogen diffuses, and it results in less brittleness. 
 
Keywords: Hydrogen embrittlement, tensile test, DIC, metallographic. 
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SAMMANFATTNING 
 
Eftersom väte är en alternativ energikälla och har både ekonomiska och miljömässiga fördelar har 
det fått mer uppmärksamhet. För att använda väte måste vissa villkor uppfyllas, det krävs säkra 
trycksatta behållare som ofta är gjorda av metall. Metall används på grund av kravet på hög 
mekanisk hållfasthet och rimliga kostnader. Den problematiska delen är att väte påverkar de 
mekaniska egenskaperna hos materialet. Genom att använda metall i en miljö med vätgas kommer 
att brytas ned och leda till vätmiljöförsprödning. Om väte kommer att användas på ett säkert sätt 
är förståelsen för dess effekt på höghållfast stål nödvändig. Det har gjorts många studier om 
väteförsprödning men det är inte tillräcklig och därför pågår undersökningar fortfarande.  
Målet är att skapa ytterligare förståelse för när komponenter som utsätts för väte i deras 
servicemiljö, när det gäller mekaniska, sprick ytan och mikrostrukturella aspekter. Det finns två 
typer av rostfritt stål som undersöktes, 304 rostfritt stål (304 SS) och 316L rostfritt stål (316L SS), 
alla prov är cylindriska. Studien fokuserade huvudsakligen på huvudsakligen experimentella 
aspekter med vissa simuleringar. 
För att ladda proverna med väte valdes en katodisk laddningsmetod. För snabb töjnings hastighet 
laddades proverna från 12 till 48 timmar medan långsam töjnings hastighet förladdades inte. 
Mätning och Digital bildkorrelat (DIC) användes på grund av glidning under dragprovning, detta 
skulle ge den korrekta ingenjörs spänning-töjningskurvan. För att se mikrostrukturen så slipades, 
polerades och etsning utfördes. En speciell behållare skapades för att testa den långsamma töjnings 
hastighet. Detta gjordes genom flera olika tester. 
Båda typerna av stål påverkades av väte, avkastningsstyrkan och duktiliteten minskades. Laddning 
med den långsamma töjnings hastighet leder till extrem försprödhet jämfört med den höga töjnings 
hastighet. Korngränserna hade minskat sin storlek efter att de laddats med väte. 304 SS-kornen var 
svårare att upptäcka i jämförelse med 316L SS. 
Olika typer av faktorer kan påverka resultatet, för långsam töjnings hastighet var väte närvarande 
hela vägen tills det har nått sin brytpunkt och efter det började diffusion. Under tiden startade 
vätediffusionen med högt töjnings hastighet när den kom ut laddar behållaren. Under den tid det 
tar att placera provet i dragprovningsmaskinen och göra dragprovningen så diffuserar vätet och det 
leder till mindre sprödhet. 
 
Nyckelord: Väteförsprödning, dragprovning, DIC, metallografisk. 
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1 INTRODUCTION 
Due to the increased need for green energy, hydrogen has become an alternative energy source. It 
has both economic and environmental benefits, thus it has gotten more attention. To use 
hydrogen a certain condition must be met, safe pressurized containers which are often made of 
metal. The metal is required due to the high mechanical strength and reasonable cost. The 
problematical part is that hydrogen may influence the mechanical properties of the material. By 
using metal in an environment of hydrogen gas may lead to degradation and lead to Hydrogen 
Environmental Embrittlement (HEE). If hydrogen will be used in a safe way, the understanding 
of its effect on high strength metals is necessary. There have been many studies of hydrogen 
embrittlement, yet it is still not fully understood and extensive research and studies are still 
ongoing. 

To gain a better understanding of the effect of hydrogen on metal, one has to also study the 
influence on the microstructures. An understanding of the effect on the grains and grain 
boundaries of the material is necessary. The grain boundary is the area located between the 
crystal grains of crystalline materials [2]. With the help of a microscope, one can see the grain 
structure of a material and the grain boundary of it. 

In the current research, a standardized experimental procedure will be carried out so that the 
results are more accurate when comparing. Much previous research had difficulty in comparing, 
as they had no standardized experimental approach [1]. Tests can be performed on cylindrical 
metal samples with ASTM standards. The main objectives are stainless steel, which are Stainless 
steel 316 L (316L SS) and Stainless steel 304 (304 SS). 316L SS with its alloy consists mostly of 
nickel (Ni) and chromium (Cr) after iron (Fe). It is often used in a nuclear reactor, medical 
devices, marine environments, gas turbine and nozzles where a high strength material required 
[3]. 304 SS is the most commonly used austenitic steel, due to its high contents of Cr and Ni it is 
an outstanding corrosion resistance that is why it is often used in [3]. It is often being used in 
kitchen equipment, pipes, and structures where the material can be corroded of the environment. 

The background of hydrogen embrittlement, details of objective and research questions, the 
experimental process, numerical method and its results given in the following sections. The 
discussion and conclusions are made at the end.  

1.1 Background 
Today, the world is facing a major problem, more than 80% of the world's energy use consists of 
fossil fuels (oil, biogas, and coal) [4]. The biggest problem with the use of fossil fuels has a negative 
impact on the environment, which has led to global warming [5]. Fossil fuels are also a limited 
resource, which will need to be replaced by an alternative energy source. The alternative energy 
source that is considered today is hydrogen fuel, it is favorable do to economic and environmental 
benefits. The use of hydrogen requires safe pressurized containers, the highest-pressure container 
there is for now is up to 70 MPa [6]. It´s often metallic because of the requirement for high 
mechanical strength and reasonable costs. The metal that is often used for the container is stainless 
steels (316, 316L, 304, 304L, 321 and duplex), Cu and Al alloy [7]. Also, components of structures 
may constantly expose to hydrogen while it is used as a fuel, where high pressure and high 
temperature are their working environment. The disadvantage is that hydrogen is the smallest 
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molecule that is easily picked up by many metals and alter its original mechanical prosperities and 
cause various HE related failures. Usually, many containers are made of high strength steels that 
are a combination both of light weight and high strength [10]. The problem with using high strength 
steel container is that it is more sensitive to hydrogen.  
The hydrogen atom (H) is the lightest element in the universe when the formation of two hydrogen 
atoms is formed hydrogen gas ( 𝐻2 ) that can be used as fuel. Hydrogen has similar characteristics 
to electricity, both of which are an energy carrier. This means that hydrogen is not a primary energy 
source, but it can be used in, for example, energy supply, storage, and transport. As hydrogen can 
be produced from all types of energy sources, it contributes to great flexibility [11]. When storing, 
transporting and during the use of hydrogen, a challenge would be faced, as the energy density of 
the hydrogen gas is higher per unit mass but low per unit volume. Hydrogen fuel is used to create 
energy sources, to create electricity a fuel cell is needed. When the fuel cell creates electricity, 
vaporized water and heat are released [10].  
Hydrogen is as a lightest element and with smallest molecules, may easily absorbed even in dense 
metals and interact easily when certain critical conditions are met and cause different hydrogen-
related forms of embrittlement. HE is a phenomenon that occurs when metals are constantly 
exposed to the hydrogen environment and mechanical load.  
HE is a very complex phenomenon with many underlying mechanisms. Since 1874 it was detected 
that hydrogen deteriorates the mechanical behavior of metal [11]. Although, many previous 
researches about HE allowed to understand some mechanisms, still a complete understanding of 
the embrittlement mechanism yet not exist. There have been some studies around metal alloy to 
resist HE. Some research has been conducted such as degassing treatment used to release hydrogen 
through its life cycle [1]. Although some type of solutions is used to prevent, still hydrogen 
diffusion will get through and difficult to prevent. Thus, it is important to understand the 
mechanism of hydrogen embrittlement and it is influenced by materials. 1.2 Purpose, goal and 
research questions 

1.2 Purpose, goal and research questions 
The purpose of this study is to increase the understanding of how hydrogen influences the 
properties of certain metals when exposed to the hydrogen environment. This will be both an 
experimental and numerical study. The aim is to do a further experiment based on previous 
experimental results carried out with the help of the new theories. 

The mechanical aspects of hydrogen influence such as microstructural changes and crack position 
are to be studied. The goal is to create further understanding of when components which are 
exposed to hydrogen in their service environment, in terms of mechanical aspects and 
microstructural influence. Especially the following few research question (RQ) will be the main 
objectives and the research outcome from these RQ are very beneficial to a wide range of scientific 
community in the hydrogen embrittlement research field and different industries related to this. 
The mechanical properties that will be looked at is the stress, strain elongation and force for the 
material. 

RQ1: How the mechanical properties of stainless steel (316L and 304) are influenced if the sample 
is exposed to a high strain rate after charging with hydrogen? 

RQ2: How will the hydrogen influence the microstructure of stainless steel (316L and 304) 
especially the grain boundary and fracture surface? 
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RQ3: Are the material fracture surface the same as high strain rate if the sample is exposed to a 
very low strain rate and charging at the same time? 

Sub RQ: How will a heat treatment will alter the microstructure of Duplex stainless steel sample?  

1.3 Limitation and risk management  

The biggest limitation is the maximum load cell that is available in our lab for the tensile test 
machine. It might not be able to pull the metal sample until its breakpoint if the ultimate strength 
of the material is too high.  

Another limitation is that when examining the grain boundary that the microscopes in the lab are 
not enough. If it arises then a more advanced microscope will be needed, BTH equipment is too 
simple, they have an old microscope with only up to 50x magnification. Some ways to solve that 
problem is by buying a lens with much higher magnification or buy a microscope that has a digital 
screen so that it will be easier to see grain boundaries and take a picture of it. But the best solution 
is to borrow the Lund University lab to look at the microstructure, they have the qualified 
equipment that is necessary for this research task. At Lund University they have an SEM and an 
XRD. 

Another problem that may arise is that charging the test sample with hydrogen while doing a slow 
strain rate might alter the result. If the rubber isolation in both ends of the sample does not work 
the bracket will come in contact with the sample and due to that power will come in contact with 
the machine. Another problem is that if the isolation for the container liquid fails then the charging 
method would have to change and do it the simple way and it is charging the sample first and then 
do a tensile test.  

To be able to validate that the result of the test step is correct then the test needs to be performed 
several times using the same method and then one should be able to see some similarity between 
the tests if no similarity is shown then some error occurs. If this occurs, then one must examine 
why there is no similarity if you do the same test with the same amount of material used for the 
test. This action can be done by e.g. check that all the materials used are working properly and that 
you are accurate when mixing the chemicals, the same amount each time and not one gram more 
or less for each test. 

The tensile machine requires calibration prior to use in order for the data to be valid. One way to 
ensure that it is right calibrated is to use a dead weight.  

The chemicals used in this study pose a health risk: one of the chemicals is highly explosive, 
another one has a flame risk, and the fumes that are given off by one of them is toxic to inhale. In 
addition to this most of the chemicals are acidic and can cause chemical burns to the skin. It is 
therefore important for the chemicals to be mixed correctly. Health risks can be minimized by using 
gloves and protective glasses for the chemicals and use it inside safely glass door. By opening a 
window or a door to the outside, to allow for fresh air to circulate the room and dilute the smell 
from the chemicals. 

Another risk is that the power supplier functioning right. It might give a higher voltage than what 
it’s displayed on its screen. If the voltage isn’t what it supposed to show, then the result might not 
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be correct and also it might be dangerous for safety. To prevent it that a multimeter must be used 
to check if the power supply gives the right voltage. 
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2 RELATED WORK  

2.1 Hydrogen embrittlement 
HE phenomenon has been known for a while and many people have been researching this area, 
how the hydrogen affects the mechanical properties of metallic compounds [12]. It is well known 
for its deterioration in strength properties that are being caused by hydrogen. Once the metal has 
been exposed to hydrogen the effect will lead to a reduction of ductility, which is a well-known 
phenomenon. It will also lead to fatigue crack growth and reduction of fracture toughness, load-
bearing capacity and the brittle failure of the materiel at stress below its yield stress [12]. The 
biggest challenge with this is that the hydrogen atom is the smallest element in the universe. It’s 
hard to detect and can only be detected by mass spectrometry or when it interacts with another 
element [13]. 
There is a different kind of damage mechanism in which there is experimental support. Mainly 
they are for describing the mechanical behavior or the HE properties for the hydrogen concertation 
with mechanical load. These mechanisms are: 

• Hydrogen induces cracking (HIC) 

• Hydrogen enhanced de-cohesion (HEDE) 

• Hydrogen enhance localized plasticity (HELP) 

• Hydrogen induced dislocation in cohesive strength 

• Hydrogen pressure bubble or void 

• Hydrogen induced reduction in surface energy 

• Hydrogen triggered ductile to brittle transition 

• Reactants and hydrogen 

• Hydride forming and cleavage 

2.1.1 Hydrogen induces cracking (HIC) 
The reason for HIC is due to the metal blistering that is induced by hydrogen charging that often 
arises at a low temperature. When the hydrogen sulphide is induced to the metal matrix HIC occurs, 
the reason is that hydrogen sulphide is extremely poisonous and corrosive [14]. With plenty of 
passageway for the hydrogen sulphide to enter the metal, the pressure will increase. Blistering 
happens if it is near surface but if the hydrogen sulphide is further inside the metal then there will 
be crack growth instead due to the pressure. 

2.1.2 Hydrogen enhanced de-cohesion (HEDE) 
The source of HEDE is when hydrogen atom congregates at a high-stress area in the material. 
Figure 1 illustrates how the HEDE mechanism weakens the interatomic bonds. Its higher 
probability for fracture of the metal atomic bonds due to weakening interatomic bonds. 
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2.1.3 Hydrogen enhance localized plasticity (HELP) 
HELP is the mechanism were hydrogen is assisting the deformation process. That happens only 
locally where hydrogen is concentrated, that leads to crack in macroscopically brittle in the metal. 
When hydrogen is present in metal the dislocation motion will accelerate in the elastic region [16]. 
The metals weakening and the enhanced mobility of dislocation is due to the diffusion of hydrogen 
in dislocation.   

2.1.4 Hydrogen pressure bubble or void 
Another HE mechanism that leads to brittle is hydrogen pressure bubble or void, the reason for it 
is hydrogen gas gets entrapped in the metal [17]. The consequences of the void are that when high 
stress is applied the void will blister and crack arise.  

2.1.5 Hydrogen environmental embrittlement (HEE) 
HEE is usually known as the degradation of certain mechanical properties that arise during the 
material is under the effect of an applied stress and intentionally exposed to a gaseous hydrogen 
environment [18]. 

1. Usually, the crack starts to occur near the root of a notch on the surface or surface defect. 
2. Enforced stress needs to be in tension mode and can stay below the yield strength. 
3. Cyclic or dynamic loading is known to be less profound to be sensitive to HE then constant 

static loading.  

2.1.6 Hydrogen reaction embrittlement (HRE) 
Once the temperature and pressure are elevated to a certain level, the atomic hydrogen diffuses in 
the metal surfaces and will react with some element and component in the metal. That reaction can 
lead to form metal hybrid at a low temperature, that kind of damage is HRE. Below the surface 
layer, methane CH4 gas can be created if hydrogen encounters carbon. The CH4 accrue at grain 
boundaries and forms voids, blisters and network of abundant microcracks that lead to brittle 
rupture. 

Figure 1: “Schematic diagrams illustrating the HEDE mechanism involving tensile 
separation of atoms owing to weakening of interatomic bonds by (i) hydrogen in the 
lattice, (ii) adsorbed hydrogen, (iii) hydrogen at particle–matrix interfaces” [15]. 
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2.1.7. Internal hydrogen embrittlement (IHE) 
Internal Hydrogen Embrittlement is usually known as the unintended introduction of hydrogen 
throughout the forming and finishing process. It can occur when hydrogen is absorbed by a 
chemical process such as cathodic charging, acid pickling, and electroplating. This kind of method 
is called electrochemical processes that involve the discharge of H ions, IHE can also happen if the 
material is exposed to a certain environment [18]. 

2.1.8 Hydrogen diffusion and mobility 
The steels main diffusion mechanism for hydrogen, arise when the component is under no plastic 
deformation, it´s established on interstitial jumps [19]. A Face Centred Cube (FCC) structure has 
a low diffusion rate and a high solubility of hydrogen because of its lattice structure, meanwhile, 
the characteristics of the Body Centred Cube (BCC) is opposite to FCC.  
Hydrogen moves easily in a dislocation area, they move in the material to the area that has high 
stress and strain and undergo plastic deformation, which happens when a high load is applied on 
to the materials [19]. 

2.2 Material properties of 316L stainless steel and 304 stainless steel 
During the thesis, a stainless steel type of material both the 304 SS and 316L SS are studied as they 
have showed a more public interest due to the wide industrial application. Both materials will be 
observed and analyzed during the project to determine how the mechanical properties and 
microstructure will react when they are exposed to hydrogen.  
304 SS is the most commonly used austenitic steel, it contains a high amount of Ni it is often 8-
10,5 % by weight and Cr often 18-20 % by weight. There are other alloying elements such as 
magnesium (Mg), Silicone (Si) and carbon (C) and the rest of the contents is mainly Fe. Due to its 
high contents of Cr and Ni, it is an outstanding corrosion resistance that is why it is often used in 
[3]: 

• Kitchen equipment  
• Refrigerators and dishwashers 
• Fasteners (screws, latchs, etc.) 
• Pipes 
• Heat exchangers 
• Structures where the material can be corroded of environment.  

316L SS is the second most used austenitic steel after 304 SS, with its alloy consists mostly of Ni 
and Cr after Fe. It has a similarity with 304 SS except that it has a higher amount of Cr and Ni. 
316L SS has a low C than an ordinary 316 SS, the L stands for low. In comparison 304 SS that has 
just a trace amount of molybdenum (Mo) meanwhile, 316L SS has 2-3 %. The purpose of 
molybdenum is to increase the corrosion resistance for the material [10]. The ultimate tensile 
strength of 316L SS is higher than the 304 SS. This kind of steel is often used in: 

• Nuclear reactor  
• Medical devices  
• Marine environments  
• Gas turbine  
• Nozzles where a high strength material required  
• Chemical processing and storage equipment 
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2.3 Stainless steel  
Stainless steel is an important class of alloy, the use of it extends to a large scale that it can’t be 
measured. It can be used from kitchen utensils to space vehicles [20]. Steel means that the 
materiality consists mostly of Fe, while stainless steel means that the material resists rust or 
corrosion in environments where normal steel is sensitive to. Steel is only able to become stainless 
steel if it contains more than 11 wt% Cr, but to withstand a more hostile environment then 1,2 % 
or less C most be added [20].   
 

 

 
 
 
 
 
 

 
 

 
There are more than 100 different stainless steel and the majority are classified into five different 
groups [21]: 
Austenitic 

Austenitic stainless steel contains between 16-25 % Cr and up to 37 % Ni and low levels of C less 
than 0.24 % [21]. It is mostly known for its corrosion resistance but also formability. Its benefit is 
that it has a very high toughness and ductility [23]. It is recognized by its FCC crystal structure 
[24]. An FCC is known by its cubic form that has an atom in each corner of the cube and one atom 
in the middle of each face. This kind of steel is often used as a structural component in both current 
and future nuclear reactor systems [25]. 
Ferritic 
Ferritic stainless steel contains between 10,5-27 % Cr and low C [26]. Many of the ferritic stainless 
steel a small amount of Ni, Mo, titanium (Ti), and niobium (Nb) alloying elements [27]. This is a 
Body Centered Cube (BCC) grain structure. It’s known by its cubical form were the atoms are in 
every corner of a cube but also one in the middle of it [28]. Ferritic steel is well known for its 
corrosion resistance but also good ductility. It is often used in kitchenware, automotive application 
and industrial equipment [26]. 
Duplex 

Duplex stainless steel is a Fe-Ni-Cr alloy that contains 50 % ferritic and 50 % austenitic grain, it’s 
a combination of good mechanical properties [22]. It contains 21-27 % Cr, 1,35-8 % Ni, 0,05-3 % 
Copper (Cu) and 0,05-5 % Mo [21]. It’s well-known corrosion-resistant material, it also has very 
high mechanical strength [24, 29]. The material is stronger than ferritic and austenitic stainless 
steel. Its widely used in the industrial area, such as the production of seawater heat exchangers or 
a chemical container to be used in highly concentrated chloride environments in the oil and gas 
industries [30].  

Figure 2: Steel & Stainless steel [21] 

https://www.sciencedirect.com/topics/materials-science/molybdenum
https://www.sciencedirect.com/topics/materials-science/titanium-dioxide
https://www.sciencedirect.com/topics/materials-science/niobium
https://www.sciencedirect.com/topics/materials-science/niobium
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Martensitic 

Martensitic steel often contains between 11.5% to 18% Cr, up to 1.2% C and sometimes Ni is 
added [21]. It is a good corrosion resistance and is usually used in turbines surgical instruments 
and wrench.  
Precipitation hardening steels 
Precipitation-hardening stainless steel it's known for its strength, that’s due to the alloy element of 
Cu, Al, and Nb that sounds up to the amount of less than 0,5 %. This kind of steel contains 15-17,5 
% Cr, 3-5 % Ni and 3-5 % Cu. It’s often used for chemical processing equipment and metal 
injection molding, mostly because of its high strength and hardness but also corrosion resistance. 

2.4 Metallography 
Looking at the metal’s microstructure, grain boundaries are often found, and it often shows the 
pearlite, ferrite and cementite. 
Pearlite is a result of eutectoid reaction and is consisting of ferrite and cementite, this grows 
simultaneously and cooperatives inside the austenite phase. Pearlite shows the black region in the 
structure. The crystal structure of the pearlite is a hexagonal look at Figure 4.  

Figure 3: Stainless steel: Ni and Cr content [31] 

Figure 4: Hexagonal crystal structure [32] 
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Ferrite is substantially Fe that consists of less than 0,005% of C at room temperature. It is easy to 
deform ferrites microstructure duo to low C concertation [20]. Ferrite can also contain alloying 
elements like Mn and silicon. The ferrite shows the white region in the structure.   
Cementite is known as the iron carbide phase when C surpasses the solubility limit in the ferrite 
phase sediment in the form of cementite.  
To be able to see the grain boundaries a special etching formula is needed, some etching formula 
that is being used for stainless steel according to Taylor Lyman is presented in table 1 [33]. 

2.5 Stress and strain curve 
 

 
 

 
Figure 5 is showing a stress-strain curve, there are different stages in this kind of curve. The first 
one is the Proportional limit, it is a straight line from the O. The second stage is called Elastic 
limit, this is where a material can´t return to its original shape. The Yield point is the third stage, 
and this is the point where the material will have elongation or yielding without any increased load 
[34]. Ultimate strength is the fourth stage and it illustrates the ultimate strength of the material. 
Necking will start after the ultimate strength has been reached, it will continue until the material 
reaches the Rapture strength that is the fifth stage. The fifth stage is also known as the Breaking 
point and it is where the material will break.  
Often when a person is discussing a stress-strain curve the subject Strain rate comes up, strain rate 
is the speed of how much the tensile machine is pulling per min. In this thesis, a high strain rate 
(10 mm/min) and a slow strain rate (0,5 mm/min) will be tested.  

Etching Reagent  Composition Uses Remarks 

Nitric acid 

(Nital) 

-White nitric acid 1-5 ml 

-Ethyl or methyl alcohol (95% or 
absolute) 100 ml 

To darken pearlite and 
reveal ferrite boundaries 

Etching time few 
seconds to 1 min 

Ferric chloride and 
hydrochloric acid 

-Ferric chloride 5 g 

-Hydrochloric acid 50 ml 

-Water 100 ml  

Structure of austenitic 
nickel and stainless steel 

- 

Table 1: Etching formula for stainless steel 

Figure 5: Stress & Strain Curve [34] 
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3 METHODS 
This is mostly experimental research with a few numerical simulations, much of the research will 
focus on doing tests on metals and see how they act with hydrogen. First of all, literature studies 
have been carried out in the field of hydrogen embrittlement. For the experimental studies hydrogen 
charging, intensive tensile test and Digital Image Correlation (DIC) tests were carried out with 
different setup and different combinations. For each test where the metal is exposed to hydrogen 
charging and mechanical load, and the data from the test need to be analyzed. Measurement, DIC 
tests and simulations are used for verification. DIC is a way of analyzing images that are produced 
from consecutive images or videos, and the strain path can be followed by these images or videos. 
A microstructural investigation was performed, so that the grain structure of metals can be 
analyzed. Some numerical simulations also carried out; this should be done by using Matlab and 
GOM correlation. Matlab was also a part of the tools for doing calculations and analyzing the 
results. 

3.1 Mechanical test – tensile test and DIC  
First a tensile test will be carried out to thoroughly examine the material without exposing to 
hydrogen. Tensile test is performed by using the MTS machine, 316L SS (Siemens material dog 
bone-shaped -- long and diameter 12 mm) and 304 SS sample (120 mm long and diameter 12 mm), 
cell load 100kN, software TestWorks, USB stick.  
The execution begins with attaching a load cell to the MTS machine, the load cell is to cope with 
the tensile strength of the samples that will be pulled in the machine. The next step is to attach the 
metal sample to the machine and tighten the sample tightly so that it does not slip off the bracket. 
Set up the hydrogen charging method if slow strain rate charging will be done. Go to the TestWorks 
software and insert settings on which maximum power it may incur before the machine is to 
interrupt the pull (max 95kN so you have a 5kN margin from that load cell break), another 
important deposit is how many mm/min the tensile test should pull the sample. The last step is to 
start the test and wait until the breakpoint happens, once the breakpoint has arisen, you should use 
the USB stick to extract the data from the program because it can be analyzed in Matlab. The grip 
for the tensile test is a different size for each material, every time another material was used the 
grip had to change. 
To do a DIC some preparation is needed, first is to set up a camera or a phone that can record the 
test process with a focus on the sample that it must be able to record or take constitutive image of 
the sample at all time during the test. The sample is cylindrical and its curve creates shadows, so 
the background needs to be white due to reducing the shadow. The sample is sprayed with white 
to reduce the shininess of the steel and also create a fine contrast. Then the white color is dried, 
and sprayed with black color speckles, see Figure 8 demonstrate how the sample looks like. Red 
dot will be one of the samples too demonstrate the distance of the sample from its initial length (80 
mm for 304 SS and 90 mm for 316L SS) until it’s at the breakpoint. The red dot will be used for 
the GOM software. Once the test is starting there should not be any movement so the light will not 
be effecting the video, otherwise, the accuracy of the test would be less. 

3.2 Cathodic charging  
The materials needed to carry out cathodic charging are a power supply, cylinder metal piece, 
Metal Sample  (304 SS, 316 SS and S235 structural steel) 120 mm  long and 12 mm  in  diameter, 
connection cables for power supplies, crocodile clamps, container (0.6 liters and 20 cm height), 
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wire 10 cm, deionized water 0.5 liters, Laboratory reagent grade sodium chloride 5 gram, 
ammonium Thiocyanate 3 grams, platinum-1 meter, black tape, clamps, and rubber. 
The process starts with cutting a 120 mm long metal (304 SS) piece, of which 20 mm on each side 
of the sample will inside the grip of the tensile machine brackets. That is to say that only 80 mm 
will be between grip to pull. 316L SS did not have to be cut due to it was provided in a dog bone-
shaped sample and the distance that will be pulled is 90 mm. The next step is to insert the platinum 
boards into the container so that it looks like a spiral and then tape with the tape so that it's stuck. 
A piece of platinum wire should be located outside the container to allow the crocodile clamp to 
be in contact with it. The crocodile clamp will be connected to a connecting cable which is then 
connected to the positive socket of the power supply. The platinum wire will be used as an anode 
while the metal piece sample will be used as a cathode. Platinum wire is used duo to that it is well 
known that platinum is the excellent corrosion resistance and a very good catalyst to accelerate the 
hydrogen absorption process. It is also able to pass current in all electrolytes without forming an 
insulating film.  
The next step is to pour deionized water into the container, precisely deionized water is used 
because it should not affect the result because of all the particles found in ordinary tap water. Plain 
clear water can lead to power due to the metal particles such as zinc, deionized water is the purest 
variant of water and it does not lead to power. The next step is to mix sodium chloride (99.5% pure 
salt) and ammonium thiocyanate in the container because the salt and acids used in the solution of 
the cathode cells will facilitate the flow during the solution. This solution after the addition of salts 
and acids are called electrolytes, they provide free ions and electrons in the solution [30,35]. That 
is why you go over to the charges of power through solution or electrolyte. Tape one end of the 10 
cm metal wire with one end of the metal sample to be tested, this is done to get an extended length 
where you can connect it with a crocodile clip. This crocodile clip should be connected with a 
connecting cable that goes to the power supply and is connected to the negative socket. Just the 
negative socket is because hydrogen is positively charged and to load metal samples with hydrogen 
so needed test sample to be negatively charged and that is what the cathode will be. A clamp should 
be attached to the end of the  metal  sample that is connected with the metal wire, the clamp is to 
be able to hold up the metal piece when the test piece is in the container and it is also used so that 
the sample does not come into contact with otherwise it will be a short circuit. When everything is 
connected and set up correctly, the power supply is started and regulates the voltage and current 
[8,20].  

 
 
 

Figure 6: Cathodic charging [36]  
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Slow strain rate needs another setup for charging and it’s by charging the sample during the tensile 
test is performing. Due to the lack of slow strain rate equipment, one hade to create alternative 
equipment. In this setup, it will have a container with a hole in the bottom so that one end of the 
sample can get thru and be attached to the bracket and the other end will be at the upper bracket. 
An isolator will be attached to the bottom of the container so that the liquid will not get out once 
the test starts. Rubber will be used as an isolator, and the sample will get thru the rubber, it should 
have a good elasticity and take its original form when the test is finished. The rubber part was used 
since during the tensile test the diameter of the sample will reduce, and the hole will leak liquid. 
The rubber will prevent leaking due to it will shrink to its original form, in this case even if the 
diameter of the sample is less it shouldn’t matter. The rubber will be glued with a glue pistol, there 
will only be 2 seconds to glue the rubber right otherwise it will leak, the slow strain rate setup can 
be seen in Figure 8. 

Figure 7: Cathodic charging setup usage in real life. 

Figure 8: Slow strain rate setup (1) and charging slow strain rate (2) 

 (1)  (2) 
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3.3 Simulation 

3.3.1 Matlab  
In order to analyze the data from the tensile test, the data from the tensile test machine was extracted 
and saved into a Matlab readable file in order to implement it in the Matlab script. Matlab was used 
to analyze the data and plot the results from the data. This is an important part that was needed 
because they are factors that will show if something happens and how much and where it arises 
changes.   

3.3.2 Measurement 
The measurement was done by measuring the distance of the red dot of the sample every 10 seconds 
in the video. The red dot was marked on the sample so that masurment could be done but also used 
for two-point distance in DIC. This had to be done due to the DIC method doesn’t work on the 
charged sample. It is because the hydrogen that is absorbed in the sample will diffuse when the 
charging stops. There for the sample must get in the tensile machine as fast as possible after 
charging. To get the right length a simple excavation had to be used.  
 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑒𝑎𝑙 𝑙𝑒𝑛𝑔ℎ𝑡 𝑟𝑒𝑑 𝑑𝑜𝑡 (0 𝑠)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑙𝑒𝑛𝑔ℎ𝑡 𝑟𝑒𝑑 𝑑𝑜𝑡  (0 𝑠)
 𝑋 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 =  𝑅𝑒𝑎𝑙 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡  

3.3.3 Digital Image Correlation (DIC) 
Due to the use of the slippery grips of the tensile machine when preforming several tests trials will 
present data will smaller accuracy. The slippage itself could not be solved, to obtain more 
qualitative data a different approach with Digital Image Correlation (DIC). It is used as an optional 
approach of method that accurately tracks and registers the physical changes with the help of 2D 
and 3D measurements. The DIC method will observe deformation strain and vibration on both the 
outside and inside of the material that’s being used during the testing process. The usage of DIC 
provides more qualitative data than the extensometers and strain gages by providing data regarding 
material deformations. By using the DIC method the data regarding displacement that has been 
obtained has proven to be more accurate and therefore more valid than previous measurements.  
During the testing, it’s important to have the right setup with lighting and placements of the camera 
observing the process. When the video is ready then it is transferred to the GOM Correlate step 
that uses the GOM Correlate software. The process is dependent on the size of the file. It’s possible 
to also have pictures to save process time for faster results. The lack of available lab facility the 
latest standards of smartphones was used in order to record the video. The videos are uploaded so 
that the results can be extracted with the changing measurements during the timeline of the process. 
The software uses a standard window for input of data to establish the different stages during the 
process as the material stretches.  
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The analyses made by the GOM software, which uses the camera input to identifies pixels observed 
from the video or pictures by observing the stochastic patterns structures. This enables the user to 
determine the distribution of the strain field. The observation place should have a small size at the 
same time also has to be big enough for computation, it is demonstrated in Figure 9 (1). Figure 9 
(2) demonstrates the next step that is point distance, in this step the distance of the two-point will 
be observed. It will measure the difference of the distance and also the overlapping area of the 
observation area simultaneously. The accuracy and computation will be affected by the point 
between the distance. 
When the surface component is created, then it’s time for obtaining strain in y-direction, and that 
will later give the user the accurate elongation of the sample. This can be done with the two-point 
distance or an extensometer, in our case two points were used. The data can be extracted and used 
as an input to Matlab for comparison with the tensile test machine data.    
 
 
 
 

Figure 9: Surface component parameters (1) and two-point distance (2) of 316L SS 

 (1)  (2) 
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3.4 Microstructure study  
The first step is to cut off a piece of the metal to examine, in this case, it is to cut a piece of a 
hydrogen charged metal and an unloaded metal.  
The second step is to mount the specimen because the test bit is too small and difficult to perform 
the spirit parts, that’s why mounting is used. Before mounting, the piece needs to be rinsed to get 
rid of metal shavings and then put it in alcohol (ethanol 𝐶2𝐻5𝑂𝐻) to get rid of fat and bacteria so 
that these factors will not affect the results further on. The Test piece should then be inserted into 
a small container and mixed with Citofix powder and Citofix liquid that makes everything in the 
container come to concrete. When the object has hardened, remove it from the container.  

Figure 10: Two-point distance and extensometer of 316L SS (Siemens) 
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The third step is to make use of a rotating water-lubricating disk with a sandpaper counter of 
varying degrees of roughness.  

 
In this case, there are six different roughness, 120 microns are begun with and then 220, 360, 1000, 
1200, 2000 and last 2400. During the time the drive rotates, cold water flows in so that the test 
piece is cooled down during grinding and also cleans the disk from grinding. When grinding, the 
test piece should be pushed down calmly and evenly so that the surface will be as fine and straight 
as possible without scratches. When all is finished, the test piece should be cleaned with water 
before starting with the fourth step.  
The fourth step is to polish the test piece, the same machine as the rotating water-lubricating disk 
is used but, in this case, it is only one disk. A polishing disk (DP-Dur Struers) is used with lubricants 
(DiaDuo-2 3μm Struers) and inserts a diamond suspension (DP-Spray P 3μm Struers) with a 
particle size of 3 micrometers. When polishing, the test piece should be rotated clockwise while 
the drive rotates counter-clockwise, the polishing is finished when you do not see any scratches 
left and the test piece should be like a mirror, that is when you know that you are done with the 
polishing. Before the fifth step begins, you should rinse the test piece with water and at the same 

Figure 12: Water-lubricating disk machine for grinding and polishing.  Grinding (1) and  
polishing (2) 

Figure 11: Product for mounting 

 1  2 
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time use the cotton pad to remove all particles, then you should rinse with ethanol to remove all 
the bacteria and grease that has occurred again, use the hairdryer to dry the test piece faster.  
The fifth step is the etching part and it is done due to being able to visualize the microstructure. By 
using etching, it will make the grain differentiable from each other and give them different colors 
depending on how they react with the chemicals. Different chemicals are used to different metals 
due to some metal are more resistant than others. The required chemical that is strong enough to 
etch SS 304 and SS 316L, Table 2 is working. Add a few drops of the mixture on the shiny surface 
to be examined, wait a few seconds then rinse the test piece with water, then it should be rinsed 
with ethanol and swab with hairdryer [37]. 

Chemical Picric  Hydrochloric Nitric Ethanol 

Amount % 1 5 5 89 

 
The fifth step is to analyze the microstructure in the light microscope. The higher the magnification 
of the lens of a microscope will be the more of the structure will be exposed to see. The microscope 
that was used has the magnification 10x, 20x and 50x. A 200x lens is usually used but, in this case, 
only 50x is used and it showed some results that can be analyzed. The sample is placed under the 
lens horizontally and then moving the focal point near the specimen’s surface will give results. 

3.5 Heat treatment   
To perform heat treatment, you need a heat chamber, gas, lighter, duplex stainless steel and duplex 
steel loaded with hydrogen, all materials needed in the Microstructure execution. 
The execution starts with loading metal samples with hydrogen, once it is loaded then two small 
pieces should be split up. One of the pieces should undergo microstructure implementation while 
the other should be inserted into the heat treatment chamber. To ignite a fire with a lighter in the 
chamber you need gas to pump in all the time the sample will be undergoing the heat treatment. 
The sample will be in the chamber until it has the same color as the fire inside the chamber, which 
means it has reached the max temperature it can be in that kind of heat treatment chamber. When 
the time is ready to take out the sample it needs to cool down and there is various way to do that 
but the method that will be used is by cooling the sample directly in cold water and the other 
method will be by letting it cool down inside the chamber. These two methods will be used to 
compare if it has any different effect on the sample. After the cooling process, it’s time to perform 
the same method as the microstructure implementation on the sample which by went heat 
treatment. Once both samples are finished, it should be compared in the microscope and see if it 
does matter if the sample is subjected to different temperatures, temperature plays a role in the way 
the grain boundary looks. 

Table 2: Working chemical formula 
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4 RESULT 
This section will show the result that has been obtained from the charged and uncharged samples, 
it is the result of the tensile test, DIC, and the microstructure.  

4.1 Stainless Steel 316L Siemens material 

4.1.1 Tensile test result 

 

 
Table 3 shows the result of the 316L SS tensile test, as the table shows that the elongation of the 
charged sample has decreased in comparison to the uncharged. For the tensile test, the grip was 
changed due to it is a dog bone shaped sample. It seems that when using a dog bone, the slippage 
is not that much. Hydrogen reduces the strength of the metal as it is demonstrated in the table, it 
reduces the strength with almost 50 MPa. One problematic part is that the current was increased 
with more than double than its initial current, which leads to the charging liquid evaporated faster 
and needed a little refile of liquid after 24h. 
 
 
 
 
 

Specimen 
 

Current 
(A) Initial 

Current 
(A) Final 

Elongation 
Machine 
 (mm) 

Elongation 
DIC or 
Measure 
(mm) 

Max 
Force 
(kN) 

Ultimate 
strength 
(MPa) 

Uncharged 1 - - 30,48 26,16 78,16 691,10 

Uncharged 2 - - 29,79 26,45 77,95 689,19 

Charged 48h  
test 1 

0,39 0,90 28,93 25,42 72,84 644,08 

Charged 48h  
test 2 

0,39 0.90 28,99 26,82 72,58 641,79 

Charged 48h 
test 3 

0,40 0,91 29,28 25,72 71,26 626,56 

Table 3: Stainless steel 316L 
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Figure 13, demonstrates the force and displacement curve of SS 316L charge and uncharged sample 
from the data from the tensile test machine. It shows that both the displacement and the force for 
the 316L SS has slightly decreased in comparison to the uncharged samples. From this curve, it is 
difficult to get any conclusion about the elongation because of the slippage that is occurring in the 
tensile test. 
 

Figure 13: Force Displacement Curve SS 316L charge and uncharged 
 

Figure 14: Engineering Stress-Strain Curve SS 316L charge and uncharged 
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Figure 14, demonstrate the engineering stress-strain curve of SS 316L charge and uncharged, the 
curve shows that the uncharged has a higher yield stress than charged one. This data also from the 
tensile test machine. As said before that it is almost 50 MPa higher than the charged specimen.  
Since there is a considerable amount of slippage from the grip, the data for displacement is 

extracted from DIC simulation. Figure 15, demonstrate test 1 and 2 uncharged of force-
displacement curve SS 316L, it compares the curves of the DIC data with the curve of tensile 
machine data. The displacement is even lesser then it shows in Figure 13, by looking in table 3, it 
will show it is almost a slippage of 4 mm. In comparison to other tensile testing studies, no one has 
done a cylindric testing on 316L SS and used DIC to compare how much slippage there is. Another 
thing is that the DIC curves have a linear elastic part meanwhile the machine data doesn’t have it. 
The same goes for Figure 16, that demonstrate a DIC and machine comparison of stress-strain 
curve SS 316L uncharged, the strain is much less for the DIC curves in comparison to the machine 
curves. This shows how much slippage from grip occurred during the test. 
 

 

 

 

Figure 15: Comparison of DIC and machine (tensile test) Force Displacement Curve SS 316L 
uncharged 
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Figure 17, shows the correct force and displacement for 316L SS charged 48 hours and uncharged. 
It clearly shows that the displacement of the material has decreased in the charged specimens 
except for test 2, it has a 0,4 mm displacement more than uncharged. 

Figure 17: Correct Force Displacement for 316L SS charged and uncharged 

Figure 16: Comparison of DIC and machine Stress-Strain Curve SS 316L uncharged 
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Figure 18, demonstrates the final SS 316L plot about the correct engineering stress-strain curve 
48h charged and uncharged. The correct engineering stress and strain curve show that it’s a 
significant difference when hydrogen is absorbed to the metal, both strain and yield strength is 
decreased when hydrogen is present.   

    
Figure 19, shows the 316L SS specimen after the tensile test, uncharged is 1 and the charged 2. 
The uncharged one has one of the sides a smother cup looking and the other side the “filling” of 
the cup. Meanwhile, the charged one is not that smooth looking, and the “filling” part has a bigger 
size and more brittle looking. 

Figure 19: 316L SS specimen after the tensile test, uncharged (1) and charged (2) 

Figure 18: Correct Engineering Stress-Strain Curve SS 316L 48h charged and uncharged 
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Figure 20 shows a 316L SS sample after being charged for 48h, the surface has been corroded. 
Comparing to the 304 SS 48h charged sample it is not corroded. The reason for that it has been 
corroded this fast can be due to the current is being doubled to its initial current. 

Figure 21, shows that the uncharged have a lesser diameter from the time the necking part starts to 
the breakpoint. Meanwhile, the charged sample has a wider diameter from the necking part until 
the breakpoint, which is due to the HE because it reduces the strength and ductility of the hydrogen. 
 

 

Figure 21: 316L SS specimen after the tensile test, uncharged (1) and charged (2) 

Figure 20: 316L SS charge 48h sample corrosion 
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4.1.2 Microstructure SS 316L result  

Figure 22, shows the 316L SS microstructure away from the breaking point with a magnification 
of 25X. The pictures are taken with a 12-megapixel mobile camera that was sticking to the eyepiece 
of the light microscope. The uncharged sample is easier to see the grain boundaries and the ferrite 
is easy to see but the pearlite is hard to see with only 25X. The charged sample to the right in Figure 
22 is seen clearly when a person sees it thru the microscope but taking a picture didn’t show clearly 
until a picture with black and white color was taken. Also, here the ferrite can be seen but not the 
pearlite, but to see the grain size of Figure 22, the pictures must be zoomed in. It will show that the 
grain size of the uncharged is bigger than the charged one. This shows that charging the specimen 
with hydrogen effects, the hydrogen atom went inside the vacancies present in the lattice sites. 

Figure 22: 316L SS away from breakpoint magnification 25X, uncharged (1), charged (2) 

Figure 23: 316L SS away from breakpoint magnification 50X, uncharged (1), charged (2) 
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Figure 23, shows the grain boundaries of the SS 316L away from the breaking point but instead, 
the magnification is 50X. The uncharged specimen shows clearly the grain boundaries and here 
the ferrite and pearlite are clearly shown. The grain size is clearly shown that they are big here. 
Meanwhile, the charged specimen both the ferrite and the pearlite are hard to see, using the 
microscope is a bit easier to see but not taking a picture of it. There are black dots that is shown in 
all the microstructure figures, these black dots are carbides formation. The oxygen or hydrogen is 
being prevented do react with the metal due to the chrome formation lay.  

Figure 24, shows both the uncharged and charged 316L SS near the breaking point with a 
magnification 31,25X. It shows almost the same thing with away from a breakpoint, here the grain 
boundaries for the charged one are smaller than the uncharged one. The charged sample has a more 
colorful color due to the chemical the ferrite is easy to see in the near breakpoint for both the 
charged and the uncharged, but pearlite can’t be seen in the pictures.  
In Figure 25 the pictures show the charge and the uncharged with a 50X magnification. Bisect of 
both the charged and the uncharged is blurry due to that grinding may not have been fully 90 
degrees. When a sample is not 90 degree it makes the sample only part of it clearly when looking 
into the light microscope. It is a bit harder to see the uncharged one due to that even if etching is 
done in the same on both the charge and the uncharged, the uncharged specimen will have a more 
resistant to etching. Because of the hydrogen is decreasing its resisted strength. The ferrite part is 
clearly shown in the pictures both for the charge and the uncharged one. The pearlite for the 
uncharged one was not found in this picture but for the charged one, the pearlite is shown in one 
place and it is marked in the picture.  
 
 
 
 
 

Figure 24: 316L SS near breakpoint magnification 31,25X, uncharged (1), charged (2) 
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4.1.3 Slow strain rate 
Figure 26, shows the tensile test of the slow strain rate both for charged and uncharged. There is a 
clear difference between both. The uncharged looks like one side are cup and the other side is the 
“filling”, and it is without any brittle. Meanwhile, the charged one looks like its been cracked 
randomly, it is also clearly seen that there is a lot of brittle before the breakpoint. It shows that the 
hydrogen influences the metal. The charge sample was charging at the same time it was being 
pulled, it led to that hydrogen was influencing the sample until the end. 

Figure 25: 316L SS near breakpoint magnification 50X, uncharged (1), charged (2) 
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Figure 26: Slow strain rate tensile test 316L SS, charged (1) and uncharged (2) 
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Figure 27, shows the charged slow strain rate to the left and charged fast strain rate. The fast strain 
rate has also more or less a cup version look except that it is not that balanced looking.  It looks 
more like it is uneven cracks everywhere in the cup. Comparing to the brittleness before the 
breakpoint of the sample the slow strain rate has a bigger and clearer brittle. That is due to that the 
charged fast strain rate it is exposed to air when its in the tensile test. But the slow strain rate is 
always being charged with hydrogen when the tensile test is being performed. 

Figure 28, shows the 316L SS uncharged both for slow and fast strain rate, both have the same 
form that it is cup looking and “filling”. The only thing that is different between them is that the 
diameter is lesser for the slow strain rate compared to the fast strain rate. The reason is that the 
elongation becomes lesser when it is slow strain rate and the deformation start earlier and makes 
the diameter lesser [38].    
 
 

Figure 27: 316L SS charged samples tensile test, slow strain rate (1) and fast strain rate 
(2) 

Figure 28: 316L SS uncharged samples tensile test, slow strain rate (1) and fast strain 
rate (2) 
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4.2 Stainless Steel 304   

4.2.1 Tensile test result 

 
Table 4, shows the specimens current (A) initial, current (A) final, elongation machine (mm), 
elongation DIC or measure (mm), max force (kN), and ultimate strength (MPa). The table shows 
clearly that elongation decreases for the charged sample except for the charged 48h test 1, it is 
exposed for air for a long time. This means that hydrogen is influencing the metal, it decreases the 
metal's strength and ductility. The elongation from the machine can’t be trusted due to slippage, 
the correct elongation is in caulome of “Elongation DIC or Measure (mm)”, it is almost 10 mm 
less than the machine. The ultimate strength is from correct stress and strain curve except for charge 
12h and the 48h charged test 1, they are from engineering stress and strain curve. But the ultimate 
strength is decreasing for the charged samples 2, 3 and 4 in comparison to uncharged 1. The reason 

Specimen  Current (A) 
Initial 

Current (A) 
Final 

Elongation 
Machine 
 (mm) 

Elongation 
DIC or 
Measure 
(mm) 

Max Force 
(kN) 

Ultimate 
strength 
(MPa) 

Uncharged 1 - - 48,76 33,77 72,28 639,01 

Uncharged 2 - - 48,39 33,55 71,44 631,61 

Charged 12h - - 46,82 - 72,36 639,83 

Charged 48h 
test 1 (air) 

0,38 0,41 52,53 37,68 72,60 641,89 

Charged 48h 
test 2 

0,38 0,41 44,51 32,48 70,67 624,58 

Charged 48h 
test 3 

0,39 0,43 46,04 33,00 71,77 634,25 

Charged 48h 
test 4 

0,39 0,42 46,26 31,48 68,07 601,66 

Figure 29: 316L SS comparison, charged slow strain rate (1), charged fast strain rate 
(2), uncharged slow strain rate (3), and uncharged fast strain rate (4). 

Table 4: Stainless steel 304 
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that charged tests 3 and 4 is not lesser than uncharged test 2 can be that the initial load wasn’t 
included here.  The voltage for charging is 6V, the charging current changed from its initial one 
and it increased a little bit. 

Figure 30, demonstrates a graph of the stress-strain curve of the SS 304 that is both charged and 
uncharged sample from the data from the tensile test machine. The curve shows clearly that the 
hydrogen charge specimen has a lower strain except one of the 48 hour charged specimens. It is 
due to that the specimen was exposed for a long time to air but also due to a part of the bracket got 
loose, therefor that single 48 hours test is not vailed due to failure. But is good to see what happened 
to a curve that is charged specimen when they are exposed to air for a long time and a mechanical 
failure appears. The graph also shows that more hydrogen charging leads to lesser strain except the 
fail 48h charged specimen. Since, there is a considerable amount of slippage from the grip, the data 
for displacement extracted from DIC simulation. From this curve, it is difficult to get any 
conclusion about the elongation the same goes for Figure 31, but Table 4 illustrates the different 
elongation. The yield stress value is hard to see in the graph but in table 4 it demonstrates that it is 
a bit high yield stress for the uncharged.  
In Figure 31 demonstrates the force and displacement of the SS 304 specimen from the data from 
the tensile test machine. It shows clearly that the displacement has decreased slightly with the 
charging specimen except the failed 48h test. Both this graph and Figure 29 graph is an engineering 
graph.  

Figure 30: Engineering Stress-Strain Curve SS 304 charge and uncharged 
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Figure 32, demonstrates a comparison of the curve form data that is extracted from the tensile test 
machine and the data from DIC. This shows how much slippage from grip occurred during the test. 
The machine can’t read the slippage, so it only extracts data until the breaking point and then it 
stops. Meanwhile, the DIC can count the distance from two-point of the specimen until it breaks, 
and the result is shown above. The difference in in slippage is more than 15 mm and that says a 
lot. 
 
 
 

Figure 31: Force Displacement Curve SS 304 charge and uncharged 
 

Figure 32: Comparison of DIC and machine Force Displacement Curve SS 304 uncharged 
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Figure 33, demonstrates the comparison of charged 304 SS force and displacement curve of 
measure and machine data. This shows how much slippage from grip occurred during the test. The 
curve only showed the 48h test 2,3 and 4 of the charged one due to that they are the successful 48h 
test. Meanwhile, 48h test 1 was exposed to air for a long while and gave a fail result. Test 2 and 3 
have almost an identical displacement, looking at Table 3 shows that the difference is only 0,52 
mm. 

Figure 34, demonstrate the comparison of charged SS 304 measure and machine stress-strain curve. 
The measured data show a lesser strain than the machine data and there is an odd thing that 
happened in the measured data. It can be due to it only measure ever 10 second and it might have 
happened something there so that it went a bit backward. This curve shows slippage from grip 
occurred during the test, the measured data demonstrate without the slippage. 

Figure 33: Comparison of measure and machine Force Displacement Curve SS 304 charged 

Figure 34: Comparison of measure and machine Stress-Strain Curve SS 304 charged 
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Figure 35, demonstrates the correct stress-strain curve, which means that this is the most likely 
data that can be trusted. The engineering curve is the data that is extracted from the tensile test 
machine, but correct engineering curve is from the data that is extracted by DIC and measurement 
and that means without the slippage. Only uncharged and 48h test is compared in this curve except 
the fail 48h that is not included.  

Figure 35: Correct Stress-Strain Curve SS 304 48 h charged and uncharged 

Figure 36: Correct Force Displacement Curve SS 304 48 h charged and uncharged 
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Figure 36, demonstrates the correct force and displacement of the SS 304 charged and uncharged 
curve, which is also without slippage. It shows that the displacement for the charged one is lesser 
than the uncharged but not with much. 

4.2.2 Microstructure SS 304 result  

Figure 37, shows the microstructure of 304 SS away from the breakpoint, picture 1 is uncharged 
and 2 is charged. The grain boundaries can barely be seen for both the charged and uncharged. It's 
due to that different metals need different etching chemicals to work, and in this case, the chemicals 
are barely good enough for the 304 SS. In 316L SS the chemical is enough to see the grain 
boundaries. In the pictures, the ferrite can be seen in both charged and uncharged, but pearlite is 
only seen in the charged one.  

Figure 38, shows the 304 SS both charge and uncharged with a 50X magnification. The ferrite is 
shown for both, but the pearlite is not shown, both the pictures has the same structure looking. As 

Figure 37: 304 SS away from breakpoint magnification 31,25X, uncharged (1), charged (2) 
 

Figure 38: 304 SS away from breakpoint magnification 50X, uncharged (1), charged (2) 
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explained in Figure 37 is that the grain boundaries are barely shown due to the etching chemical is 
not the perfect combination for the 304 SS.  
 

Figure 39, shows the 304 SS microstructure near the breakpoint both charged and uncharged, they 
both have almost the same kind of structure. The ferrite part is not that seen, and the pearlite is not 
seen at all. The same goes here that the 304 SS need another kind of etching chemicals to be shown 
as good as the 316L SS microstructure.  

Figure 40, shows the 304 SS near the breakpoint for both the charge and uncharged but in 50X 
magnification. As it is shown in Figure 38 with magnification 25X that there are no differences, 

Figure 39: 304 SS near the breakpoint magnification 25X, uncharged (1), charged (2) 
 

Figure 40: 304 SS near the breakpoint magnification 50X, uncharged (1), charged (2) 
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the grain boundaries are not being shown properly. Also, a part of the pictures is blurry do to its 
not 90 degrees when it is looked at in the light microscope.    

4.3 Duplex Stainless Steel 

4.3.1 Heat treatment microstructure  
 

Figure 41, shows the microstructures of duplex both for heated and unheated, it shows a clear view 
that the heated sample the gain boundaries expanded its size. This means that depending on the 
temperature the structure will be changed, in this case, the ferritic grains size expands.   
 
 

Figure 41: Duplex SS grain boundaries, unheated (1) & heated (2) 
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5 ANALYSIS AND DISCUSSIONS 

5.1 Hydrogen charging influence on 304 SS and 316L SS 
To see any effect of hydrogen embrittlement, the charging of material was required. To have the 
fully perfect setup took a little bit of time. Different containers had to be used to find the right kind 
of container to the cathodic charging. The reason for that is that the material of the container was 
reacting to the chemicals, and the plastic charged color during the charging process. Another thing 
that needed to be changed is the table salt that was used in the beginning for the charging, due to 
that it contained fluorides and other impurities, it wasn’t pure salt (99%). That’s an indication of 
there is a reaction that leads to a by-product, and it´s not the aim. After changing to the pure salt, 
the smell disappeared. Ammonium thiocyanate 3g was also added with the salt in the deionized 
water.  
During the charging process, the material 316L SS the protective layer became corroded as it can 
be seen in Figure 20. Even if 316L SS is a high strength material and consists of 2,08% Mo that is 
good corrosion resisted. The reason for that is either that the chromium amount is lesser in the 
316L then the 304 SS. Another reason for the corrosion is that the current became too high in 
comparison to 304 SS or the oxygen that is in the charging liquid. All the test was done with a 
voltage 6V and it was the same voltage from the start until the final so that is a good thing. If every 
test had a different voltage, then the result could not be compared. Not going over 6V was because 
it is a risk that the platinum wire will get burned and much more evaporation than it is all ready for 
316L SS. The initial charging was always 48h because if we wanted to see a good difference, it 
was tried with 12h charging but almost nothing happened that’s why 48h was chosen. The current 
for the charged 304 SS only changed a bit and almost the same amount for all the charged sample. 
When the current changed the intensity of the bubbles increased and so did the evaporation of the 
charging liquid.  
Both high strain rate and slow strain rate was used, this was done so that the comparison of how 
the material would be affected by the hydrogen. High strain rate had a lesser embrittlement, to test 
a high strain rate the sample needed to be charged with hydrogen for 48h and later be do the tensile 
test. When the tensile test is being done the sample will be exposed to air from it is finished 
charging until the tensile test is finished, all that time the hydrogen will diffuse. Meanwhile, the 
slow strain rate will all the time it is being exposed to hydrogen due to it’s being charged at the 
same time the tensile test is being performed. A special container had to be designed to contain the 
liquid so that it would not leek while undergoing the tensile testing. To demonstrate the result of 
the test curves and tables of the tensile test was made to make it easier to see the difference. The 
result showed a clear difference when a material is exposed to hydrogen and it decreased the 
strength and displacement for both specimens. It is a higher displacement for 304 SS than the 316L 
SS and that can be due to 304 SS has a lesser ultimate yield strength. 

5.2 Correction of Engineering Stress-Strain Curves  
Because of the slippage that occurs during a tensile test a DIC analysis was performed to get the 
precise displacement for both materials. The tricky part of doing a DIC is that the sample is 
cylindrical and that stainless steel is shiny. The only way to reduce the shininess is that half of the 
specimen was sprayed with white color from top to bottom, then gently a little spraying of black 
color enough to see some black dots on the surface. Red dots were also placed on the surface, the 
distance between the first dot and the last one was 80 mm. To do the DIC analysis on the GOM 
software the black and red dots had to act as a mesh. The cylinder created shadows because of its 
curve, to reduce it the background had to be white and the camera had to be placed so that only the 
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specimen was captured with the white background. A blurry video will reduce the preciseness of 
the result that’s why the tensile test only started when the video recording was clear. Due to the 
other party demonstrated the setup it took less time to practice and fail. No movement could be 
done once the test started, otherwise the lightning would of people moving being captured of the 
video and the result will be less accurate. To have a successful DIC analysis these factors that had 
to be perfect is lightning, quality of painting, the shadow, and the dot size. The DIC analysis could 
only be done on the uncharged samples, the reason for that is that there is no time limit for how 
fast the process must be. Meanwhile, the charged sample needs to fast be moved from the charging 
container to the tensile test due to that hydrogen is defusing fast. Instead of painting the sample 
five red dots are put on the surface, one 20 mm from the top and one 20 mm from the bottom and 
the rest is in the middle point. The video of the test will be used to measure how much they move 
between the upper dot and the down one. The measurement was done every 10s so that the result 
would be as accurate as possible. It took time to measure and had to be done more than once just 
to be sure. To get the right measurement, calculation had to be done because of that the video 
doesn’t show the real value. The video could show a bigger size or a lesser one of the original 
specimens, that why it was calculated in a certain. By doing the DIC analysis and measurement the 
correct stress and strain curve could be demonstrated as can be shown in Figure 18 and in Figure 
35 and, the correct force and displacement curve in Figure 17 and 36 It shows the real displacement 
in comparison to engineering stress-strain curve and force and displacement.  
The correct engineering stress-strain curves for the uncharged and charged samples had a lesser 
displacement and strain in comparison to the engineering curves and the ultimate yield strength 
was decreased for the charged samples. That indicates that hydrogen influences the mechanical 
properties of the material once it is exposed to hydrogen. Hydrogen had a more negative effect on 
304 SS due to that the displacement decreased with almost an average value of 1,34 mm. The 
decreased average value of 316L SS is 0,32 mm and that indicated that the hydrogen affected the 
stronger metal a little bit less. 304 SS ultimate yield strength decreased of an average value of 15,15 
MPa, meanwhile, the 316L SS ultimate yield strength average value decreased with 52,7 MPa. 
Due to the problem with Matlab code, the comparison curve of charged 316L measured and 
machine data was not able to be provided.  

5.3 Metallographic and fractur surface 
To only use the data from the tensile test and DIC wasn’t enough, to confirm that something is 
really happening inside the material a microscopic analysis was made. The microscopic analysis 
will support the result that has been acquired. A light microscope had to do unfortunately for 
looking at the microstructure due to lack of equipment like XRD or spectroscopy techniques. The 
microscope had a lens up to 50X magnification, but it had to do. To be able to see the microstructure 
of the material, a couple of steeps had to be done. It started with mounting resins, grinding, 
polishing and then etching with the chemicals (picric acid, hydrochloric, nitric acid with ethanol). 
The hydrochloric acid had to be bought the same goes for the polishing material. Testing was done 
with structural steel first to see if everything worked, and it almost did. The when etching the 
sample, the acid also etched the raisin and it became red color at the sample. After seeing that the 
color may affect the result, it was chosen that it would not be used anymore even if it did the 
grinding and polishing easier. When etching the structural steel the required formula was 
containing nitric acid, picric acid, and ethanol. Working with 304 SS and 316L ss was done once 
the testing on structural steel showed results. The result showed that there was a difference between 
the charged and uncharged samples. Once starting the etching of the stainless steel a complication 
occurred, the same formula for the structural steel didn’t show any grain boundaries. A new 
approach was done, and this time was that the consecration of nitric acid was increased but still 
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nothing happened so the time of etching was also increased but still nothing. An etching formula 
from Table 1 was also tried and still nothing. So, a combination of four different acid was and it 
was nitric, picric, hydrochloric and sulfuric acid with ethanol but that ended up with all the acid in 
that container was evaporated and splashed out of the container but due to fast-acting, no acid was 
splashed on the skin. After a long and hard trail, a final formula (1% Picric, 5% Hydrochloric and 
5% Nitric acid mixed with 89 % Ethanol) was found that could etch the stainless steel a bit. The 
microstructure test was done on the sample near necking and away from necking, the result showed 
a clear view when it’s away from the necking. That can be due to that it's less elongated there and 
compressed. Meanwhile, the near necking showed a less clear view and almost no difference. That 
can be due to that when it is elongated the grain boundaries are being pulled for both charged and 
uncharged and it becomes more compressed. The ferrite off the 316L SS and 304 SS became 
reduced its grain size and the pearlite was more seen in the charged samples. The reason for reduced 
gran size can be because of hydrogen atoms that got absorbed went inside the vacancies present in 
the lattice sites. This kind of thing usually happen when metal is subjected to force and undergo 
plastic deformation. The pearlite appearing more in the charged sample and that can be a 
coincidence because the microscope hade only a max magnification of 50x if it was looked in an 
SEM or XRD it maybe was possible to see them more in charged and uncharged.  
Looking at the fracture surface it was clearly shown that the charged samples have a more brittle 
surface. To compare the slow strain rate surface with the high strain rate surface it is a clear view 
that when hydrogen is present all the time until its breakpoint the surface was extremely more 
brittle and a random look than the charged samples. Figure 27 demonstrates the differences of 
charged hydrogen with slow and high strain rate and it shows undoubtedly that there is a difference. 
Meanwhile, in Figure 29 prove the differences of both slow and high strain rate with charged and 
uncharged. Different kind of behavior is to be expected when steel is exposed to different kind of 
conditions, Table 3 and 4 with Figure 29 proves it. Another reason for that the brittle in the slow 
strain rate is due that hydrogen can get in the sample even more amount and easier during the 
tensile test because the cracks become bigger.  
A duplex sample was compared with its original form and after heat treatment and there is a clear 
difference that the grain size became bigger for the ferrites.  
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6 CONCLUSIONS AND FUTURE WORKS  
This thesis aimed to study the effect of hydrogen and how the embrittlement is influencing the 
mechanical properties and microstructure of the materials. Diverse element needs to be considered 
to see how hydrogen is influencing the material. These factors are strain rate, current, voltage, 
charging time, microscope, a fully functional slow strain rate container and which chemicals to 
use. First of all, the test results showed that there is a considerable amount of slippage from the 
grip that one can do not rely on the data for displacement from the tensile test machine that the 
strains must be correctly measured by DIC or extensometer. Then, the results also show that 
hydrogen influences the ductility, the ultimate yield strength by reducing its strength, it’s 
microstructure and the failure process of the materials. The 316L SS had a lesser displacement than 
the 304 SS and that demonstrates the strength and alloying in steel can be an important factor to 
minimize the absorption of hydrogen. The fracture surface became significantly different when 
compared to the slow and fast strain rate the slow strain rate showed a significant difference in 
brittleness. This shows that when the hydrogen introduced by pre-charging, there is the only 
diffusion that accounts for the hydrogen absorption into the metal. However, in the slow strain rate, 
both diffusion and mechanical stress account for the absorption of hydrogen into the metal. The 
metals are exposed to hydrogen while performing tensile tests in the slow strain rate testing. Only 
two tests were performed on slow strain rate for charging, due to lack of material and time but both 
tests gave the same result. For the uncharged slow strain rate, only one test was performed. The 
last additional one, the influence of heat treatment on the duplex steel showed some interesting 
result, it expanded the grain boundaries size. Due to lack of time only two heat treatment sample 
and two original sample was done for the microstructure. From this one can say that the effect of 
hydrogen on the grain boundaries at the presence of temperature might be influenced. However, it 
is not investigated further in this thesis and it would be interesting to see how the grains are get 
affected by both hydrogen and temperature in future studies.  
This study leaves many interesting future work suggestions, which was figured out during the thesis 
work, could not be implemented in this study due to time. For future studies about hydrogen 
embrittlement, some factors need to be in consideration so that the accuracy of results will increase 
by considering other factors into account. These factors are temperature, time, current, pressure, 
chemicals, etc just to observe the effect of it. The followings are suggested for future work in 
hydrogen embrittlement studies: 

• 3D DIC analysis for cylinder specimens. 
• Microstructure study by using XRD and SEM. 
• True stress-strain curve. 
• Slow strain rate with hydrogen gas and compare with the cathodic charging. 
• Stabilise the current so that the initial current will be the same as the final current. 
• Try charging with hydrogen before heat treatment and look at the microstructure, charge 

after heat treatment and look at the microstructure. It should also be looked at how the 
mechanical properties is being effect of heat treatment. 

For further studies these areas would be interesting for future work. 
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