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Abstract: 
The present paper studied the influence of hydrogen on the mechanical 
properties and microstructure of the materials. This study is done by doing 
hydrogen charging of steel bar specimens. The two types of steel are used for 
study, structural steel S235 and stainless steel 316L. The tensile test has been 
performed to get the data of the charged and uncharged specimens. Different 
strain rates were used to study the effect of the material after charging. The 
charging time ranged from 24 hours to 144 hours. The specimens are cylindrical 
shape. Digital image analysis is performed for the uncharged specimens to 
correctly analyse the strain field and compare it with the results from tensile 
test. For DIC analysis a GOM correlate software was used to study the 2D strain 
analysis of the specimen. The results show that hydrogen influences the 
mechanical properties of the material and microstructure.  
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          NOTATION 
 

Symbol Meaning 

σ Engineering Stress (MPa) 

ϵ Engineering Strain 

P Force (N) 

A  Cross Sectional Area (m2) 

δ Change in specimen length (m) 

L  Original Length (m) 

E Modulus of Elasticity (GPa) 

Acronym  

DIC Digital Imaging Correlation 

SCC Stress Corrosion Cracking 

HE Hydrogen Embrittlement 
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1 INTRODUCTION 
1.1 Background 

In today’s world we face a big problem. The problem is now 10 billion tons of equivalent 
energy is consumed across the world, which is a large amount of energy. 80% of energy 
is provided by fossil fuels such as coal, oil, and natural gas [1]. In the near future these 
fossil fuels may be scarce and can pose an impact on the environment. Today Hydrogen 
is considered to be the future energy carrier and can replace scarce fossil fuels. This often 
requires a strong metallic container to transport or store the hydrogen. The disadvantage 
of this energy is the high diffusivity of hydrogen into metallic base material. The reason 
is this element can give a rise to embrittlement in the steel components [2]. For hydrogen 
powered vehicles, “gaseous hydrogen has to be stored at a pressure up to 70MPa to 
achieve sufficient gravimetric and volumetric energy density” [3]. High strength steels are 
the stable requirements since they combine light weight and have high strength. The issue 
with this unfortunately is high strength steels are more sensitive to hydrogen. When these 
materials are exposed to hydrogen environment during its service life it becomes more 
brittle and materials fail at a load level which much lower than original load bearing 
capacity. This phenomenon can influence the mechanical material characteristics. This 
leads to brittle and unpredictable fracture which can have severe consequences [2]. To get 
a more perspective on this and to try to solve this issue of predicting hydrogen damage, 
detailed research on the effect of interaction between hydrogen and high strength steels is 
necessary. Another fact is Hydrogen can dissolve in most metals and alloys which is why 
it’s a concern for interactions with lattice crystals in iron, steel, nickel, titanium, vanadium, 
zirconium, silicon and other metals used in engineering. Hydrogen also causes problems 
in materials which leads to stress corrosion cracking, hydrogen induced cracking, hydride 
cracking and other deleterious effects which leads to catastrophic fractures [4].  
    It’s very important to understand hydrogen’s detrimental effects and it should be 
reduced as much as possible. Hydrogen-induced degradation and all the phenomena that 
is associated with its deleterious effects are known as Hydrogen Embrittlement (HE). This 
phenomenon implies a hydrogen induced transition from ductile to brittle behaviour. The 
research for effect of hydrogen in mechanical properties has been investigated at the end 
of the nineteenth century. Hydrogen assisted degradation has been explained and 
researched widely. However, at the moment underlying mechanisms are still being 
discussed with numerous theories suggested and extensively reviewed [5]–[7]. The 
Hydrogen Embrittlement phenomena is complex which is why it’s required to have 
knowledge of how hydrogen interacts on the metal surface. Another important thing is 
how it enters the metal and transports through the crystal lattice. Its interaction with crystal 
defects like vacancies, dislocations, grain boundaries, and solutes. These are all important 
in order to understand HE more but the most important is its effect on the modification of 
material properties [4]. From experimental studies it has shown that the presence of H 
atoms as it goes through the solid materials has a large influence on both crack propagation 
and nucleation [8]. How fast hydrogen atoms diffuses through the solid materials lattice 
relates to HE.       
    The materials that will be used is structural steel S235 and stainless steel 316. Both 
have different material properties and how much the hydrogen influences them is what 
we will be investigating. The objective and aim of this thesis are to study and understand 
what will happen to these materials when they are under the influence of hydrogen. We 
want to investigate on how the mechanical properties and microstructure will be affected. 
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This will be done by performing experiments and by using a tensile test machine. When 
we know how much it’s influenced this can be used as a gateway to hydrogen energy. 
Knowing how much it’s influence can help us improve and create systems that can solve 
the problem of hydrogen embrittlement and prevent catastrophic failures.  

1.2 Research Questions 
1) How does hydrogen embrittlement affect the mechanical properties of steels? 

- Strain rates (high strain rate) 
- Tensile strength  
- Ductility (influence on the strain)  
- Plasticity 
- Deformation 

 
2) What are the effects of hydrogen embrittlement on the grain structure of steels? 

- Coarse grain size (Material is ductile) 
- Fine grain size (atomic hydrogen filling the dislocation sites) 
- Inclusions (Formation of hydrides) 

 
3) What experimental variables should be considered during hydrogen charging? 

   -        Charging time 
                   -        Voltage magnitude 
                   -        Strain rates (High strain rate) 

   -        Tensile strength  
   -        Composition of electrolytes and salts 
   -        Polishing specimen surface 
 

Definition  
Hydrogen embrittlement is a phenomenon in which metals becomes brittle when they 

are exposed to hydrogen enriched environment and mechanical stresses. Hydrogen 
embrittlement causes degradation of the mechanical properties of material. 

 
1.3 Hypothesis 

1) Hydrogen embrittlement degrades the mechanical properties of stainless steel.  
2) Induced hydrogen makes grain size fine. 
3) Changing the variable change the effects. 
 

1.4 Limitations and difficulties 
Detailed microstructure is not present as characterization techniques like XRD, SEM and 
Spectroscopy was not available. Proper chemicals for metallography were also not 
available so results are only based on low magnified light microscope. This thesis only 
focuses on two steel materials.  
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2 RELATED WORK 

2.1 Stainless Steel 

Stainless steel is an alloy of Iron (Fe) and Carbon(C)<1.2% which contains minimum of 
10.5% Chromium (Cr) [9], [10].  Chromium produces thin layer of oxides on surface of 
steel known as “passive layer”. This oxide layer prevents the surface from any further 
corrosion and its resistance against corrosion increases. Following figure(1) shows the 
phenomenon how passive layer of chromium covers the surface [10].  

 
Figure 2.1: Formation of Passive Layers 

 
Other elements, such as nickel, molybdenum, titanium, aluminum, copper, niobium, 
sulfur, nitrogen, phosphorous and selenium can be added to impart other properties such 
as formability [11]. 

 
Figure 2.2: [10] 

 
Stainless steel has various applications. The main applications are[9]:  

1) Domestic – cutlery, razor blades, liners of microwave oven, saucepans, washing 
machine drums etc. 

2) Transport- containers, tankers, exhaust systems, vehicles, chemical tankers. 
3) Chemical- pressure vessels, piping.
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4) Architectural- lintels, lighting columns, furniture, cladding, handrails, structural 
sections etc. 

5) Oil and gas- pipelines, cable trays etc. 
6) Medical- surgical instruments, surgical implants, MRI scanners 
7) Foods- brewing, catering, food processing. 
8) Water- water turbine and water tanks. 

2.2 Types of Stainless Steel 
Out of 100 grades of stainless steel majority are classified into five 5 major groups [11]: 
1) Ferritic 

The steels have similar microstructure to carbon and low alloy steels, body centered 
structure (BCC) as their main phase [12]. Because of low toughness in welds they are 
relatively used in thin sections [9]. They contain less than 0.1% of carbon with 
molybdenum, aluminum or titanium as alloying elements. Possess high ductility with 
low temperature strengths at high temperatures [10]. 

2) Austenitic 
They have primarily face centered cubic crystals(FCC)[12]. Austenitic steels contain 
16 to 26 % chromium and up to 35% nickel. They are highly resistant to corrosion 
[11]. Sometimes their microstructure is derived from addition of Manganese and 
Nitrogen instead of Nickel. They are formable and weldable [9]. 

3) Martensitic 
Martensitic steels contain up to 1% of carbon. They can be hardened and tempered 
and are used when high strength is required [9].  Technically martensitic steels are 
considered as supersaturated solutions of carbon in iron and gives acicular (needle-
like) microstructure. By quenching they can be converted into austenitic steels. They 
are usually brittle [12].  

4) Duplex 
This type of stainless steel contains 50% of ferritic and 50% of austenitic phases. They 
are resistant to stress corrosion cracking [9]. Their primary use is in chemical plants 
and piping applications. They have high yield strength than austenitic steels [10]. 

5) Precipitation hardening steels 
With the addition of copper, niobium and aluminum these steels give very high 
strength by suitable ‘aging’ heat treatment very fine particles form in the matrix. These 
type of steels can be machined into complex and intricate shapes [9]. 

 
Effects of alloying elements 
Addition of alloying elements to steel imparts some important properties to it some of 
them are listed below [13]:  

1) Nickel 
It has no direct effect on passive layer but has some beneficial effects especially in 
sulphuric acid environments. It creates resistance against corrosion, for example in 
high-nickel alloys pitting corrosion is less likely to promote. Nickel helps to form 
high temperature super alloys because of its ability to form adherent oxide and 
precipitation hardening phases based on Ni3Al. 

2) Molybdenum 
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High melting point of molybdenum imparts high strength properties to steel. Most 
commonly range of its usage is 2-4% even this low amount improves pitting 
resistance in chloride environment. It reduces the oxidizing effect. 

3) Niobium 
It provides strength on mechanism based on precipitation of fine dispersed carbide 
(NbC). It resists the intergranular corrosion in heat effected zones (HAZ). 

4) Titanium 
Titanium prevents pitting corrosion as titanium reacts with Sulphur to form Ti2S 
instead of manganese sulphides (MnS) which are pit initiation sites. Titanium 
increases hardenability. 

5) Manganese 
It acts as deoxidizer in steel. In molten state manganese reacts with oxygen to form 
manganese oxide (MnO). It also prevents formation of iron sulphides inclusions 
which may cause hot cracking problems. 

6) Silicon  
Small amount of silicon and copper increases corrosion resistance. The main 
function of silicon is to improve oxidation resistance and it’s a ferrite stabilizer. 
High-silicon contents also prevent austenitic steels from carburizing at elevated 
temperatures. 

7) Nitrogen 
Nitrogen improves the yield strength to low carbon steels. 

2.3 Hydrogen Embrittlement Phenomena 
It has been known that for almost 150 years that hydrogen has detrimental effects on the 
mechanical properties of metallic compounds [14].It involves the process of insertion of 
hydrogen into a component and cause reduction of ductility and load-bearing capacity, 
cracking and brittle failures of suspectable material at stresses below the yield stress [15]. 
Hydrogen embrittlement phenomenon can be manifested by blistering, internal cracking, 
hydride formation and reduced ductility [16], other effects may be tensile strength, low 
and high cycle fatigue, crack growth rate and creep rupture[17]. Main challenge comes 
from the fact that hydrogen atoms are so small that their presence can only be detected by 
mass spectrometry or interaction with other elements. 
Hydrogen concentration is one of the 3 most crucial factors that involves degradation of 
the metal the other factors involve microstructure of the material and internal and external 
mechanical loading. While dealing with steels focus is kept mainly on the diffusion 
process of and interaction of hydrogen with microstructure where high stresses are applied 
like around growing cracks.  
The relationship of hydrogen and material can be described by 3 factors, microstructure, 
applied mechanical load and hydrogen concentration. Generally hydrogen assisted 
cracking (HAC) usually refers to the reduction of ductility rather than strength [14] 

 
General information about hydrogen embrittlement (HE) is given below[17], 

1) HE does not need whole component to be brittle it can be only localized. 
2) Instead of direct hydrogen attack, other hydrogen containing gases can also do the 

work such as H2S, HCl, HBr. 
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3) Initial local deformation due to advancement of crack in not evident and can 
barely take into consideration by common ways. 

4) Ductile materials are more prone to HE. 
5) As little as 0.0001% by weight can stimulate cracking in steels [18]. 

Hydrogen in the form of atomic or molecular hydrogen is absorbed to carbon steel alloys. 
The absorbed hydrogen diffused to grain boundaries and forms bubbles there, these 
bubbles exert pressure and lower downs the ductility and strength of material [19].  

 
Figure 2.3: Hydrogen Embrittlement Process [19] 

 
 

But, exact mechanism of HE is still unknown with the fact that initial cause is from direct 
penetration of atomic hydrogen in metal structure. Most of mechanisms are based on slip 
interference when hydrogen get dissolved and accumulate near dislocation sites or micro 
voids [18].  

Hydrogen assisted cracking and degradation of steels 
Hydrogen ions easily penetrates lattice site because of their smaller diameter. They mostly 
occupy interstitial sites such as hydrides and internal surfaces or voids are filled with 
gaseous hydrogen. Lattice type links directly with the possible occupation of interstitial 
sites for hydrogen. Despite BCC lattice contains more interstitial sites than FCC lattice, 
still it offers lowers hydrogen solubility to austenitic steels. Grain size of phases also 
influence the diffusion rate of hydrogen in metal. Most important hydrogen induction 
mechanism is due to movement of dislocations. Two factors affect largely on this 
mechanism; applied load and available hydrogen.  
Defects are present in the microstructures and cause to increase hydrogen solubility. 
Defects are also known as trap sites. Hydrogen intake can be happened in many ways but 
the most common way is due to difference in hydrogen concentration results in absorption 
of hydrogen in metal [14].  
Hydrogen absorption and adsorption 
Hydrogen is available in large quantity in environment and get absorbed to the metal 
surface and then further absorbed to the bulk of material. Phenomenon of adsorption and 
absorption occurs in 3 steps [14]: 

1) Transportation of  ions in acidic solutions or ions in basic or alkaline 
solutions in electrolyte to specimen surface. 

2) Movement of  ions to the surface of metal and getting reduced over it. 
3) Combination of two atoms of neutral hydrogen to make gaseous hydrogen and 

absorption of this hydrogen gas in the bulk of material. 
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Hydrogen diffusion and mobility 
BCC structure has more diffusion rate and low solubility of hydrogen because of low 
packing factor in comparison to FCC. Whereas, FCC has opposite case to BCC, having 
lower diffusion rate and higher solubility due to its closed packed lattice structure. Another 
mechanism of hydrogen transportation is short circuit paths, there are also many other 
assumptions regarding the preferred paths and nature of hydrogen diffusion in steels. 
Diffusion behaviour of hydrogen is largely affected by the Orientation of microstructure, 
large difference of diffusion coefficients of hydrogen in different phases, grain size, and 
movement of plastic deformations. 
When high load is applied on materials, they undergo plastic deformation in the meantime 
hydrogen is transported to the regions of high stress or strain (e.g. in front of crack tips). 
This presence of hydrogen in dislocation cause them to move easy [14]. 

Hydrogen Trapping 
Apart from the diffused hydrogen to the interstitial sites due to energy reasons, hydrogen 
can also be trapped in the defects present in the material due to some forming phenomenon 
these lattice defects could be dislocations, vacancies, impurities, grain boundaries, phase 
boundaries and voids [14]. 

 
Figure 2.4: Diagram [20] 

 
HE can also cause metal blistering when excessive hydrogen gas entraps in voids of metals 
resulting into extreme hydrogen pressure consequently leads to bulging up the metals [21]. 

 

 
Figure 2.5: Hydrogen Blistering [21] 



 

17 

 
Figure 2.6: Hydrogen Blistering [16] 

 
According to literature most of the relevant mechanisms are listed below 
1) Hydrogen enhanced localized plasticity 
2) Hydrogen enhanced de-cohesion. 
3) High hydrogen pressure bubble or void 
4) Reduction in surface energy by hydrogen induction 
5) Hydrogen-triggered ductile to brittle transition 
6) Cleavage and hydride formation 
7) Reactants 

It’s agreed that at the atomic level there is more than mechanisms that takes part in 
degradation process [14]. 

 
Induced hydrogen 

Hydrogen can be introduced by [18] 
1) Anodic reaction during corrosion 
2) Entrapping during melting and solidification 
3) Welding from moisture  

Hydrogen embrittlement can be categorized in 3 broad categories [17] 
1) Hydrogen environmental embrittlement (HEE) 
2) Internal hydrogen embrittlement (IHE) 
3) Hydrogen reaction embrittlement (HRE) 

Hydrogen environmental embrittlement (HEE): 
HEE is commonly known as degradation of mechanical properties when material is under 
applied stress and intentionally exposed to gaseous hydrogen environment 

1) Crack starts usually near the root of notch or surface defect. 
2) Applied stresses should be in tension mode below the yield strength. 
3) HE is more prone to affected by constant static loading than cyclic or dynamic 

loading 

Internal hydrogen embrittlement (IHE): 
Its unintentional introduction of hydrogen during forming and finishing operations for 
example absorption of hydrogen occurs common chemical process such as acid pickling, 



 

18 

electroplating, cathodic charging. Cracks initiation for IHE usually starts near the root of 
internal defect, where localized stresses are high. 

Hydrogen reaction embrittlement (HRE): 
At elevated temperatures atomic hydrogen diffuse in the metal surfaces and reactions with 
impurities present in metals which can form metal hydrides H2S. Under the surface 
hydrogen can react with carbon to form methane CH4 that accumulate at grain boundaries 
forming voids, blisters and network of discontinues microcracks that lead to brittle 
rupture. 

Hydrogen embrittlement and stress corrosion cracking (SCC) 
Hydrogen embrittlement is a cathodic mechanism whereas stress corrosion cracking is an 
anodic mechanism. The phenomenon of SCC is the combination of tensile stress and 
corrosive environment 

Table 1: Characterization of HE and SCC [22] 
characteristics SCC HE 

Stress Static tensile  Static tensile 
Aqueous corrosive 
environment 

Specific to the alloy  any 

Pure metal More resistant Susceptible 
Corrosion products in the 
crack 

Absent Absent 

Crack surface appearance Cleavage-like Cleavage-like 
Cathodic polarization  Suppresses Accelerates 
Strain rate increases Decreases Decreases 
Near UTS Susceptible accelerates 

Testing methods [23]:  
Clearly defined variables and accurately simulate operating conditions are required to get 
worthwhile information from a performed test. Even for a single test many possible 
variables could exist that can conflict the results and data. Following 4 testing methods 
have gained prevalence on others. 
Tensile tests:  
This method is capable of showing the effects of hydrogen on ductility and strength. This 
test only gives the uniaxial stress analysis and does not simulate the presence of multiple 
stresses in pressure vessel. 

 
 

Fracture mechanics test: 
 Wedge Opening Load (WOL): Maximum crack growth is 0.25mm is the 

acceptance criteria for ISO 11114-4 
 Compact Tension (CT): Key variables in compact tension are the stress intensity 

factor range ∆ , loading frequency, crack length and number of cycles. 

Disk testing methods: Triaxial stress state is formulated which resembles the pressurized 
storage vessel in various types of disk tests. 

Disk rupture test:  

 Important factors affecting hydrogen embrittlement: 
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Hydrogen purity [23]:  
High level of hydrogen impurity causes high embrittlement effects on steel. For high 
pressure storage purposes some gases act as inhibitors to hydrogen embrittlement. Gas 
impurities cause several effects from inhibit, accelerate to have no effect upon HE. Disk 
permeation tests suggest that O2 &SO2 act as inhibitors, CH4&N2 have no effect whereas 
H2S and CO2 accelerate HE. Presence of H2O as an impurity can lead to either side of 
inhibiting or accelerating the effects. Tests have also revealed that as the oxygen content 
increased from 2 to 10,000 ppm, HE effects decreased. 

Hydrogen pressure [17]:  
With increase of hydrogen gas pressure HEE index reduced from unity resulting in 
increment of HE. This HEE index exponentially decreases when saturation point reaches. 
Increased hydrogen pressure resulted in increased availability of hydrogen atom per unit 
volume and localized HE enhanced at crack tips. HE follows a general Power law based 
on exponential function.  =  .  
Where,  is constant of proportionality, P is pressure of hydrogen at constant temperature 
and n depends on material properties and decaying exponential that indicates the severity 
of related material. 

Table 2: HEE Index Category 
H Embrittlement 
Category 

HEE Index 
(NTS Ratio) 

Material Screening Notes 

Negligible 1.0-0.97 Materials can be used in the specified hydrogen pressure 
& temperature range with fracture mechanics and crack 
growth analysis in hydrogen 

Small 0.96-0.90 

High  0.89-0.70 Cautiously use only for limited applications with detailed 
fracture mechanics & crack growth analysis in hydrogen  

Severe 0.69-0.50 Not recommended for usage at specific pressure and 
temperature where the HEE index is measured Extreme 0.49-0.0 

*Based on application at specific hydrogen pressure and temperature, where HEE index is 
measured. In all categories, additional testing and fracture analysis must be performed beyond the 
material screening phase 
 
Temperature [17]:  
Hydrogen trapping model tells about the trapping of hydrogen atoms in metals may be 
because of bonding of hydrogen atoms with impurities present in the material, 
microstructure constituents or structural defects. Hydrogen diffusivity is more at room 
temperature rather than high and low temperatures. At low temperatures diffusivity or 
movement of hydrogen is too slow to fill sufficient hydrogen traps. At high temperatures 
diffusivity enhanced too much that hydrogen atoms don’t find time to trap in voids or 
defects. Fractures may proceed without assistance of hydrogen at high strain rates. Most 
austenitic stainless steels (Fe-Ni-Cr) are more sensitive to hydrogen embrittlement in the 
temperature range of -150 to +150 degrees. 

 
Heat Treatment: Releasing the stresses and changing the grain structure at different heat 
cycles yields improved grain structure. 
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Alloy Composition: Changing the alloy composition might give more stable phase that 
is more resistant to hydrogen embrittlement. 

 
Hydrogen effects on mechanical properties 

1) Tensile Properties: For most materials values of yield strength and modulus of 
elasticity are not affected by hydrogen but ultimate tensile strength (UTS) can be reduced. 

2) Fracture properties: Hydrogen significantly promotes crack initiation specially 
when large surface defects present in susceptible material exposed to high pressure 
hydrogen environment. Therefore, fracture mechanics analysis is key tool to estimate the 
crack growth rates and surface flaw sizes in hydrogen environment. 

3) Low cycle fatigue: Gaseous hydrogen has considerable effect on low cycle 
fatigue of susceptible material. 

4) High cycle fatigue: Hydrogen has less effect on high cycle fatigue 

Factors controlling the hydrogen induction 
 Reduction in hydrogen gas pressure 
 Reduction in hydrogen gas purity 
 Selection of proper operating temperature 
 Baking to relief trapped hydrogen 
 Reduction in materials cooling rate in hydrogen environment 
 Using proper welding procedures 
 Controlling cathodic protection system 
 Application of inhibitors in liquid environment 

Controlling stress factors: 
 Reduction of external applied stress 
 Reduction of internal stress 
 Application of fracture mechanics 

Two Materials are studied in this project S235 structural steel and 316L stainless steel. 

2.4 Material Properties of S235 Structural Steel  
The most common class of ferrous metal are structural steels also known as mild steel 
graded as S235, S275, S355, S420. They are widely used due to their good quality and 
low price. About 25% structural steels are used in construction of buildings. They are 
mostly favourable to use as mechanical machinery when high durability or resistance to 
heavy load is not required. Structural steels can be easily corroded that’s why the need 
extra layer of powder coating on them. Another way to stop corrosion is galvanization. 

Mechanical Properties of Structural steel 
The number in structural steel tells about its yield strength for example S235 has 235MPa 
yield strength while S420 has 420 MPa. Tensile strength of S235 is in the range of 360-
510 MPa. 

Table 3: Chemical Composition of Structural Steel S235 
Element Manganese Silicone Carbon Phosphorus Sulfur 
% age by 

weight 
1.6 0.05 0.22 0.05 0.05 
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Exact composition can be changed depending upon the required durability. And even with 
the same chemical composition Production process as heat treatment and rolled etc 
determines the final strength. 

2.5 Material Properties of 316L stainless steel and 316 
SS 316L is low carbon modification of type 316 stainless steel. Type 316 contains 0.08% 
C at maximum whereas in type 316L carbon contents are maximum 0.03%. That’s why 
low carbon content of 316L minimizes the formation of carbide precipitation phenomenon 
during welding process. Tensile yield strength of 316L is bit less than 316 at ambient 
temperatures otherwise, Except weldability both types have identical corrosion resistance 
and mechanical properties [24].  
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3 RELATED THEORY  
The material’s strength is dependable on its ability to sustain a load without undue 
deformation or failure. The property is important, and it’s determined through 
experimentation. The most important test to perform is the tension or compression test. 
The formula important for tensile stress is the engineering stress and strain.  
The engineering stress formula is:  =  

The engineering strain is found from the strain gauge or by dividing the change in the 
specimen’s gauge length. The engineering strain formula is:  =  

Both the stress and the strain are plotted where stress is the vertical axis and strain is the 
horizontal axis. This curve is known as the conventional stress-strain diagram. This 
diagram is very useful as you can analyse the properties of the materials.  

 

 
Figure 3.1:Engineering and True Stress-Strain Diagrams 

 
Figure 3.1:Engineering and True Stress-Strain Diagrams shows the diagram for true stress-
strain and engineering stress-strain. This is a typical graph for steels but not all times they 
will be accurate because of materials composition, microscopic imperfections, the rate of 
loading, and the temperature during the test. The diagram is composed of four regions 
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which are the elastic region, yielding, strain hardening, and necking. From yielding and 
beyond this region has plastic behaviour. The elastic behaviour happens when the strains 
in the specimen are within the elastic region. The curse is a straight line which shows that 
stress is proportional to strain. The material in this region is known to be linearly elastic. 
The next region is yielding. This is caused by a slight increase in stress above the elastic 
limit which causes a breakdown of the material and leads to permanently deform. After 
yielding comes strain hardening and this occurs by a load is increase which results in the 
curve to rise continuously but gets flatter until it reaches maximum stress which is referred 
to as ultimate stress. The last stage is necking. As the specimen elongates the cross-
sectional area starts to decrease and this decrease is in the localized region after maximum 
stress occurs. The curve goes downwards until it breaks which is fracture stress [25].  
The stress strain diagram for most engineering materials have a linear relationship. This 
is in the elastic region of the curve. An increase in stress causes a proportionate increase 
in strain. This phenomenon is known as Hooke’s law. Hooke’s law is expressed with 
Hook’s Law as follows [25]:  =  
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4 EXPERIMENTAL WORK 
This thesis focuses more on experimental and the experiment will be done by doing a 
tensile test, digital image correlation, cathodic charging, and metallography.  

4.1 Experimental Setup 
The experiment we are going to do is hydrogen charging of the specimens. It’s a 
cylindrical specimen and we will charge it for 24 hours and more depending on if it has 
an effect or not. Once the specimen is done charging, we will pull it using the universal 
testing machine. The universal testing machine is a machine used to test the material’s 
tensile and compressive strength. Our experiments will focus on tensile strength. In our 
lab we have the Q-test 100 machine. This machine has a load cell of 100kN, and it cannot 
go further than that.   

 

 
Figure 4.1:Universal Testing Machine Q-Test 100 

 
 

 
Figure 4.2: Grip for cylinder with wedge range 5-12.5mm thickness 
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Figure 4.2: shows the grip that we are using. The grip is for sheets and cylinders. The 
wedge is for thicknesses that ranges 5-12.5 mm. If you have thinner than that then you 
must change the wedge or if you want more than 12.5 thickness you must change the 
wedge for that to. The first thing we will do is find the tensile strength of material when 
it’s not under the influence of hydrogen charging. It’s important to not let the specimen 
have slippage from the grip as this can influence our results. The specimen is inserted into 
the grip and we tighten it as much as we can. The software that is dealing with this machine 
is Testworks. In this software you decide the input you want like the speed of the machine 
and the distance. It’s important to change your settings to the maximum load and this 
depends on your material and the maximum stress of the material. The challenge with this 
grip is it’s not hydraulic so there are challenges which is the slippage. The cylinder 
specimen can easily slip due to the grip.  

4.2 Sample Preparation  
The first thing we did was getting the material. The material is currently available at the 
lab and it’s a structural steel S235. We must cut the materials. A saw was used to cut the 
cylinder steel and it was a distance of 150 mm. We want to have 25 mm for each side of 
the grip and 100 mm length for testing. Therefore, we decided to use 150 mm. 25 mm is 
enough for it to be held on the grip without falling out while tensile machine is operating.  
After cutting the specimens we need to grind them and remove the coating layer on it. 
This is important to do when we want to do DIC and charging the specimens. Not all steel 
materials will have coating so sometimes it’s not necessary to do the shining but, in our 
case, we have to do it. The grinding process is done by using sand paper. You attach the 
cylinder on a holder and then start removing the coat from the sand paper. While doing 
this it will release heat, so it’s recommended you wear gloves for safety. It’s important to 
make the specimen as smooth as possible and no rough surfaces. 

 
Figure 4.3: Cylinder Specimens 
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Figure 4.4: Grinding the Specimen 

 
This whole preparation is for the structural steel S235. The stainless steel 316L posed a 
challenge. If you pull it as a whole cylinder, the specimen will not pull enough. The reason 
is the applied force is more than the load cell, so the machine stops. In order to solve this 
issue, you must make the specimens into dog bone shapes and ASTM standards E8.  
Now that you have done the grinding, we will use one of them to pull it when it’s 
uncharged, and the other ones will be charged. The material that we will use is structural 
steel S235 and stainless steel 316L. They both have different properties and used for 
different applications. The cylinders are in the following specifications:  
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Table 4: Chemical Composition of Structural Steel S235 
Material Diameter Height 
S235 12 mm 150 mm 
316L 9 mm 54 mm 

 
After being aware of the tensile test machine and how to properly use it. The next step 
will be doing the DIC analysis of the cylindrical specimen. The purpose of this is to see 
the strain distribution and the displacement after fracture.  

4.3 DIGITAL IMAGE CORRELATION  
Digital Image Correlation is an optical measurement technique that evaluates the 
deformation and displacement of a specimen being tested through stochastic patterns. The 
stochastic patterns are utilized to describe discrete image areas. This this process point 
wise and full field measuring results are created and used for a wide range of research. It’s 
useful for applications of material properties and validation of strain. Digital image 
correlation enables an analytical investigation of the complex behaviour of any test object. 
When doing this test, you are required to have a camera and record or capture the 
deformation when the material undergoes a test. It’s important to have a good quality 
camera so it can notice the patterns and pixels. DIC is a good alternative and easy to 
measure strains and final displacement after fracture. Its more accurate than using an 
extensometer or ruler [26], [27].  The GOM correlate software will be used to validate our 
results we obtained from the experiment.  

 

4.3.1 S235 Structural Steel DIC Analysis   
GOM correlate software was used to do the DIC analysis. The specimen is dog bone 
cylindrical of Structural Steel S235. To make your DIC analysis successful you must 
overcome these obstacles. The obstacles are the quality of the camera, camera holder, the 
light, the paint, and slippage. The camera must be in good quality and it’s best to not zoom 
as much as possible. Before doing the analysis, we must spray the specimen with paint. In 
other materials you just right away spray it black. You must spray at a far distance in order 
to get black spots on the specimen. In our case with the dog bone specimen, we had to 
paint it white to prevent it from shining then spray it with black dots. When doing this you 
will get a good quality analysis in DIC.  
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Figure 4.5: Specimen with bad quality analysis 

  

 
Figure 4.6: Good quality painting and analysis 

 
Figure 4.5 shows an image of a bad spray. You can see that it’s too dark and shiny, and 
the software will not be able to analyse it. From Figure 4.6 you can see that when spraying 
white first then black you see the quality is so much better and you can tell right away that 
the DIC analysis will be better and more successful.  

 
After we have painted our specimen, we placed it on the grips of the MTS machine and 
got our camera ready. The camera was position 75 mm away from the specimen. Now we 
must see the light by the quality of the video. The camera is used from a Samsung phone 
with 4k quality that was the highest resolution in the camera. From top to bottom it’s 
important to see if the photo is clear and that there is not too much shadow.  
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Figure 4.7: Dog bone specimen before analysis 

 
Figure 4.7 shows our specimen. You can see that from the image that the quality of the 
camera is good and clear and when you zoom in you can still see the black spots they do 
not disappear. This is very important so that the pixels don’t get lost while the analysis is 
done. Figure 4.8 shows the zoomed in specimen.  

 
Figure 4.8: Zoomed specimen 

 

 
Figure 4.9: Zoomed in specific mesh 

 
You can notice from Figure 4.8 and Figure 4.9 that the shape is still there even when you 
zoom in. If you master this then you will have a good analysis. If you see that the shape 
disappeared when you zoom in, then you will not fulfil the DIC Analysis.  
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After videotaping or taking multiple pictures of the analysis you transfer the file to a 
computer and upload it at GOM Correlate software. It takes some time to get uploaded 
for videos, so it’s important that there is not too much memory. The more the memory the 
longer it will take to analyse. Now that you have the video uploaded you will notice that 
the software will transfer them to images and the images will show the specimen 
deforming. These images created will be used for the software to perform a pointwise 
analysis through coordinate transformation. The algorithm is based on temporal matching 
or tracking of a range of distributed pixels which are compared with a reference image 
chosen manually for correlation.  

Now we will create a surface component. You can judge right away if the analysis 
will be successful. This is done when you click create surface component you will see 
your specimen highlighted in white colour and small green squares. If you see that the 
specimen is fully highlighted, then it will have a good analysis. If you see many dots and 
not fully highlighted, then there is no need to move on because it will give a bad analysis 
and you will not get the required results needed.    

 

 
Figure 4.10: Surface component 

 
When creating the surface component, you will see this as shown in the figure. Based one 
which surface you want you draw it and then it will generate the surface component. For 
example, as shown below:  
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Figure 4.11: Surface component 

 
You can define the pixel and facet size of the surface component this depends on which 
will make a good quality of your analysis. Now that you have created the surface 
component you can analyse the specimen. This software creates a strain distribution, but 
it will in percentage, but it’s very use. Also, you can measure the distance it elongates.  

 
 
 
 

 
Figure 4.12: Strain distribution in percentage 
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Figure 4.13: Strain distribution 3D mapping off 

 
Error! Reference source not found. and Error! Reference source not found. show the 
strain distribution of the specimen. This is a 2D analysis as this software does and it only 
shows the affect in percentage, but this data is useful when you want to plot stress strain 
curve. You can see that it’s good because it’s more red with the higher stress concentration 
which is related to if you used a finite element method. The mesh quality makes a 
difference if the mesh isn’t good then the DIC analysis will not be successful and cannot 
make a perfect distribution.  
Now we will the total distance it elongates and compare it with the data we got from the 
tensile testing machine. You insert an extensometer in the software, and you define the 
initial distance which is 100 mm length and then you extend it till the end.  

 
Figure 4.14: Extensometer to measure displacement 
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Figure 4.15: Measurement after elongation 

 
After finding the distance after elongation and break we will compare this value with the 
value obtained from the MTS testing machine. The following data is as follows:  

 
Table 5: Displacement After Breaking 

 Elongation Distance  

MTS Testing Machine 27.88 mm 

DIC Analysis 28.786 mm 

 
From looking at the results from the table you can see that they both have similar 
elongation distance that means the data from the testing machine and GOM software 
match. They do not have a big difference. The GOM software could be more accurate due 
to the pixels which is able to get an accurate result.  

 
The next step we will do is plot the true stress-strain curve together with the engineering 
stress strain curve. Since the cross-sectional area decreases the true stress increases. From 
our DIC analysis we get the data for epsilon X in the software since this is in the horizontal 
direction. You select the point where is has the highest strain percentage. You save this 
data in an excel file and you will use it with MATLAB. You get both the data you got 
from the tensile machine and DIC. The one for DIC is the change in diameter of the 
specimen. You will see right away that they both have a different matrix size so you cannot 
right away plot them together. To do this you resample the DIC data and test data together 
and you will get at the end both having the same matrix size. Since the area is change as 
the diameter is decreasing, we make a for loop in order to calculate the area at each 
instance. The reason we do this is because area is not constant. Once you obtain the new 
data you plot it by using strain and strain formula. After that plot at the same graph with 
the engineering stress strain data.   
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Figure 4.16: Engineering vs. True Stress Strain Curve 

 
The engineering and true stress strain curve is shown at Figure 4.16. You can see that they 
both have same values in elastic region. Just after the yield region they get different values. 
The reason is after maximum stress the area starts to decrease so the stress increases. The 
fracture stress is higher in true than it’s in engineering.  

4.3.2 Stainless Steel 316L DIC Analysis 
For Stainless Steel 316L the idea is the same. The specimen is sprayed white then lightly 
sprayed black. The black paint is assumed to be mesh. The most important thing is the 
quality of the camera in order to get a good pixel to do the analysis.  

 

 
Figure 4.17: SS 316L Dog Bone Specimen 

 



 

35 

 
Figure 4.18: 2D Strain Analysis SS 316L 

 

 
Figure 4.19: Strain Distribution without Image 
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Figure 4.20: Extensometer Result 

 
 

Table 6: Displacement after Fracture for SS 316L 
316L Stainless Steel Elongation Distance 

MTS Testing Machine 11.44 mm 

DIC Analysis 11.12 mm 

 
Error! Reference source not found. shows the results of the displacement after 
breaking. You can see that the results are very accurate. This fulfils our purpose of the 
DIC analysis. The purpose for it’s to validate and compare the displacement of the 
specimen after breaking. We would like to see if the results are similar from the testing 
machine and GOM correlate software. If they are similar it means that the tensile test is 
done right. The next step will be to do cathodic charging if we see the graphs are 
different after charging then we can right away say that it’s under the influence of 
hydrogen. DIC analysis cannot be done for charged specimens has hydrogen diffuses 
fast so we will lose it and the affect will not occur.  

4.4 Hydrogen Charging 
In this study hydrogen is introduced to specimen by cathodic charging. 

4.4.1 Cathodic Charging Set Up 
Structural steel S235 is the first material to be tested. The length is 100 mm for doing the 
analysis and 25 mm on each side for the grip. The next part is setting up the experiment 
for hydrogen charging. You need to get two beakers that have a good height to submerge 
more than 100 mm of the cylinder in order to have the same properties while it’s charging. 
You also need a voltage source, holders for the specimen, cables, anode and cathode, 
ammonium thiocyanate solution, sodium chloride, and de-ionized water. Hydrogen will 
be charged by cathodic hydrogen charging. This method is based on an electrochemical 
cell. In this process the specimen acts as a cathode and the platinum wire acts as an anode 
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which both are submerged in an electrolyte. The electrolyte is the ammonium thiocyanate 
solution. The reason why platinum is used as an anode because it has an excellent 
corrosion resistance while it’s in anodic condition with its ability to pass current in all 
electrolytes without forming an insulating film [28].  

 
Figure 4.21: Typical hydrogen charging setup 

Figure 4.21 shows the setup of how cathodic hydrogen charging is done. You can see that 
there is an anode and cathode, and both are submerged into the electrolytic tank. When 
electric energy is applied across the electrode, the electrolytic solution decomposes, and 
hydrogen ions are produced. This causes a flux in charge carriers which generates a high 
concentration of hydrogen ions on the surface of the sample. This charging method is less 
volatile, and this gives a faster build-up of hydrogen and results in higher more 
homogenous concentration in the metal.  
The material being tested is the structural steel S235. The first thing to do is setup the 
hydrogen charging. The beaker should be tall enough for most of the specimen to 
submerge more than 100 mm. Pure deionized water is poured into the beaker with 
ammonium thiocyanate and pure salt. The salt used is 99.5% sodium chloride. Ammonium 
thiocyanate is used as a reagent for charging steel materials because it influences 
promoting hydrogen absorption and it’s easy to use. The solution is composed of 3% NaCl 
and 3g/L of NH4SCN. The platinum wire is wrapped around the inside of the beaker and 
the steel specimen is placed in the middle. The platinum wire is connected to the anode 
cable and the specimen is connected to the cathode which all are connected to a voltage 
source.  
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Figure 4.22: Hydrogen charging set up 

 
Figure 4.22 shows the experimental setup done. The experiment is done by adjusting the 
voltage and current and letting it charge for 24 hours and more. The table below will show 
you the conditions for every experiment. It started with slow strain rate 0.5 mm/min then 
1 mm/min, and 10 mm/min. Testing different speeds will show if there will be an effect 
after hydrogen charging. The uncharged specimen will be pull and it will be compared to 
the other ones that are charged. They will all be plotted in a graph to see if there is any 
effect after hydrogen charging.  

 
Condition 1: Preload 20,000N  

Table 7: Conditions for the Experiment 
Specimen Time Charged 

(hr) 
Voltage (V) Current (A) Test Speed 

(mm/min) 
1 24 3 0.02 1 
2 24 3 0.02 1 
3 72 4 0.15 1 

 
 
Condition 2: No Preload  

Table 8: Conditions for the Experiment 
Specimen Time Charged 

(hr) 
Voltage (V) Current (A) Test Speed 

(mm/min) 
1 48 2.8 0.07 10 
2 72 3.9 0.15 10 
3 144 4.6 0.16 10 
4 72 3.1 0.03 10 
5 72 4.0 0.05 10 
6 96 5.2 0.21 10 
7 96 5.5 0.12 10 
8 96 6.5 0.30 10 
9 96 6.5 0.31 10 

10 96 6.5 0.26 10 
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4.4.2 Stainless Steel 316L  
The next material that will be tested is Stainless Steel 316L. For this case the specimen 
will be made according to ASTM E8 standards. The ASTM standard is as follows:  

 
Figure 4.23: Specimen Drawing ASTM Standards 

 
Table 9: Dimensions for Specimen 

A 54 mm 
D 9 mm 
G 45 mm 
R 8 mm 

Grip 
Length 

25 mm 

Grip 
Diameter 

12 mm  

 
Our technician at the lab could not make the radius 8 mm so it has been made 6 mm. 
The conditions used for performing the experiment is as follows:  

 
Table 10: Conditions for Experiment of Stainless Steel 316L 

Specimen Time Charged 
(hr) 

Voltage (V) Current (A) Test Speed 
(mm/min) 

1 50 6.5 0.32 10 
2 50 6.5 0.30 10 
3 50 6.5 0.31 10 

 
 

4.5 Results & Observation for hydrogen charging 
This section will show the results obtained after charging and doing tensile test. 
Observation about the effects will be discussed.  

4.5.1 Structural Steel S235 
The following results are for the first condition where a preload of 20,000 N.  
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Condition 1: Pre-Load 20,000 N 
 

 
Figure 4.24: Stress Strain Curve for hydrogen charging 24 hours 

 
The result shown is when the sample is charged 24 hours. It’s shown that the material 
elongates longer as compared to the uncharged. When using the slow strain rate there is 
not much influence. The yield stress is about the same but the second charged is higher 
and elongates more.  

 
Figure 4.25: Strain curve for Hydrogen Charging 72 hours 

 
Error! Reference source not found.shows the graph of the specimen charged for 72 
hours. This did not make any difference. The elastic region for both is in the same range. 
The charged one has low yield stress and maximum stress. The elongation is a little bit 
longer than the uncharged.   
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Table 11: Results for Charged Specimens Slow Strain Rate 
Specimen Tensile Strength (MPa) Displacement (mm) 

1 316.882 38.568 
2 311.381 39.296 
3 314.9 41.087 

 
 

The maximum stress is low, and the displacement did not change much. Many issues 
where faced with the slow strain rate as most of the data could not be saved and it took a 
lot of time to pull. An alternative for this is to increase the strain rate and to insert the 
sample into the grips right away after charging. It takes around 40 seconds to do this. The 
next condition is using a higher strain rate.  

 
Condition 2: No Preload  

 

 
Figure 4.26: Stress Strain Curve Hydrogen Charging 48 hrs and 72 hrs 

Figure 4.26 shows the graph of when the strain rate is 10 mm/min. It’s shown that with 
this speed there is a difference with the effect of hydrogen charging. At 48 hours you can 
see that the yield stress is low, and it broke at 32.3910 mm. Also, the one at 72 hours broke 
at a distance less than the uncharged. You can notice that the maximum stress is higher 
than the uncharged one. The reason the second graph broke faster is due to the corrosion. 
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Figure 4.27: Stress Strain Curve 144 hours charging 

Figure 4.27Error! Reference source not found. shows the graph for uncharged and 144 
hours charging. This was charged over the weekend. The maximum stress is higher for 
charged and the displacement decreased. As voltage and current increases the amount of 
hydrogen increased.   

 

 
Figure 4.28: Stress Strain Curve 72 hours charging 

It’s shown at Figure 4.28 the graph for when the two specimens are charged for 72 hours. 
It’s shown that the yield stress is higher for both charged specimens. Also, the maximum 
stress is higher. The second charged one has the highest maximum stress. The charged 
one has the shortest distance when it fails.  
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Figure 4.29: Stress Strain Curve 96 hours charging 

In Figure 4.29 the specimens are charged for 96 hours. There is a difference in this one as 
compared to the other one. The yield stress is less for both the charged specimens but they 
both break at a low distance. The uncharged one has the highest maximum stress 

 
Figure 4.30: Stress-Strain Curve 96 hrs, highest voltage 

Figure 4.30 shows the results of the specimens that were charged for 96 hours and with 
the highest voltage and current of 6.5 V and 0.32 A. Compared to the previous results this 
one is the most affected. The yield stresses are higher for the charged specimens and the 
maximum stress. It’s shown that the sensitivity to hydrogen embrittlement increased with 
higher voltage and current, which corresponds to the increased hydrogen content [29]. The 
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charged materials are more elastic then it yielded longer and then started degrading in the 
plastic region and fracture occurred earlier. The displacement decreased more from the 
uncharged.   

Table 12: Results for the Specimens 
Specimen Tensile Strength (MPa) Displacement 

Uncharged 461.67 42.9290 
Charged   

1 431.5687 32.3910 
2 469.824 38.6270 
3 470.248 38.89 
4 463.358 39.4360 
5 470.584 40.56 
6 396.2695 40.5980 
7 436.825 39.378 
8 471.493 35.293 
9 528.564 31.81 
10 485.11 34.826 

 
Error! Reference source not found. shows the results of the specimens after being pulled 
from the tensile test. You can notice that the displacements after breaking decreased and 
the most affected ones are the last three. Those specimens were charged longer and with 
the highest voltage and current.  

4.5.2 Stainless Steel 316L  

 
Figure 4.31: Stress Strain Curve SS 316L Charged 50 hr 

Figure 4.31: Stress Strain Curve SS 316L Charged 50 hr shows the graph of the stress strain 
curve for SS 316L. You can see that the yielding is not long. This could be due to low 
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carbon in the material. The charged specimens have higher maximum stress as compared 
to uncharged. The displacements are less for the charged ones.  

Table 13: Results for SS 316L 
Specimen Tensile Strength (MPa) Displacement (mm) 

Uncharged 999.9021 11.362 
Charged   

1 1027.0 10.870 
2 1001.9 10.2870 
3 986.573 9.293 

 
Error! Reference source not found. shows the maximum stress and displacement after 
breaking for the specimen. Compared to S235 they are higher in value which makes sense 
because stainless steel is stronger. After hydrogen charging there is an influence but not 
as much as the S235. The second charged specimen has higher maximum stress than the 
uncharged. The yield stress is low for the first charged sample.  
The samples have been charged and the results for it have been shown you can see that 
there is an influence of hydrogen on the material and the structural steel S235 is more 
influence then stainless steel 316L. After this the metallographic study will be to study the 
microstructure and how it’s influence by hydrogen.  
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5 METALLOGRAPHIC STUDY 
Metallography is the study of structural characteristics of a metal or an alloy at 
microscopic level. Microscope is the most tool for the metallurgist purposes. With 
microscopic analysis one can determine grain size, shape, distribution of various phases 
and inclusions present in the lattice. The mechanical and thermal treatment of the metal is 
also revealed by microstructure and also make it possible to predict the behaviour.  
Success of metallography depends upon the care taken during sample preparation. Even 
the expensive microscopes cannot reveal the microstructure if specimen has not been 
prepared with care. In sample preparation the objective is to produce flat, mirror like 
scratch free surface. The following steps are taken into account for the preparation of 
metallographic specimen. 

5.1 Experimental Procedures 
 

1) Sampling  
Choice of samples for microscopic study is very important. It shows our interest to see 
behavior of microstructure at different points like near and away the crack surface. In our 
case, performing hydrogen charging tests on S235 and SS316L. we have taken the samples 
from near the crack surfaces with and without hydrogen charging and samples that are 
away from crack surfaces to see how induced hydrogen is affecting the grain structure 
(grain size) of material. We cut down the samples with cutting machine present in the lab 
at BTH and marked them to make comparison. 

 
2) Mounting  

After cutting down the appropriate size of the samples from bulk material that is easy to 
handle next step is grinding the sample. Sometimes the sample are very sample and its 
very difficult to hold them in hand so mounting the samples is the best idea to work with 
specimen. Mounting is usually done by resins adding hardening powder in mounting cup 
made up of plastic. Putting the sample in it. And keep the surface of specimen’s surface 
downward of which the microscopic analysis is intended. Then add some resin and 
binding powder, give some time to it some it gets hard. Remove the cap from downward 
and specimen is mounted and can easily be handled for grinding and polishing purposes. 
Sometimes Bakelite powder and then heating it’s also used for the mounting purpose. 

 

Figure 5.1: Mounting the Specimen 
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Figure 5.2: Chemicals for mounting  
 

3) Grinding 
After mounting the specimen is ready for the rough grinding. Grinding is done on the 
circular revolving disc machine with constant flow of water so that the debris peeling off 
from the specimen instantly removed from the surface. Grinding is done with different 
grit size of sand papers. We use grit sizes of 320, 1000, 1200 and 2400 sand papers. 
Specimen should be put perpendicularly on the surface of revolving discs containing sand 
papers. And grind the sample in the presence of constant supply of water going from 
coarser to finer grit size sand paper. Give each sized sand paper approximately 10 mints 
until all the scratches are removed and surface starts looking like a mirror. 
 

 

Figure 5.3: Grinding Machine 
 

 

Figure 5.4: Grinding the Specimen 
 

4) Polishing 
After grinding, wash the sample and rinse it with alcohol to remove any debris left on the 
surface. Then in order to make clear mirror like surface polishing is done. Usually a velvet 
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cloth is used and put on the same revolving disk. Put some diamond suspension on it and 
revolve the disc on 300 rpm. Press the surface of specimen with velvet cloth. And removal 
of the dust could be seen on the velvet cloth. After 10 mins of polishing surface will be 
crack free, mirror like and clean. Rinse the surface with water. 
 

 

Figure 5.5: Polishing chemicals 
 

 

Figure 5.6: Polishing the Specimen 
 

5) Etching  
In order to visualize the microstructural properties of metal etching is done.  Etching 
makes grains differentiable from each other and can be accomplished by use of proper 
reagent. Because of the different chemical composition of the different phases the 
chemicals or reagents react differently with them. In single phase alloys or pure metals 
grain boundaries are visible because of the difference in the rate of attacking reagents to 
the different grains. This rate differs due to different angle subtended by planes of grains. 
Grain boundaries will be appeared as valleys in the polished surface. Light from the 
microscope will reflect from the grain boundaries after hitting them and make them 
appear dark. 
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In our case we use 2% Nital (2% nitric acid in alcohol) as an etchant. The polished sample 
is placed in the etchant for 15 seconds and then wash it. The sample is ready for the 
microscopic analysis. 

                                                    

Figure 5.7: chemicals for etching 
6) Microscopic analysis 

The microstructure is analyzed in the light microscope.  The more the magnification of 
the lense of microscope the more the structure will be revealed. Magnification of lense of 
microscope is usually required around 200X. but unfortunately, we have only 50X lense. 
But still we manage to make some microscopic analysis of our samples. 
The prepared samples should be placed horizontally under the lense and then moving focal 
point near the specimen surface in the middle will start giving some structure black and 
white regions. 

 
 

 

Figure 5.8: Microscope Used 
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Figure 5.9: Looking at the Microstructure 

5.2 Results  
5.2.1 Microstructural analysis of Structural steel 235: 

Microstructure depends upon number of factors like how fast or low was the cooling rate 
of casted product, amount of impurities, influence of gases and direction of hot and cold 
rolling etc. For the detail revelation of tiny details about grain size behaviour and 
inclusions requires highly magnified microscope, XRD technique or Scanning electron 
microscopy analysis (SEM). Unfortunately, only light microscope with 50x magnification 
was available and here the intention is to get about the general visualize changes in grain 
sizes ferritic and pearlite regions and inclusions. 
Initially we took a specimen of S235 steel 150mm grinded its surface and then pulled it 
with MTS tensile testing machine with 10mm/min strain rate. When the surface was 
fractured, we cut down two samples one near to crack tip and other away from crack tip 
from one half of the sample. Then we did all metallographic steps on it to see 
microstructure. Then sample selection was done from the same locations, but this time 
specimen bar was hydrogen charged for 96 hours.  
Ferrite and pear lite regions of structural steels were appeared black regions show pear lite 
and white one is ferrite. 

 Pearlite- 
It’s layered structure of two phases composed of ferrite (87.5%) and cementite 
(12.5%). 

 Ferrite- 
While ferrite is just BCC structured α-iron allotropic form of iron Fe. 

  



 

51 

Samples taken away from crack tip 

 
Figure 5.10: a) Uncharged sample far away from crack tip, b) Charged sample far away from 

crack tip 
Images are taken with cell phone camera sticking it to the eyepiece of light microscope. 
We tried our best to maintain the conditions consistent like distance from camera to 
eyepiece, angle and focus. Images show pearlite regions same for both charged and 
uncharged samples, but grain boundaries are affected. The charged sample shows fine 
grain size than the uncharged one. This could be because of the reason that while charging 
hydrogen tiny atoms went inside the vacancies present in the lattice sites. As under normal 
circumstances when forces are subjected to metals, they undergo plastic deformation. This 
plasticity aided by the micro and Nano-sized cracks that help to generate dislocations in 
metals. This movement of atoms serve to relieve stress in material. 
But hydrogen influenced the mechanism in such a way that describes the situation of 
traffic jam of cars and further cars are coming and the wall breaks. That is why hydrogen 
embrittlement leads to the brittlement of material. 

 
Samples taken close to crack tip 

 
Figure 5.11: a) Uncharged sample taken close to crack tip, b) Charged sample taken close to 

crack tip 
Both the cases show after charging grain size becomes small or fine. It means material 
becomes more brittle. As we know that dislocations can easily move through grain 
resulting into permanent deformation. But if some grain boundary comes in the passage it 
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creates hindrance to its path. Small grains have greater surface to area ratio making the 
material brittle. (28) 
Close to the crack surface show less effects of hydrogen embrittlement in terms of grain 
size and black coloured inclusions that could be hydrides. This may be because of the 
reason that while loading the specimen gaseous hydrogen could be evolved from surface 
and bulk of the material lowering the hydrogen embrittlement affects [30]. 

5.2.2 Microstructural Analysis of Stainless Steel 316L 
 

 
Sample Taken Away from crack tip 

 
Figure 5.12: a) Uncharged sample far away from crack tip, b) Charged sample far away from 

crack tip 
 
Revealing the microstructure of stainless steel 316L was not easy as Structural steel as it 
is more resistant to acids and even the effects of hydrogen charging was less on it may be 
because of strong chromium oxide layer on the surface of steel forms which is the inherent 
property of stainless steel. The etching chemicals for structural steel was only nital that is 
combination of nitric acid and alcohol. But for stainless steel for the revelation of grain 
boundaries it did work out, so some stronger chemicals like picric acid, sulphuric acid and 
hydrochloric acid were used and we ended up a solution that worked for that kind of 
advance steel, its 3 parts of hydrochloric acid (HCl) plus 1 part of alcohol plus q part of 
nitric acid (HNO3) and unlike the structural steel etching time is given to 20 mints. Here 
we can see that away from the crack tip hydrogen effect is negligible on grain size (maybe 
there are their but not evident) but some inclusions phenomenon (formation of hydrides) 
can be identified in the form of block dots (right image) we can relate these black dots 
with hydrogen effect with present magnification lenses. 
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Sample Taken close to crack tip 

 
Figure 5.13: a) Uncharged sample taken close to crack tip, b) Charged sample taken close to 

crack tip 
 
One more thing that is identified during etching process that uncharged samples are more 
resistant to etching chemicals which is shown in the images and one can see that 
uncharged specimen have revealed less grain boundaries accounts for less active to the 
reagents. 
Samples taken close to crack tip show hydrogen embrittlement phenomenon as they were 
under high mechanical stress that is ideal for hydrogen attack. Grain size looks finer, and 
blistering phenomenon seems to be occurred that is also one of the major effects of 
hydrogen insertion to metal bodies. Formation of hydrides cannot be seen near the crack 
tip. 
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6 DISCUSSION 
6.1 DIC Analysis  

A DIC analysis was performed for specimens of structural steel S235 and stainless steel 
316L. Doing DIC analysis with sheets and packaging material is quite straightforward all 
you need to do is gently spray black on the material and most importantly the mesh is 
good. When it comes to the cylindrical sample it can be a bit tricky. The first thing is steel 
in general is shiny so in order to reduce the shininess, the specimen must be sprayed white. 
After that it should gently be sprayed black making the black dots on the surface. As 
mentioned before these black dots act as a mesh to do the DIC analysis on the GOM 
software. The second thing regarding the cylinder is it’s curved so this creates a shadow. 
To overcome the shadow, you should place a white background like paper and make sure 
that the camera can perfectly capture the specimen. It should not be blurry and should be 
clear. When it’s clear you will get a good pixel. If it’s not clear the pixel will disappear 
while it’s pulling. It took many practices and attempts to really master the DIC analysis 
for a cylinder. The factors that affect is how bright the light is, the quality of the paint on 
the specimen, the size of the black dots, the shadow. If all this is solved, then the analysis 
will be successful. From the structural steel S235 you can see that the distance that it broke 
has a 3.24% error. From the stainless steel 316L the distance after breaking has a 2.7%.  
This shows that the validation matches from the original data that is obtained from the 
MTS tensile test machine. Figure 4.16 shows the engineering stress strain curve and true 
stress strain curve. You can see that it’s similar to the stress strain curve in Figure 3.1. 
This is also another validation that the DIC analysis was successful.  

6.2 Hydrogen Charging 
Charging of specimen was required to see the effects of hydrogen embrittlement. It was 
quite a learning journey. First of all, highly electropositive material was required for the 
cathodic cell. So, platinum wire was used as an anode. After using many containers as a 
cathodic cell finally it ended up with perfect plastic container as other containers that were 
used before were leaving some colours in the chemical during charging process. Salts 
were used as an electrolyte and they act as catalyst in charging process. Initially simple 
table salt was used but it created smell in the lab. Later on, it was revealed that it contained 
fluorides and other impurities also, that could also be making something as by products. 
So pure salt (99%) was used and smell disappeared. Other catalyst was ammonium 
thiocyanate and it was added 3gm only. During charging sometimes material got also 
corroded may be because there is no protective layer of chrome on the surface of S235 
and it got corroded by oxygen present in water. For the stainless steel 316L the material 
did not corrode. This is due to the fact that it is a high strength material and high 
chromium. Initially charging was done for 24 hours but no big difference was observed 
so later it was enhanced to 48 to 96 hours. Alteration of voltage and current also changes 
the intensity of bubbles and evaporation of water. Also, the strain rates where changed as 
there was no effect on slow strain rate. Many of the data got lost. To solve this issue a 
higher strain rate was used. With increased strain rate, higher the hydrogen embrittlement 
resistance increased. From looking at the results it’s shown that with higher voltage and 
current, the sensitivity to hydrogen embrittlement increases which increases hydrogen 
content. The reason why it did not go more than 6.5 V is because if you increase it more 
the solution will start evaporating. If the solution evaporates this risks the platinum wire 
to get burned. Keeping all these variables into account different curves of tensile test were 
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made which shows the different behaviour on changing the variables. The results are 
reasonable, and they were obtained after improving the experiment. The graphs really 
show that there is an influence of hydrogen embrittlement. The reason is the materials are 
more brittle from the uncharged and they had a lower displacement after breaking. 
Structural steel S235 has more affect than stainless steel 316L.  

 

6.3 Metallography 
Initially it was supposed to be relied only on tensile test and DIC results to understand the 
effects of hydrogen embrittlement but later idea of looking into microstructure was came. 
Metallography required high resolution microscope and XRD or spectroscopy techniques 
but unfortunately, only low magnified microscope was available, so it was decided to 
work with it and carving out some discussable results from it. Chemicals (nitric acid, 
alcohol and picric acid was taken from chemistry lab and other stuff like sand papers, 
polishing papers, mounting resins some of them were bought and some was found in 
mechanical lab. Grinding and polishing machine present in the lab was not in function and 
it had some water pouring problems, so it was all fixed by ourselves. With 50x magnified 
lenses we took pictures of microscope with cell phone camera from the eyepiece. But still 
results are quite good and grain size can easily be discriminated. It showed that hydrogen 
charging is really happening and it’s also changing grain size and structure. Before 
charging the specimen from close and away from the crack tip showed large grain size 
and less inclusions and grain size and grain boundaries become small after charging 
specimen. It gives clear picture of the fact that hydrogen embrittlement is making the 
material brittle. Metallography of different types of steels also show that structural steel 
S235 gets more affected by hydrogen charging than stainless steel 316L. Even the etching 
chemicals affect less on SS316L, but it showed more hydrogen inclusion and blistering 
phenomenon which implies to the austenitic structure of SS316L to me more stable, 
resistant and stronger to the hydrogen, acids and mechanical loads than the ferritic 
structure of S235 structural steel. 
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7 CONCLUSION  
In this thesis work the study of how hydrogen embrittlement influences the mechanical 
and material properties of the material has been studied. The objectives have been 
obtained. Hydrogen does have an influence on the material. It affects the yield, tensile, 
and fracture stress. From research papers that have been studied many of the graphs show 
similar result of uncharged and charged specimen. The DIC analysis was done as way of 
validation. When comparing the experimental to the DIC results they have a similar range 
for the displacement after breaking. This shows that you can rely on DIC analysis. The 
stress-strain curves for the charged and uncharged samples shows that fracture point for 
the charged samples are low means they tend to have less toughness. Plastic deformation 
is also less which favours the idea the embrittlement stronger along with the fine grain 
size of microstructure that hydrogen embrittlement is making the specimen less ductile or 
brittle. Hydrogen charging and hydrogen embrittlement affects more on structural steels 
and less on stainless steel. Hydrogen formation phenomenon occurs more in structural 
steel and stainless-steel shows blistering. From all these results the inclusion is stainless 
steel 316L is more resistant to hydrogen embrittlement, chemicals and stronger in terms 
of mechanical strength than structural steel S235. 
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8  FUTURE WORKS  
The study of hydrogen embrittlement is very vast. And there are dozens of variables which 
could be considered such as temperature, Pressure, time etc to see the variations of effect. 
The future works to take into consideration are:  

 Microstructural Study using scanning electron microscope (SEM) 

 3D DIC analysis for cylinders 

 Taking more variables into consideration. For example heat treatment, surface 
finishing, fabrication and machining process, welding,.etc.  

 Studying a more advanced steel like duplex stainless steel which is used in 
maritime and oil and gas companies 

 Using Anisotropic materials and seeing which direction has more influence of 
hydrogen embrittlement 
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