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Department of Mechanical and Industrial Engineering/NTNU. The main experimental work 

was carried out in the NTNU Nanomechanical Lab, the samples preparation was performed in 

the Metallography Laboratory and Corrosion Laboratory at the Department of Mechanical and 
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1. INTRODUCTION 

 

1.1. Background and motivation  

 

Severe damages caused by Hydrogen Induced Stress Cracking (HISC) in subsea pipelines and 

fittings were investigated in the Petromaks project entitled "Prevention of hydrogen induced 

stress cracking in subsea pipelines and production systems made from stainless steel". This 

PhD thesis was financed entirely by this project and the main objective was to develop a 

fundamental understanding of the effect of hydrogen on the mechanical properties of some 

stainless steels relevant for the project and their partners. The research work has been 

primarily performed through nanoindentation experiments under electrochemical charging.  

For many years, all kinds of industries have experienced numerous problems due to the 

interaction between hydrogen and structural materials, especially metal alloys such as 

stainless steels [1]. The diversity of the stainless steels family in combination with their 

excellent corrosion resistance makes them an excellent choice in endless applications, from 

oil and gas production and power generation industries to biomedical alloys, civil 

infrastructure or automotive industry. Steels become stainless when added in their 

composition at least 12 wt.% of Chromium (Cr), with some stainless steel grades containing as 

much as 25 wt.% Cr in their composition in addition to other alloying elements that strengthen 

their corrosion resistance, such as Nickel (Ni), Molybdenum (Mo), Nitrogen (N), etc [2-5]. In 

many applications, stainless steels are used in combination with mechanical load and cathodic 

protection, like in the oil and gas industry or in pipeline and pressure applications [2]. In these 

applications, hydrogen is generated due to the cathodic protection measures taken (typically 

under electrochemical control). Hydrogen is a very small atom that easily ingresses into the 

metal microstructure leading to the deleterious effects on the chemical and mechanical 

properties of metal alloys (and materials in general). This is known as hydrogen embrittlement 

(HE) and it has been widely documented in many different types of steels [1, 6-9]. Regardless 

of the outstanding corrosion resistance of the different grades of stainless steels, their 

properties are still affected by the hydrogen diffusion into the microstructure [6, 10-12]. 

The damaging effects of hydrogen on the structural properties of Iron (Fe) and steels were 

first published in 1875 by Johnson [13] who proposed the theory that the hydrogen locked in 
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interspaces impedes the movement of Fe atoms. Since then, intensive efforts and studies have 

been made to characterize and understand the mechanisms of this phenomenon, i.e. the 

effect of hydrogen on the degradation of metal structures [14-16]. However, not only 

hydrogen can have a detrimental effect on the mechanical properties of metals and steels, 

other gases like oxygen, nitrogen and argon have been reported to negatively affect the 

mechanical stability of metals [17, 18]. However, the effect of hydrogen on metals is the most 

widely studied, and this attention will grow in the coming years with the green shift and the 

increased interest in hydrogen production and transport for more sustainable energy 

production systems. Therefore, it is important to elucidate the mechanisms behind hydrogen 

material interaction, as well as to find solutions to protect the materials against hydrogen 

uptake and to minimize, even discard, its damaging effect.  

Stainless steels are classified based on their microstructures: martensitic or transformable 

stainless steels (MSS), ferritic stainless steels (FSS), austenitic stainless steels (ASS) and duplex 

/ super duplex stainless steels (DSS/SDSS). The focus of this PhD thesis has been mainly on ASS 

but some investigations on SDSS have also been reported.  

Due to their enhanced corrosion and oxidation resistance, FSSs are attractive materials for 

applications in oil and gas as well as in automotive and marine industries. Even though they 

have relatively low price compared to the ASS grades [8, 9, 19-25], the most commonly used 

materials for hydrogen storage and transportation are the austenitic stainless steels. These 

alloys exhibit high corrosion resistance combined with good mechanical properties, especially 

ductility (yield strength from 205 to 260 MPa, tensile strength up to 515 MPa and 40 % 

elongation [26]). However, when exposed to cathodic protection methods or when used in 

pressurized hydrogen gas environments, their excellent mechanical properties can be 

compromised with an unexpected early failure [27]. Among different types of ASSs, the more 

expensive versions containing Ni and Mo (e.g. AISI 316L) make other, more affordable versions 

of ASSs (e.g. AISI 304), much more often chosen in hydrogen applications [27-30]. 

Other, very intensively used, materials for subsea equipment are duplex and super duplex 

stainless steels, due to their excellent mechanical properties as well as corrosion resistance 

provided by the dual phase microstructure (austenite/ferrite) and the very high content of Cr 

(> 20wt.%) [31]. Despite these strong points, SDSS has often failed due to hydrogen generated 

during cathodic protection leading to hydrogen embrittlement. Although the concentration of 

hydrogen may be higher in austenite, the ferrite is prone to crack propagation at lower 

hydrogen concentrations [15]. Even though many experimental studies [32, 33] and 
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simulations [34, 35] of hydrogen effects on SDSS have been done, a more complete 

understanding of the micro-mechanism is still needed. 

Hydrogen was reported to increase dislocation density in both austenite and ferrite phases of 

different ferritic, austenitic and duplex stainless steels [36-38]. In literature, the austenite to 

martensite phase transformation has also been related to hydrogen embrittlement [39-42]. 

After electrochemical cathodic charging of a DSS, strain releasing effects and elastic stresses 

have been the causes for γ-austenite transformation to ε-martensite and/or to α’-martensite 

during desorption of hydrogen [42]. After hydrogen charging, the lattice parameter expansion 

of up to 2% observed in austenite resulted in surface damages [41, 43, 44].  

Despite the considerable progress that has been done in recent years, there are still a number 

of key open questions related to HE or mechanical properties’ degradation of stainless steels 

due to hydrogen intake. There is still a considerable disagreement in the literature regarding 

the underlying mechanisms responsible for HE, thus a comprehensive understanding of the 

hydrogen effect on the properties of stainless steels in general is still required to develop the 

next generation of steels with resistance to hydrogen and other chemical elements that might 

have an effect in their mechanical integrity.  

There are many methods used nowadays for investigating the hydrogen effect on steels, from 

traditional methods like tensile testing of hydrogen charged samples [45, 46] to in-situ micro 

tensile testing [20, 47-49], to electrochemical nanoindentation [50-52] and in-situ micro and 

nanopillar compression [48, 53, 54]. Electrochemical nanoindentation (ECNI) is the method 

used during this thesis to investigate the hydrogen effect on materials properties. The method 

allows sample testing while in-situ hydrogen charging, the charging conditions are controlled 

by switching from cathodic potentials (charging conditions) to anodic potentials (discharging 

conditions). Thus, this method makes it possible to catch the immediate hydrogen effect. Also, 

other advantages on using electrochemical nanoindentation are the reduced testing time and 

the refined testing area for small scale behaviour. In addition, it minimizes the hydrogen 

discharging while transferring a sample from the charging experimental setup to the testing 

setup.  

The importance of sample preparation prior testing is crucial, especially that an improper 

preparation could result in a phase transformation. A mechanically deformed layer resulting 

from sample polishing can undergo an austenitic to martensitic phase transformation [55]. 

Also ion implantation can change the chemical composition of the alloy, thus by implantation 

of nickel and nitrogen, which are strong austenite-stabilizing ions, it was shown that 

https://www.sciencedirect.com/topics/chemistry/desorption
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martensite can transform into austenite [56]. Focused Ion Beam (FIB), one of the intensively 

used techniques for sample characterization [57, 58] and preparation [53, 59], uses Gallium 

ions and their effect on material’s chemical composition is becoming a concern [60]. Since FIB 

is used as sample preparation method in this PhD thesis, it is important to elucidate Gallium 

ion implantation effects on austenite stability prior testing. 

 

 

1.2. Objectives 
 

The main objective of this thesis is to derive a fundamental understanding of the hydrogen 

interaction with materials microstructures using advanced characterization techniques like 

electrochemical nanoindentation (ECNI), scanning electron microscopy coupled with electron 

backscattered diffraction (SEM-EBSD) and focused ion beam (FIB). Primary and secondary 

objectives of this research work are: 

 Develop a nanomechanical testing procedure and sample preparation using the newly 

purchased Tribo Indenter equipment at NTNU, in 2009. 

 Implement the ECNI experimental setup on the Tribo Indenter and prepare the in-situ 

hydrogen charging testing procedure. 

 Investigate the effect of oxygen-argon plasma treatment applied during sample 

preparation of a 25%Cr SDSS and a 316L ASS on further hydrogen uptake. 

 Investigate the chemically-induced austenite-to-ferrite phase transformation under 

gallium implantation in the austenitic phase of a 25%Cr SDSS during FIB milling. 

 Investigate the effect of hydrogen on the nanomechanical properties of 316L ASS 

throughout ECNI experiments.  

 

 

1.3. Thesis overview 

 

The thesis is structured in 9 chapters, where the first 8 represent the background and 

motivations of the work done, state of the art, experimental techniques used and the main 

results, while the Appendices in chapter 9 are a summary of the published papers.  
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The following papers have been produced during this PhD. Papers I, II and III have been 

published already in peer-reviewed journals and the results from Paper IV were presented in 

two international conferences.  

 

Paper I: Afrooz Barnoush, Adina Basa and Christian Thaulow, Oxygen argon plasma 

treatment effect on hydrogen uptake in austenitic stainless steels. International Journal of 

Hydrogen Energy, 2014, 39(26), 14120–14131,  

https://doi.org/10.1016/j.ijhydene.2014.06.161 

 

Paper II: Adina Basa, Christian Thaulow and Afrooz Barnoush, Chemically induced phase 

transformation in austenite by focused ion beam, Metallurgical and Materials 

Transactions A, 2014, 45(3), 1189–1198, https://doi.org/10.1007/s11661-013-2101-4 

 

Paper III: Adina Basa, Dong Wang, Nuria Espallargas and Di Wan, An in-situ 

electrochemical nanoindentation (ECNI) study on the effect of hydrogen in the mechanical 

properties of 316L austenitic stainless steel. Materials, 2021, 14(21), 6426, 

https://doi.org/10.3390/ma14216426  

 

Individual contribution: the PhD candidate has performed all experimental work of this PhD, 

under the guidance of the co-authors. The results published in the papers are direct findings 

of the PhD candidate during the experimental work. All the authors were involved in the 

discussion of the results, drafting the manuscripts and the final approval towards publication. 

 

In addition, the PhD candidate has contributed to conference presentations and articles listed 

below. The presenting author is underlined. 

 International Conference on Steel and Hydrogen; September 28 – 29, 2011, Ghent, 

Belgium. 

Adina Basa, Christian Thaulow and Vigdis Olden, In situ nanoindentation testing of 

hydrogen degradation on super duplex stainless steel. (Conference presentation) 

https://doi.org/10.1016/j.ijhydene.2014.06.161
https://doi.org/10.1007/s11661-013-2101-4
https://doi.org/10.3390/ma14216426
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 International Conference Diagnosis and Prediction in Mechanical Systems Engineering; 

May 31 – June 1, 2012, Galati, Romania. 

Adina Basa, Afrooz Barnoush and Christian Thaulow, Nanomechanical testing of hydrogen 

effects on super duplex stainless steel. Mechanical Testing and Diagnosis, ISSN 2247-9635, 

2012 (II), Volume 2, pp. 5–14. (Conference presentation and paper) 
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2. HYDROGEN-MATERIAL INTERACTION  

 

Over the years, many metal degradation processes due to the interaction with hydrogen have 

been described in literature. The severity and character of the hydrogen damage depends on 

the source of hydrogen, stress level and/or treatment applied to materials. The hydrogen can 

either be initially present in the material as internal hydrogen or come from the environment 

to which the material is exposed as external hydrogen [61, 62].  

Internal hydrogen embrittlement (IHE) involves the concentration of pre-existing hydrogen in 

regions of high hydrostatic residual stress resulting in cracking under stresses below the yield 

stress [63-65]. Hydrogen environment embrittlement (HEE) describes subcritical cracking of 

materials under sustained loads in hydrogen or hydrogen-sulphide gases [28, 66-70].  

Other terminologies for the hydrogen effect on materials are used in specific industries. 

Hydrogen-assisted cracking (HAC) [71-73] and hydrogen-assisted fatigue [74-78] have been 

also reported. In the welding industry it is used the term hydrogen-assisted cold cracking 

(HACC) when welds are subjected to cracking after cooling to room temperature [79-81]. 

Stress-oriented hydrogen induced cracking is used mostly in the oil and gas industry when 

cracking has a ladder-like morphology due to cracking from elongated inclusions distributed 

along the rolling direction of the plate [82-84]. Other forms of hydrogen damage are blistering 

and hydrogen attack.  

Apart from the hydrogen blistering and hydrogen attack the rest of the hydrogen damage 

types mentioned above can be traced back to the hydrogen effect on mechanical properties 

of the metal. The deleterious effect of hydrogen on the mechanical properties of metals 

manifest itself in the form of a reduction in the ductility during tensile testing of hydrogen 

charged samples [85-87]. The effect is different in various metals and alloys and typically scales 

itself with the strength of the alloy [47, 88-90]. 
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2.1. Hydrogen entry into metal 

 

The hydrogen entry into materials is a complex process with many dependent parameters, 

while the material properties are affected regardless if hydrogen entered from a gaseous 

phase or a liquid phase. Different charging methods have been used in literature to allow 

hydrogen enter materials. In this section, a summary of some commonly used methods, as 

well as their theoretical backgrounds are given. 

 

Hydrogen resulting from gaseous phase 

Three main processes characterize the gas–solid interaction: physisorption, chemisorption, 

and absorption, Figure 1. Physisorption is a completely reversible process and occurs 

instantaneously due to van der Waals forces between a surface and an adsorbent. The 

chemical reaction between the surface atoms and the adsorbent molecules is described as 

chemisorption and it can be a slowly reversible or completely irreversible process [91]. Finally, 

absorption happens when the products of chemisorption penetrate the surface and diffuse 

into the bulk lattice of the material. The absorption capacity of hydrogen into material 

depends however on the samples’ type and microstructure. The literature is intensively 

dissecting the nature of hydrogen dissolved in transition metals, on whether it is present as 

atom (H), proton (H+) or gas (H2) [92].  

 

Figure 1 Schematic of gas – solid interaction: a) Hydrogen molecules approaching the material surface, b) physisorption, 
c) chemisorption and d) absorption. Adapted from [93]  
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Hydrogen resulting from cathodic charging 

One intensively used method in studying the effect of hydrogen on materials through 

electrochemical charging during cathodic polarization. The cathodic reaction in aqueous 

electrolytes generates hydrogen and the hydrogen evolution reaction (HER) depends on the 

pH of the media: 

2𝐻2𝑂 + 2𝑒− → 𝐻2 + 2𝑂𝐻− (𝑖𝑛 𝑎𝑙𝑘𝑎𝑙𝑖𝑛𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑠)     Equation 1 

2𝐻3𝑂+ + 2𝑒− → 𝐻2 + 2𝐻2𝑂 (𝑖𝑛 𝑎𝑐𝑖𝑑𝑖𝑐 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑠)    Equation 2 

There are two successive steps which contribute to the overall HERs mechanism. In the first 

step, common to all metals, the hydrated protons are discharged in acid solutions while in 

alkaline solutions the water is decomposed into oxygen and hydrogen gas. This process is 

known as water electrolysis: 

𝐻3𝑂+ + 𝑀 + 𝑒− → 𝑀 − 𝐻𝑎𝑑𝑠 + 𝐻2𝑂  (i𝑛 𝑎𝑐𝑖𝑑𝑖𝑐 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑠)   Equation 3 

𝐻2𝑂 + 𝑀 + 𝑒− → 𝑀 − 𝐻𝑎𝑑𝑠 + 𝑂𝐻− (in alkaline solutions)  Equation 4 

where 𝐻𝑎𝑑𝑠 represents the hydrogen atom adsorbed on a metal surface.  

The second step is the desorption of hydrogen atoms from the metal surface, which can either 

be through chemical or electrochemical desorption. The chemical desorption, known also as 

catalytic recombination, occurs in both acid and alkaline solutions: 

𝑀 − 𝐻𝑎𝑑𝑠 + 𝑀 − 𝐻𝑎𝑑𝑠 → 𝐻2 + 2𝑀       Equation 5 

While the electrochemical desorption is pH dependent: 

𝑀 − 𝐻𝑎𝑑𝑠 + 𝐻3O+ + e− → H2 + H2O + M  (𝑖𝑛 𝑎𝑐𝑖𝑑𝑖𝑐 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑠)  Equation 6 

𝑀 − 𝐻𝑎𝑑𝑠 + 𝐻2𝑂 + 𝑒− → 𝐻2 + 𝑂𝐻− + 𝑀  (𝑖𝑛 𝑎𝑙𝑘𝑎𝑙𝑖𝑛𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑠) Equation 7 

 

In this PhD thesis, cathodic charging was used in the experimental part to evaluate the 

hydrogen effect on stainless steels due to its simplicity and the safety of the process as 

compared to working with hydrogen gas under pressure. 
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2.2. Mechanisms of Hydrogen Embrittlement 

 

Different micro-mechanisms have been proposed over the years for interpreting the variation 

in properties due to hydrogen ingress in metals [1, 41, 90, 94-98] namely, the hydride-induced 

embrittlement (HIE), the hydrogen enhanced decohesion (HEDE), the hydrogen enhanced 

local plasticity (HELP), the adsorption-induced dislocation emission (AIDE), the hydrogen-

enhanced strain-induced vacancy (HESIV) formation, and lately the DEFACTANT theory, Figure 

2. Each mechanism defines the material behaviour observed in special conditions and is 

strongly affected by stress and environment. In other words, these mechanisms are system-

dependent mechanisms and might not be used as universal mechanisms for the effect of 

hydrogen on metals. Hydrogen embrittlement mechanisms can occur separately or in 

combination [99] and during crack initiation and crack growth one or more mechanisms can 

take the dominant role.  

 

 

Figure 2 Micro-mechanisms of hydrogen embrittlement, where hydrogen is marked by the purple circles. Adapted from [96] 
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The hydride-induced embrittlement (HIE) mechanism describes the fracture of metal hydrides 

nucleated at the crack tip due to hydrogen diffusion ahead of the crack [11, 100]. According 

to Birnbaum et al. [101], HIE mechanism is influenced by the temperature at which the stable 

metal hydrides are brittle and the strain rate conditions that give time for the hydrogen to 

diffuse.  

The hydrogen enhanced decohesion (HEDE) mechanism has been intensively reported in 

literature [90, 102, 103]. The mechanism reported initially by Troiano [104] and further 

developed by Oriani [105] is based on the hypothesis that the cohesive bonding strength 

between metal atoms is reduced by the hydrogen diffused within the lattice.  

The hydrogen enhanced localized plasticity (HELP) is the mechanism proposed by Beachem 

[71] and developed further by Birnbaum and Sofronis [106] in which the distance between 

dislocations is reduced by hydrogen. The enhanced plasticity results in a localized softening 

along preferred crystallographic planes at the crack tip, thus cracking along these planes occur.  

The adsorption-induced dislocation emission (AIDE) is a mechanism proposed for the first time 

in 1976 and further developed by Lynch [72, 90, 96, 97], which implies a dislocation nucleation 

facilitated by the external hydrogen adsorbed at the crack surface followed by dislocations 

movement away from the crack tip under stress. Thus, the adsorbed hydrogen acts by 

weakening the interatomic bonds in the substrate and facilitates the dislocations’ emission 

[90].  

The hydrogen-enhanced strain-induced vacancy formation mechanism (HESIV) is the 

mechanism in which hydrogen slightly enhances homogenous dislocation nucleation, 

however it promotes dislocation emission, induces slip planarity, and localizes dislocation 

activity significantly, leading to locally enhanced vacancy formation from dislocations [107]. 

Some studies have reported that the hydrogen-enhanced localized dislocation activity and 

vacancy formation is the main reason of hydrogen embrittlement in metals and alloys [107-

109]. 

A recently proposed mechanism is the DEFACTANT model by Kirchheim [110-113]. The term 

is a shortcut from “DEFect ACTing AgeNTs” which refers to solute atoms that segregates to 

material defects and is proposed in analogy to the concept of surfactants (SURFace ACTing 

AgeNTS). The concept is based on thermodynamic calculations and refers to hydrogen atoms 

as defactants that reduce the formation energy of defects. The concept equations were used 
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for interpreting nanoindentation results and it was shown how the hydrogen affects the 

energy barrier for homogeneous dislocation nucleation [50, 52, 112, 114, 115].  

In the recent years, the synergistic interplay between multiple mechanisms (e.g. HELP+HEDE 

and HELP-mediated HEDE) has been proposed in several works, which can explain and model 

some hydrogen embrittlement cases successfully [99, 116]. 
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3. MATERIALS AND SAMPLE PREPARATION 

 

This PhD thesis focuses on two types of materials: a dual phase 25%Cr super duplex stainless 

steel and a 316L austenitic stainless steel. The chemical composition of the investigated steels 

are given in Table 1, while the heat treatments of the samples are given in Table 2. 

 

Table 1 Chemical composition of the selected steels 

 C Si Mn S P Cr Ni W Mo Cu N Al 

SDSS 0.017 0.23 0.51 0.001 0.027 24.92 7.31 0.53 3.6 0.60 0.253 0.005 

316L 0.015 0.38 1.25 0.0005 0.027 16.39 10.16 - 2.09 - 0.04 - 

 

Table 2 Heat treatment applied to the selected samples 

 Heat treatment  Temp., °C  Time  Cooling  

SDSS Annealing  1130  7 hours  Water quenching  

316L Annealing  1150  8 days  In furnace  

 

The heat treatments applied to the samples resulted in coarse grain microstructures with a 

very low dislocation density. The samples were cut 10 mm in thickness and 10 - 12 mm in 

diameter to fit the electrochemical cell. To achieve an average roughness of the sample’s 

surface of less than 10 nm, the samples were grinded with silicon-carbide papers up to 2400 

grade, polished mechanically with a water-based diamond suspension and to remove the 

microscopic layer affected by mechanical polishing [51] the samples were electropolished 

using the parameters presented in Table 3. 

Table 3 Electropolishing parameters 

 Electrolyte  Pot., V  Flow rate  Time, s  Temp., °C  

SDSS Methanol/H2SO4  35  12  30  21  

316L Methanol/H2SO4  20  12  30  21  

 

To exclude the phase and crystallographic orientation effect on the results, Scanning Electron 

Microscope and Electron Back Scattering Diffraction (EBSD) mapping was done on selected 

areas on the sample’s surface. Figure 3 and Figure 4 give information about the crystal lattice 

as well as crystallographic orientation of the grains. From these images, specific grains were 
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selected for performing the nanoindentation tests. Two microindents (marked as MI) were 

performed on each sample, close enough to the selected grains for easier identification, deep 

enough to be visible with the optical camera of the nanoindenter but far away enough from 

the investigated areas so the plastic deformation around them does not affect the tested 

grains (marked with NI in Figure 3b) and Figure 4). 

 

 

Figure 3 SDSS sample a) phase map, where red is the ferrite and green is the austenite; b) inverse pole figure map revealing 
the crystallographic orientation of the grains 

 

 

Figure 4 Austenitic 316L SS inverse pole figure map  
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4. EXPERIMENTAL TECHNIQUES 

 

During this PhD thesis, several experimental methods have been used. These are described in 

the following sections. 

 

4.1. Electrochemical nanoindentation (ECNI) 

 

Electrochemical nanoindentation, shortly refer to as ECNI, is a method developed rather 

recently to investigate the effect of hydrogen on the micromechanical properties of different 

materials under hydrogen charging conditions [50, 51]. The experimental setup involves using 

a tribo indenter in combination with an electrochemical setup and the immediate effect of 

hydrogen on local material micro-constituents can be recorded. The main advantage of using 

in situ ECNI technique for investigating the hydrogen effect is that it ensures a constant 

hydrogen source during testing, while in the case of ex-situ ECNI, a large amount of hydrogen 

diffuses out of the material when the sample is transferred from the electrochemical setup to 

the nanoindentation setup [117]. 

This PhD thesis implemented the ECNI setup for the first time at the Norwegian University of 

Science and Technology (NTNU) and it is schematically shown in Figure 5 [118-120]. An 

electrochemical cell set up was incorporated in a nanoindenter (Tribo Indenter TI 950 from 

Hysitron, now Bruker), and a Gamry Reference 600™ Potentiostat was used to control the 

electrode potentials. The electrolyte with a pH of 6.22 was prepared dissolving Na2SO4 (99%, 

Merck KGaA) in deionised water (18.2 MΩ·cm) at a concentration of 0.05 mol/L. 

The Tribo Indenter TI 950 is able to perform both indentations and scanning probe images of 

the sample’s surface. The indentation technique generates load - displacement curves (LD) 

when an indenter tip is pushed into the sample surface with loads from nano to micro Newton 

levels. From these LD curves generated the material properties are calculated, like hardness, 

reduced elastic modulus, as well as it can capture the first dislocation nucleation (pop in).  
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Figure 5 Experimental setup for in-situ ECNI testing 

 

Different types of indenters can be used and the difference is given by the shape of its tips, 

which can be spherical, pyramidal, conical, cylindrical or cube-corner with the shape of a 

three-sided pyramid also known as the Berkovich indenters [121]. Berkovich type indenters’ 

tips were used in this study. 

The TI 950 equipment shown in Figure 6, is equipped with an optical camera, a transducer and 

the sample stage. The electrochemical setup is placed on the sample stage and the system can 

be operated in six directions (±X, ±Y and ±Z) to position the sample under the optical camera. 

The system can be switched between the optical position mode and contact mode, when the 

tip indenter approaches and gets in contact with the sample. 

 

 

Figure 6 View inside the Tribo Indenter TI 950  
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Maximum forces of 2000 μN were used to perform indentations during this PhD thesis which 

gave material information at a sub-micron level, thus they will be referred to as 

nanoindentations [122]. During nanoindentation a tip is approaching slowly to the sample and 

is applying a defined load or displacement to the sample, Figure 7a), and the load-

displacement curve produced, Figure 7b), is used to calculate the material properties like 

hardness and the reduced modulus of elasticity. 

 

 

Figure 7 a) Cross-sectional area of an indentation, b) typical load – displacement curve 

 

The hardness is calculated based on the maximum load applied to the sample, Pmax, and the 

contact area, Ac:  

𝐻 =
𝑃𝑚𝑎𝑥

𝐴𝑐
 Equation 8 

The contact area, Ac, is calculated from the tip area function based on the contact depth, hc. 

For a perfect Berkovich indenter [123]:  

Ac = 24.5 ∙ hc
2 Equation 9 

hc = hmax − ε
Pmax

S
 Equation 10 

The contact depth, hc, is extracted from the maximum displacement, hmax, material stiffness, 

S, and a geometric constant, ɛ equal to 0.75. 

The reduced modulus of elasticity is calculated from the material stiffness, contact area and a 

correction factor, β which depends on the tip geometry (β = 1.034 for a Berkovich indenter): 
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𝐸𝑟 =
√𝜋

2

1

𝛽

𝑆

√𝐴𝑐

 Equation 11 

There is an interconnected relation between the reduced modulus and the elastic modulus 

and that depends on the Poisson’s ratios for the sample,ν𝑠, respectively indenter, ν𝑖, as well 

as on both elastic modulus of the sample, Es, respectively indenter, Ei: 

1

𝐸𝑟
=

1 − 𝜈𝑠
2

𝐸𝑠
+

1 − 𝜈𝑖
2

𝐸𝑖
 Equation 12 

 

 

4.2. Focused Ion Beam (FIB) microscopy 

 

The focused ion beam (FIB) microscopy is used in materials’ studies and has the same principle 

as a scanning electron microscope (SEM), except that is using an ion beam instead of an 

electron one. FIB is capable of high-resolution imaging, patterning, precise micromachining 

and deposition in one single unit [20, 49, 59, 124-127]. 

A FIB system is comprising a vacuum system, a gas injection system, a liquid metal ion source 

responsible for producing the ion beam, sample stage and a computer that controls the 

equipment. The ion source is usually made of gallium (Ga), due to its properties like low 

melting point (29.8 °C), high surface tension, low vapour pressure and long lifetime.  

The FIB system used in this study was a Helios NanoLabTM DualBeamTM produced by FEI (now 

ThermoFisher) and it is shown schematically in Figure 8. The system has a SEM column along 

the FIB column thus, the electron beam was used to perform the imaging while the FIB column 

was used to perform milling. Inside the chamber there is a pressure lower than 2.6×10−6 mbar 

and the stage can move in five axes (x, y, x, rotational and tilt axis). The physical and thermal 

stability of the stage is important to perform accurate positioning and to avoid the specimen 

drift. This combined FIB–SEM system can perform advanced characterisation and produce 

complex shapes for further material investigations.  
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Figure 8 Picture of the Helios NanoLabTM DualBeamTM system with a schematic detail of the ion beam and electron beam 
interacting with the surface 

 

When a Ga+ ion hits the sample surface and collides with the surface atoms, different amounts 

of material can be removed, depending on the angle of incidence, Figure 9. 

 

  

Figure 9 Interaction between an ion beam with a solid surface gives a) less material removal or b) more material removal on 
larger angles of incidence [124] 

 

Although the ion beam - sample interactions are essential in the FIB application, the ions’ 

effect on the sample material can cause damages including atomic sputtering, ion emission, 

localized heating and ion implantation in the sample surface. It is highly important to elucidate 

these side effects when using FIB for characterization, examination and sample preparation in 

materials science; for example, micro-compression testing of pillars [53, 126-128], 3D 

tomography of microstructure [57, 129], studying the crack interaction with the grain 

boundary [130, 131], preparation of TEM and atom probe tomography samples [132, 133]. 
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FIB was used in this PhD thesis to investigate the chemically induced phase transformation of 

austenite to ferrite due to Gallium implantation. 

 

 

4.3. Scanning Electron Microscope - Electron Backscatter Diffraction mapping (SEM-

EBSD) 

 

Scanning Electron Microscope - Electron Backscatter Diffraction (SEM-EBSD) technique 

provides microstructural crystallographic characterization of materials [58, 79, 134] revealing 

phases on surfaces, grain orientations as well as grain sizes, local texture and point-to-point 

orientation correlations.  

A phosphor screen is situated within the SEM chamber to detect the electrons which are 

accelerated by the electron beam and diffracted by the atomic layers in a crystalline sample 

[135]. During characterization, the diffracted electrons will hit the phosphor screen and 

generate Kikuchi patterns known as EBSD patterns, which are giving information about the 

structure and crystallographic orientation of the grains. The intensity of the generated Kikuchi 

patterns increases with surface inclination, thus the sample surface is tilted approximately 70˚ 

relative to normal incidence of the electron beam, Figure 10.  

 

 

Figure 10 Schematic illustration of the EBSD principle. Adapted from [135] 

 

The equipment used to generate the EBSD maps of the samples in this PhD thesis was a field 

emission SEM (FESEM), Zeiss Ultra 55 VP. The EBSD patterns were acquired with a high speed 

NORDIF UF750 camera system, and for indexing and data analysis a TSL OIM software was 
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used. While the sample was tilted 70° and placed on a working distance of 21 mm, the 

acceleration voltage inside the chamber was 30 kV.  

The EBSD patterns resulting from the electron beam – sample interaction were indexed in 

different types of maps: the material phase map (which gives information about the identified 

phase in each measurement point), the inverse pole figure (IPF) map (also known as the 

crystallographic orientation map), the confidence index (CI) map (which gives the quality of 

indexing the diffraction pattern at each point) and the image quality (IQ) map. In addition to 

these standard methods, orientation gradient mapping (OGM) analysis was also used to 

analyse the lattice misorientation calculated with respect to its neighbouring points [136].  
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5. MAIN RESULTS 

 

5.1. Oxygen Argon plasma effect on hydrogen uptake in steels 
 

As explained in Chapter 3, the sample preparation for testing is done in several steps. During 

experimental trials for investigating the hydrogen effect on stainless steels, it was observed 

and proposed a new method for controlling the hydrogen uptake into samples when applying 

cathodic protection. Two samples, one SDSS and one 316L ASS, freshly electropolished, were 

tested first in air and afterwards under hydrogen charging. The tests were repeated on the 

same samples treated for 5 minutes with Oxygen Argon plasma (OArP) prior testing and Figure 

11 shows that the hydrogen effect is supressed under electrochemically hydrogen charging. 

The treatment applied does not affect the dislocation nucleation during ECNI, Figure 11, 

neither the nanomechanical properties of the materials, Figure 12, but it greatly inhibited the 

hydrogen uptake when the surfaces were electrochemically charged. Topography images 

made on 316L sample show no differences on the pile ups around nanoindentations made 

prior and after OArP treatment, Figure 14. Also Figure 15 shows the topography images made 

on SDSS sample and a clear effect of hydrogen on austenitic grain is shown by the slip lines 

captured after only 85 minutes of hydrogen charging on a freshly electropolished sample, 

while no slip lines are observed on the OArP treated sample not even after 6 hours of hydrogen 

charging [137].  

 

 

Figure 11 Load - displacement curves resulted from in situ electrochemical nanoindentations made on 316L ASS, first in air 
and later under hydrogen charging (HC) on a) freshly electropolished sample and b) 5 min OArP treated sample  
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Figure 12 Pop-in behaviour with the error bars representing the standard deviation, a) austenitic phase of SDSS, b) 316L ASS 

 

 

 

Figure 13 Hardness behaviour with the error bars representing the standard deviation, a) austenitic phase of SDSS, 
b) 316L ASS 

 

 

 

Figure 14 SPM topography images after nanoindentation of a 316L sample under hydrogen charging a) pre- and b) post-
OArP treatment 
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Figure 15 SDSS sample a) imaged after 6 hour of hydrogen charging on a sample treated for 5 minutes with OArP, b) slip 
lines captured in austenitic grain after 85 minutes of hydrogen charging on a freshly electropolished sample (without OArP 

treatment) 

 

 

5.2. Hydrogen effect on the nanomechanical properties of SDSS and 316L ASS 

 

Using ECNI, the hydrogen effect on the nanomechanical properties and dislocation nucleation 

was investigated in both SDSS and 316L ASS. Under hydrogen charging a reduction in the pop 

in load and width was reported on both austenitic and ferritic phases of a SDSS sample, Figure 

16 and Figure 17, as well as an increase in hardness, Figure 18.  

Hydrogen effect on the material hardness is larger for the austenitic phase than for the ferritic 

one, with a difference before and after hydrogen charging, of approximatively 1 GPa for 

austenite and only 0.6 GPa for ferrite. The higher increase in the hardness under hydrogen 

charging for the austenite is attributed to the fact that austenite has a higher solubility of 

hydrogen than ferrite [138].  

 

Figure 16 The reduction in the onset of plasticity (pop-in load level) due to hydrogen on SDSS  
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Figure 17 Pop-in width and pop-in load from the pop-in analysis 

 

 

Figure 18 The hydrogen effect on the SDSS sample hardness 

 

On austenitic 316L SS, it was investigated the interconnection of the electrode potential of the 

sample with the hydrogen effect on the nanomechanical properties. It was found that more 

positive cathodic potentials have a softening effect, while applying more negative cathodic 

potentials a significant hardening can be observed.  

There is a clear difference in the LD curves under hydrogen charging, the curves are similar in 

air and under anodic potentials (AP), Figure 19. While at different cathodic potentials (CPs), 

both the pop-in load and pop-in width are decreasing with increasing of the cathodic charging, 

Figure 20. The sample recovers under anodic polarization, Figure 21. From the scanning probe 

microscopy (SPM) images made after each set of nanoindentations, Figure 21b, it can be 

concluded that the changes in the material behaviour are due to the dissolved hydrogen and 

not to the changes in the surface conditions.  
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Figure 19 a) Representative LD curves for 316L SS in different charging potentials and b) the corresponding SPM images, 
where CP1=-740mV, CP2=-808mV, CP3=-884mV and AP=+100mV 

 

 

 

Figure 20 Pop-in data from the ECNI of a 316L sample under different charging conditions: a) pop-in load; b) pop-in width 

 

Hydrogen has a huge effect on the nanomechanical properties, like hardness and reduced 

modulus, Figure 21. By decreasing further the cathodic potentials (CPs) to -1200 mV and -1400 

mV, the hardness increases systematically and abruptly when the cathodic potential of -1500 

mV is reached, Figure 21 c. Also, the SPM image shows the formation of slip lines and/or 

martensite formation on the surface [139]. 
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Figure 21 Hydrogen effect on nanomechanical properties of 316L sample: a) hardness and b) reduced modulus on low 
cathodic potentials, c) hardness on high cathodic potentials  

 

During material testing the phase transformation was triggered not only during hydrogen 

charging but it was also observed when other elements, like gallium, were implanted into the 

surface. During FIB, which is an intensively used method nowadays for creating testing 

samples, like pillars for example, it was found a chemically induced austenitic-to-ferritic phase 

transformation under gallium ions. In an independent test, several regions were milled under 

FIB using 3 different gallium ion doses at different acceleration voltages. The phase 

transformation occurred within the milled areas. Both high resolution electron backscatter 

diffraction analysis Figure 22, and chemical analysis of the affected areas showed that the 

gallium implantation preceded the FIB milling and the phase transformation was not triggered 

by the shear and plastic deformation expected from the typical martensitic transformation. 

By increasing locally the amount of gallium, which is a ferrite stabilizer, the chemical 

composition of the austenite was changed, and this resulted in the selective transformation 

of austenite to ferrite [140].  
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Figure 22 FIB milled areas in an austenite grain of SDSS sample: a) SEM image of all the patterns milled with different 
parameters; b) phase map where green is austenite and red is ferrite, c) IPF map showing the change in the crystallographic 

orientation of the grains after milling. 
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6. SUMMARY OF PAPERS 

 

This chapter presents the papers that were published and presented in conferences during 

the PhD thesis, while APPENDICES chapter comprises the papers.  

 

Paper I: Oxygen argon plasma treatment effect on hydrogen uptake in austenitic stainless 

steels 

Authors: Afrooz Barnoush, Adina Basa and Christian Thaulow. 

Published in: International Journal of Hydrogen Energy, 2014, 39(26), 14120–14131. 

https://doi.org/ 10.1016/j.ijhydene.2014.06.161 

 

Abstract: In this study, oxygen argon plasma (OArP) treatment was introduced as a 

new method for controlling hydrogen uptake in austenitic stainless steels during 

cathodic protection. It was determined that a 5-min treatment with OArP did not affect 

the nanomechanical properties of the material or the dislocation nucleation process, 

but it greatly inhibited the effect of hydrogen when the surfaces were in situ 

electrochemically hydrogen charged. Moreover, the cyclic voltammetry and X-ray 

photoelectron spectroscopy tests showed that the applied treatment influenced the 

composition of the surface oxide which in turn influences the hydrogen uptake from 

the surface.  

 

 

 

 

 

 

 

https://doi.org/%2010.1016/j.ijhydene.2014.06.161
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Graphical abstract: 

  

 

 

Paper II: An In-Situ Electrochemical Nanoindentation (ECNI) Study on the Effect of Hydrogen 

on the Mechanical Properties of 316L Austenitic Stainless Steel 

Authors: Adina Basa, Dong Wang, Nuria Espallargas and Di Wan 

Published in Materials, 2021, 14(21), 6426, 

 https://doi.org/10.3390/ma14216426  

 

Abstract: In-situ electrochemical nanoindentation (ECNI) has been used to study the 

effect of hydrogen on the mechanical properties of austenitic stainless steel AISI 316L. 

Changing the electrode potential (via electrochemical charging) revealed the 

interconnected nature of the hydrogen effect on the nanomechanical properties of the 

stainless steel. At more positive cathodic potentials, a softening effect of hydrogen can 

be noticed, while significant hardening can be observed at more negative cathodic 

potentials. The hydrogen effects on the nanomechanical properties were analysed in 

terms of the homogeneous dislocation nucleation (HDN) and the hydrogen-dislocation 

interactions from the energy point of view. The effects can be explained with the 

framework of the defactant theory and the hydrogen-enhanced localized plasticity 

(HELP) mechanism. 

https://doi.org/10.3390/ma14216426
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Graphical abstract: 

 

 

 

Paper III: Chemically induced phase transformation in austenite by focused ion beam 

Authors: Adina Basa, Christian Thaulow and Afrooz Barnoush. 

Published in: Metallurgical and Materials Transactions A, 2014, 45(3), 1189–1198.  

https://doi.org/10.1007/s11661-013-2101-4 

 

Abstract: A highly stable austenite phase in a super duplex stainless steel was 

subjected to a combination of different gallium ion doses at different acceleration 

voltages. It was shown that contrary to what is expected, an austenite to ferrite phase 

transformation occurred within the focused ion beam (FIB) milled regions. Chemical 

analysis of the FIB milled region proved that the gallium implantation preceded the FIB 

milling. High resolution electron backscatter diffraction analysis also showed that the 

phase transformation was not followed by the typical shear and plastic deformation 

expected from the martensitic transformation. On the basis of these observations, it 

was concluded that the change in the chemical composition of the austenite and the 

local increase in gallium, which is a ferrite stabilizer, results in the local selective 

transformation of austenite to ferrite.  

 

https://doi.org/10.1007/s11661-013-2101-4
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Graphical abstract: 

 

 

 

Conferences presentations/publications 

 

In addition, the PhD candidate have contributed in the conference presentations and articles 

listed beneath. The presenting author is underlined. 

 

 Conference presentation: In situ nanoindentation testing of hydrogen degradation 

on super duplex stainless steel. 

Authors: Adina Basa, Christian Thaulow and Vigdis Olden.  

Conference: International Conference on Steel and Hydrogen; September 28 – 29, 

2011, Ghent, Belgium  

 

Abstract: The effect of hydrogen on mechanical properties of super duplex stainless 

steel was studied using a nanoindenter equipment combined with an electrochemical 

setup so the nanoindentations can be made on an electrochemically charged surface. 

In situ electrochemical nanoindentation testing captures the change in the onset of 
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plasticity (pop-in load level) as well as the change in hardness due to absorption of 

atomic hydrogen. 

 

 Conference paper: Nanomechanical testing of hydrogen effects on super duplex 

stainless steel. 

Authors: Adina Basa, Afrooz Barnoush and Christian Thaulow.  

Publised in: International Conference Diagnosis and Prediction in Mechanical Systems 

Engineering; May 31 – June 1, 2012, Galati, Romania. Mechanical Testing and 

Diagnosis, ISSN 2247-9635, 2012 (II), Volume 2, pp. 5–14 (Conference presentation and 

paper) 

 

Abstract: The effect of hydrogen on the mechanical properties of the super duplex 

stainless steel is examined using in situ electrochemical nanoindentation (ECNI) tests. 

Within the ECNI, which is a nanoindenter combined with an electrochemical setup, the 

nanoindentation can be made on a surface that is immersed in an electrolyte and in 

situ electrochemically charged with hydrogen. In situ electrochemical nanoindentation 

testing captures the change in the onset of plasticity (pop-in load level) as well as the 

change in the hardness due to the absorption of the atomic hydrogen. 
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7. CONCLUSIONS AND FURTHER WORK 

 

In this PhD thesis the hydrogen interaction with two stainless steels, one austenitic and one 

super duplex stainless steel, was investigated. The tests were performed within the same 

grains, first in air, and then under electrochemical charging with hydrogen by applying 

cathodic potentials and discharging when applying anodic potential. The following conclusions 

can be drawn: 

 Hydrogen has a clear effect on both hardness and the pop-ins of both the austenite 

and the ferrite phases of the super duplex steel as well as on the austenitic steel.  

 The cathodically charged hydrogen promotes the homogeneous dislocation nucleation 

during nanoindentation in samples (316L ASS and SDSS), which was explained by the 

framework of the defactant theory. 

 A softening effect of hydrogen was observed at cathodic potentials up to the redox 

potential for hydrogen evolution on the austenitic stainless steel sample (316L ASS), 

which was explained by the HELP mechanism. When charging the sample at higher 

cathodic potentials (more negative), hydrogen-induced surface steps (slip lines) are 

observed, which contribute to permanent changes in the material microstructure. 

 After oxygen argon plasma treatment of the two materials (316L ASS and SDSS), the 

nanomechanical properties of the surfaces in air did not change. Also, the effect on 

hardness and pop-in load induced by electrochemically charged hydrogen at cathodic 

polarization was not observed for the oxygen argon plasma treated samples. The clear 

inhibition of hydrogen induced hardening and reduction in the pop-in load after 

oxygen argon plasma treatment proved that this treatment prevents hydrogen uptake 

into the metal.  

 Hydrogen is not the only element that triggers a phase transformation. Gallium 

implantation into a highly stable austenite phase in a SDSS was observed to spark the 

austenite to ferrite phase transformation. Further analysis proved that the phase 

transformation was not followed by plastic deformation or an increase in the 

dislocation density, but it is a transformation triggered by local changes in the chemical 

composition of the steel. 
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Some of the work started in this thesis was continued by other PhD candidates at NTNU during 

the years I was not formally a PhD student in the department anymore (2013-2021), however 

there is still a need for further investigations. The effect of hydrogen on different types of 

materials is intensively reported in literature, both internationally and resulted from NTNU, 

but the candidate would like to point out that there is still a huge need for: 

 Investigating the effect of other gases/chemical elements on the nanomechanical 

properties of stainless steels. 

 Investigating barriers for hydrogen uptake, which delay or even cancel the deleterious 

effect that hydrogen has on the materials. 

 Finding and investigating desorption methods for hydrogen or proposing hydrogen 

traps for the steels used for, for example, hydrogen transport applications.  
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a b s t r a c t

In this study, oxygen argon plasma (OArP) treatment was introduced as a new method for

controlling hydrogen uptake in austenitic stainless steels during cathodic protection. It was

determined that a 5-min treatment with OArP did not affect the nanomechanical proper-

ties of the material or the dislocation nucleation process, but it greatly inhibited the effect

of hydrogen when the surfaces were in situ electrochemically hydrogen charged. More-

over, the cyclic voltammetry and X-ray photoelectron spectroscopy tests showed that the

applied treatment influenced the composition of the surface oxide which in turn influences

the hydrogen uptake from the surface.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

Super duplex stainless steels (SDSS) and austenitic stainless

steels (ASS) are widely used in many industrial applications

because of their cost efficiency, high mechanical properties,

and good stress corrosion cracking resistance. However,

under appropriate conditions they can undergo hydrogen

embrittlement [1e9]. Specifically, within the sub-sea applica-

tions where due to the cathodic protection a continuous

source of hydrogen exist on the surface [10]. It is known that

SDSS can often fail due to hydrogen being released during

cathodic protection, leading to hydrogen embrittlement (HE)

[11e15].

In the presence of an external hydrogen source, such as

hydrogen transportation pipelines or sub-sea pipelines under

cathodic protection, one possible approach for controlling HE

is to inhibit the uptake of hydrogen from the surface. Hydrogen

uptake is a complicated process that happens through

different steps depending on the source of the hydrogen i.e.

gaseous or electrochemical. In the case of electrochemical

hydrogen, hydrogen uptake involves the whole steps within

the hydrogen evolution reaction as well as atomic hydrogen

absorption on the surface and its diffusion through the

different phases which are present on the surface [6,16]. The

rate of hydrogen uptake is controlled by the kinetic of the

slowest step involved. For a given alloy, the most convenient

way to reduce the rate of hydrogen uptake is by modification
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of its surface. This can be done by surface treatment which

alters the kinetic of hydrogen evolution on the surface and/or

formation of a surface film with a very low diffusivity for

hydrogen. For example, studies have shown that a pulsed

plasma nitride layer reduces the hydrogen uptake [17e21]

while at the same time enhances the mechanical properties

in presence of the hydrogen [21e23]. The exact mechanism of

how the hydrogen uptake through nitriding is reduced, is not

clear yet. Primary studies shows that the nitriding mainly

affects the transportation and the solubility of the hydrogen

on the surface layer [18]. In a recent study, Izawa et al. showed

that the oxide film on the surface of the ASS can alter its

mechanical behaviour in hydrogen atmosphere [24].

Recently, electrochemical nanoindentation (ECNI) tech-

nique [25e32], has been extensively used to study the effect of

hydrogen on mechanical properties [26,33,34]. The ECNI

method provides a rapid possibility to evaluate the hydrogen

effect on the nanomechanical properties in a relatively small

sample with a high statistics. In comparison to the conven-

tional mechanical testing methods for hydrogen embrittle-

ment e.g. tensile test in hydrogenatmosphere, ECNI is simpler,

cheaper and material-conservative. As an example we can

refer to the Zamanzade et al. work on evaluation of the

hydrogen effect on nanomechanical properties of interme-

tallic iron aluminide alloys with different Cr concentration

[35,36]. Within a similar experimental approach in this study,

we examined the hydrogen effect on naomechanical proper-

ties of two different austenitic phases: austenite phase of 25%

Cr SDSS (UNS S32760) and 316L ASS, with two different surface

treatments. An oxygen argon plasma (OArP) is used to alter the

freshly electropolished (EP) surface of the both steels, and the

subsequent changes in mechanical properties are studied by

means of nanoindentation in both hydrogen charged and un-

charged conditions. The surface compositional changes and

electrochemical properties are studied using X-ray photo-

electron spectroscopy (XPS) and cyclic voltammetry (CV).

Materials and methods

Materials and sample preparation

The chemical compositions of EN1.4501 (UNS S32760) SDSS

and 316L ASS are presented in Table 1. The heat treatments

were applied to the samples according to Table 2, which

resulted in microstructures with a very low dislocation

density and coarse grains. The dimensions of the samples

used were 1 mme2 mm in thickness and 12 mm in diameter

for SDSS and 10.6mm in diameter for 316L. The preparation of

the samples began by grinding with silicon-carbide papers up

to 2400 grade, followed by mechanical polishing with a water-

based diamond suspension up to 1 mm. The final step was

electropolishing using the parameters presented in Table 3 to

remove the microscopic work-hardened layer of material

caused by mechanical polishing [37].

Methods

Oxygeneargon plasma treatment
The OArP treatment was performed with Fishione 1020 PC

equipment. The freshly EP samples were treated for 5 min

with a mixture of 25% oxygen and 75% argon. This treatment

was originally developed for cleaning hydrocarbon contami-

nation from SEM samples. An oscillating electromagnetic field

accelerates free electrons to high velocities and the excited

gas atoms create the plasma. The energies with which plasma

ions collide on the surface are less than 12eV, which is below

the typical sample sputtering threshold. The same treatment

with the same parameters was applied to both the SDSS and

316L samples.

Electron backscatter diffraction mapping
A low vacuum field emission SEM (LV-FESEM), Zeiss Supra 55

VP was used for electron backscatter diffraction (EBSD) map-

ping of the samples prior testing, and TSL OIM software was

used for the data analysis. The samples were tilted by 70�, the
acceleration voltage was 30 kV, the working distance was

21 mm and a step size of 200 nm was used for EBSD mapping.

Fig. 1(a) presents the phase map of SDSS and Fig. 1(b and c)

presents the inverse pole figure maps which give information

regarding the grain orientations of both SDSS and 316L sam-

ples respectively. To exclude the crystallographic orientation

effect, all sets of nanoindentations were performedwithin the

same grain. In the SDSS sample, an austenite grain orientated

close to the (001) plane was tested, while a grain orientated

close to the (101) planewas investigated in the 316L sample, as

indicated by the straight arrows in Fig. 1(b and c). The selec-

tion of these orientations made based on availability of large

size grain with low index close to the centre of the sample for

ease of performing in situ electrochemical nanoindentation.

For easier identification of theses grains, each sample was

marked with several microindents (dotted arrows) where the

Table 1 e Chemical composition of materials investigated in this study (wt%).

C Si Mn S P Cr Ni W Mo Cu N Al

SDSS 0.017 0.23 0.51 0.001 0.027 24.92 7.31 0.53 3.6 0.6 0.253 0.005

316L 0.015 0.38 1.25 0.0005 0.027 16.39 10.16 e 2.09 e 0.04 e

Table 2 e Heat treatments applied to materials.

Heat
treatment

Temp.
(�C)

Time Cooling

SDSS Annealing 1130 7 h Water quenching

316L [21] Annealing 1150 8 days In furnace

Table 3 e Parameters used for electropolishing.

Electrolyte Pot.
(V)

Flow
rate

Time
(s)

Temp.
(�C)

SDSS Methanol/H2SO4 35 12 30 21

316L Methanol/H2SO4 20 12 30 21

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 9 ( 2 0 1 4 ) 1 4 1 2 0e1 4 1 3 1 14121

http://dx.doi.org/10.1016/j.ijhydene.2014.06.161
http://dx.doi.org/10.1016/j.ijhydene.2014.06.161


prints of the microindents are sufficiently deep to be visible

with the optical camera of the TI-750. Notice that the distance

between the microindents and the grains is sufficiently large

that the investigated grains are not affected by the plastic

zones of the microindents. In the case of nanoindentation

with non-axisymmetric Berkovich tip not only the orientation

of the indented grains in indentation direction i.e. normal to

the grain matters but also the crystallographic direction par-

allel to the surface and its relation relative to the tree fold

symmetry of the Berkovich geometry should be considered. In

order to have the same normal and parallel orientations for

reliable comparison between the results, in addition to

confining the indents within the same grain, we used the

same microindent pattern to orient the sample under the

optical microscope of the TI-750 exactly in the same parallel

orientation on the stage (formation of precisely similar pile up

patterns in Fig. 9 clearly shows that samples are indented in

the same normal and parallel orientations).

X-ray photoelectron spectroscopy
The XPS measurements were performed using a Kratos AXIS

Ultra DLD spectrometer with a monochromatized Al Ka X-ray

(hn ¼ 1486.69eV) at 15 kV and 150 W on freshly EP and OArP

treated samples. The C 1s peak from adventitious carbon at

284.9 eVwas used as a reference to correct the charging shifts.

Spectrometer pass energies of 160eV for the survey spectra

and 20 eV for high resolution spectra were used for all

elemental spectral regions. Data files were recorded in the

VAMAS format and processed using the CasaXPS software

package where the XPS signals were separated into the con-

tributions from the different species.

Nanoindentation
Nanoindentation tests were performed with a Hysitron Tri-

boIndenter™ TI-750 with a Performech™ controller in com-

bination with an electrochemical setup to allow hydrogen

charging of the samples. Nanoindentation tests were all per-

formed on freshly EP or EP and OArP treated samples to

exclude any contamination effect e.g. electron induced carbon

deposition during EBSD. In addition to nanoindentations, the

TI-750 is capable of scanning prior to and after the testing,

giving topographical images of the samples. A long shaft

Berkovich indenter tip was calibrated for both the tip area

function and machine compliance prior to the tests. The

procedure involves performing a series of at least 25 (up to

100) indents of different contact depths (varying the loading

levels) on a fused quartz sample with a known reduced

modulus of 69.6 GPa. The nanoindentations were performed

with a maximum load of 2000 mN and a loading rate of

2000 mN s�1, according to the load function presented in Fig. 2.

Fig. 1 e EBSD characterisation of materials studied: (a)

phase map of SDSS, where green is the austenite phase (g)

and red is the ferrite (a), and the inverse pole figuremaps of

(b) SDSS and (c) 316L. (For interpretation of the references to

colour in this figure legend, the reader is referred to the

web version of this article.)

Fig. 2 e Typical load function used for nanoindentation.
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For drift corrections, an additional holding time of 0.5 s at 10%

of the maximum load value was added during the unloading.

In situ electrochemical nanoindentation
ECNI was used to examine the electrochemically charged

hydrogen effect on nanomechanical properties. The ECNI

setup consist of a three-electrode electrochemical cell inte-

grated into the nanoindentation system explained in 2.2.4.

The ECNI setup schematically shown in Fig. 3 was developed

at the Norwegian University of Science and Technology and

its detail are given elsewhere [21,23]. A platinumwire was the

counter electrode, while a saturated calomel electrode (SCE)

served as the reference electrode. The working electrode was

the sample holder, and a Gamry Reference 600™ Potentiostat

was used to control the electrochemical potentials. A salt

bridge was used to eliminate Cl� ion exchange between the

reference electrode and the sample. The preparation of the

setup prior to testing is very important, and careful cleaning

must be performed. The electrochemical cell was cleaned

before each set of tests with soap, water and ethanol and,

lastly, was ultrasonically cleaned for 15min in double distilled

water. The long shaft tip was cleaned in ethanol and double

distilledwater to reduce the capillary forces acting on it during

testing inside the electrolyte. Scanning probe microscopy

(SPM) and nanoindentation tests were performed inside the

electrochemical cell while the sample was covered with

electrolyte. The electrolyte was prepared from Na2SO4 (99%,

Merck KGaA) with deionised water (18.2 MU cm) at a concen-

tration of 0.05 mol, giving a solution with a pH of 6.22.

The testing procedure was as follows: first, a freshly EP

sample was installed in the electrochemical cell and tested in

air. Then, a cathodic potential of �1150 mV (SCE) was applied

while the electrolyte was added on top of the sample. The

nanoindentation tests were started after 10 min of hydrogen

charging of the sample under cathodic polarisation. For the

whole period of in situ nanoindentation the sample was kept

at cathodic polarization. The typical duration of the in situ test

was about one hour and within this time no time dependent

change in the nanomechanical behaviour was observed. Next,

the sample was removed from the electrochemical cell,

cleaned with distilled water, EP one more time to remove the

tested layer and subjected to OArP treatment for 5 min. After

the electrochemical setup was freshly cleaned and dried, the

treated sample was installed and tested first in air and then

under hydrogen charging conditions (�1150 mV(SCE)) in the

same grain as before. The microindents created for the iden-

tification of the grains were still visible after the second EP of

the samples because the layer removed was not thicker than

15 mm [21].

Cyclic voltammetry tests
Cyclic voltammetry (CV) experiments were carried out to

study the redox reactions on the sample surfaces using the

same electrochemical setup as for the ECNI i.e. non deaerated

solution (Fig. 3) while the cell was outside of the nanoindenter

compartment. The samples were subjected to 10 potential

sweeps between �1000 mV(SCE) and �200 mV(SCE) at

different scan rate of 25mV s�1 to 200mV s�1. Before and after

the CV tests, the open circuit potential (OCP)wasmeasured for

30 s. For both materials, the OCP was between �400 mV(SCE)

and �500 mV(SCE).

Experimental results and discussion

Nanomechanical characterization

During a nanoindentation test, the load versus displacement

is registered, and a loadedisplacement (LD) curve is gener-

ated. Nanoindentation tests were performed on both 316L ASS

and austenitic phase in SDSS. Fig. 4 shows the typical LD

curves resulting from nanoindentations in air made on the

(001) orientated austenite grain of the SDSS sample and the

(101) orientated grain of 316L. The LD curves of both materials

show a discontinuity in the loading segment, i.e., a pop-in

(between 380 mN and 420 mN for SDSS and 600 mNe700 mN for

316L), where a sudden increase in the displacement occurs

without any appreciable increase in the load. The initial

elastic portions of the loading curves can be fitted with the

Hertzian elastic response (dashed lines in Fig. 4) and

expressed according to Eq. (1):

P ¼ 4
3
Er

ffiffiffiffiffiffiffiffi
Rh3
p

(1)

Fig. 3 e Electrochemical setup for hydrogen charging of the

samples.

Fig. 4 e LD curves made in air on the untreated samples

showing the Hertzian fit for the elastic part and the pop-ins

following the dislocation nucleation.
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where P is the applied load, h is the indentation depth, R is the

radius of the tip curvature and Er is the reduced modulus,

given by Eq. (2):

1
Er
¼ 1� n2s

Es
þ 1� n2i

Ei
(2)

where Es and Ei are the elastic moduli of the sample and

indenter, respectively and ns and ni are the Poissons ratio of

the sample and indenter, respectively. The initial elastic

loading begins as soon as the tip makes contact with the

material surface and continues until dislocation nucleation

or motion occurs. Typical dislocation densities in an

annealed material are in the range of 1 � 1010m2 to

1 � 1012m2, with dislocations spaced between 1 mm and

10 mm apart. A typical indentation test in the elastic regime

probes a lateral region of at most a few hundred nanometres

from the point where the pop-in is noted, suggesting that the

volume of material sampled by the indentation test at this

depth is smaller than the average dislocation spacing

[38e41]. Thus, an indentation placed randomly on the sur-

face will have a significant probability of sampling a region

that contains no pre-existing dislocations. Experimental

studies [40,42e47], as well as atomistic simulations

[38,48,49], have been conducted, and all lend credibility to

the assumption that, for a well-annealed and EP sample, the

indenter tip can initially contact a volume of material suffi-

ciently small as to be dislocation free. The absence of dis-

locations means that the material continues to load

elastically until the shear stress under the tip reaches a value

near the theoretical shear strength of the material, well

above that necessary to activate an existing dislocation

source. At this point, dislocations are homogeneously

nucleated, followed by subsequent glide and multiplication

events. Homogeneous dislocation nucleation (HDN) should

occur when the stress beneath the indenter tip approaches

the theoretical shear strength of the material. The term HDN

is used here to indicate that the dislocations are nucleated

from an otherwise dislocation-free material. For an inden-

tation test, the applied shear stress that nucleates a dislo-

cation can be assumed to be the maximum shear stress

beneath the indenter during purely elastic loading. Accord-

ing to continuum mechanics, the maximum shear stress acts

on a point 0.48 times the contact radius, a, below the sample

surface. Computer simulations have also shown that dislo-

cations nucleate at this point [50]. The position of this

maximum shear stress zt(max) and its value t(max) are given

by Eqs. (3) and (4):

ztðmaxÞ ¼ 0:48,a ¼ 0:48

�
3PR
4Er

�1
3

(3)

tmax ¼ 0:31

�
6E2

r

p3R2
P

�1
3

(4)

The elasticmodulus and Poisson's ratios of the samples are

200 GPa and 0.3 [51] for the SDSS [52] and 194.6 GPa and 0.294

[53] for the 316L, respectively. For a standard diamond

indenter probe, Ei is 1140 GPa, and ni is 0.07, resulting in a

reduced elasticmodulus of 184 GPa for the SDSS and 179.6 GPa

for the 316L sample. According to Eq. (1), the elastic part of the

LD curve can be fitted to find R equal to 2200 nm for the SDSS

sample and 1000 nm for the 316L (two different tips have been

used in this study, one for each sample, explaining the dif-

ference in the radii). The value of R is used in Eq. (3) to

calculate maximum shear stresses of 3.7 GPa (SDSS) and

2.8 GPa (316L) for the mean pop-in loads of 400 mN (SDSS) and

650 mN (316L). The theoretical strength of the material defined

by Frenkels model [54] is generally approximated by m/20 to m/

30, where m is the shearmodulus. Considering shearmoduli of

76.9 GPa and 75.2 GPa for SDSS and 316L, respectively, the

theoretical strengths of the studied materials will be in the

3.84 GPae2.5 GPa range, which is in good agreement with the

measured maximum shear stress values.

The LD curves were also analysed according to the Oliver-

Pharr method [55,56] to extract the hardness and elastic

modulus. The resulting hardnesses and effective Young's
moduli can be calculated from Eqs. (5) and (6)):

H ¼ Pmax

AC
(5)

Er ¼
ffiffiffi
p
p
2

1

b

Sffiffiffiffiffiffi
AC

p (6)

where S is the slope of the loadedisplacement curve at the

initial unloading, AC is the projected contact area evaluated

from the contact depth (hc) and the tip area function and b is a

correction factor depending on the tip geometry (1.034 for a

Berkovich indenter).

Fig. 5 shows the typical LD curves resulting from ECNI

together with the ones made in air on the freshly EP (101)

orientated austenite grain in 316L ASS. The clear effect of the

hydrogen on both pop-in and hardness in agreement with the

previous studies can be seen [7e9].

In the case of the freshly electropolished and then OArP

treated sample the LD curves after hydrogen charging

showed no change as shown in Fig. 6. The LD curves of the

austenite grain in the SDSS also showed a completely iden-

tical trend as the 316L ASS and for the sake of brevity they are

not included. Figs. 7 and 8 summarise the hardnesses and the
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Fig. 5 e Typical LD curves resulting from in situ

electrochemical nanoindentations in hydrogen charged

and air, made on the freshly electropolished (101)

orientated austenite grain in 316L ASS.
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pop-in behaviours of the austenite phase in the SDSS and

316L samples, respectively, before and after OArP treatment.

As mentioned before, the tests were performed inside the

same grain to exclude any changes in the hardness or pop-in

load as a result of a change in the orientation of the indented

grain. Clearly, OArP treatment results in no changes in the

pop-in behaviour or hardness of the austenite phase of both

steels when they are indented in air. Moreover, the topo-

graphical images taken with the in situ imaging capability of

the nanoindentation system show no differences in the sur-

face topographies or indents or the pile ups around the in-

dents prior to and after OArP treatment. A typical surface

topography image of the indents made with a maximum load

of 2000 mN and a loading rate of 2000 mN s�1 in the 316L

sample before and after OArP treatment is shown in Fig. 9.

From the air indentation results and topography images, we

can clearly conclude that OArP treatment has no effect on the

mechanical properties or surface topographies of both

austenite phases.

The ECNI tests performed on the cathodically polarised

samples are also shown in Fig. 7 (SDSS) and Fig. 8 (316L).

Fig. 8 e OArP treatment effect on 316L ASS: a) hardness plot

and b) pop-in behaviour with the error bars representing

the standard deviation.
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Fig. 6 e Typical LD curves resulting from in situ

electrochemical nanoindentations in hydrogen charged

and air, made on the freshly electropolished and then OArP

treated (101) orientated austenite grain in 316L ASS.

Fig. 7 e OArP treatment effect on austenitic phase of SDSS:

a) hardness plot and b) pop-in behaviour with the error

bars representing the standard deviation.
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Obviously, hydrogen charging of untreated freshly EP

samples changed both their hardnesses and pop-in loads, as

expected [8,57]. However, in the case of the OArP treated

samples, a similar cathodic polarisation altered neither the

hardness nor the pop-in load.

The effects of electrochemically charged hydrogen on the

nanomechanical properties of SDSS and 316L captured with

the nanoindentation technique are well investigated and

have been discussed elsewhere [7e9,21,57,58]. The change in

the pop-in load can be related to the change in the activation

energy required for dislocation nucleation according to the

defactant theory [59e61] i.e., in the presence of hydrogen,

the line energy of the dislocation is reduced, and the dislo-

cation nucleation can occur at lower loads. The increase in

the hardness is related to the effect of hydrogen on lattice

friction, increasing as a result of short-range interactions

between dislocations and hydrogen atoms in the solid so-

lution [8].

Under hydrogen charging condition, the increases in

hardness for both steels, as well as the decreases in pop-in

load and pop-in width, are in good agreement with the re-

sults previously reported by the authors [8,21,57]. As in the

case of SDSS, the non-effect of hydrogen on the 316L sample

treated with OArP before charging was captured with the

nanoindentation technique. Even after one hour of hydrogen

charging, no changes in the LD curves and consequently the

hardness or pop-ins were observed as shown in Fig. 10.

Fig. 9 e SPM topography images after nanoindentation of a 316L sample a) pre- and b) post-OArP treatment.
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Fig. 10 e Typical LD curves resulting from one hour of

hydrogen charging together with the air nanoindentation

results, made on the freshly electropolished and then OArP

treated (001) orientated austenite grain in 316L ASS.

Fig. 11 e The detailed XPS spectra of Fe 2p3/2 of the surface

films formed on (a) freshly electropolished and (b) freshly

electropolished and then OArP treated 316L SS.
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XPS surface analysis

XPS measurements were used to characterize the change in

the composition of surface film after OArP treatment. Figs.

11e15 display the detailed spectra of O 1s, Fe 2p3/2, Cr 2p3/2,

Ni 2p3/2 and Mo 3d5/2 in the surface films. Background sub-

traction was performed according to Shirley [62] and then the

XPS results were separated into contributions of the different

possible compounds on the basis of well characterized stan-

dards from Refs. [63e65], as shown in Table 4. Fitting of

spectra from EP and OArP treated surfaces shown in Figs.

11e14, clearly shows that elemental and lower oxide peaks

of metallic species are dominant in the surface of the EP

sample. This is in good agreement with the previous XPS

studies of the EP austenitic stainless steels [66]. After OArP

treatment the elemental peaks were vanished and higher

oxide peaks for Cr and Fe become detectable. Additionally, the

O 1s spectra of the oxygen shown in Fig. 15 clearly show a

reduction in the hydroxide peak after the OArP treatment.

Based on this primary XPS analysis we can conclude that the

variation in the oxidation state of the present elements on the

surface after the OArP treatment have a decisive influence on

the hydrogen uptake of the austenitic stainless steel from the

surface. Further quantitative XPS analysis in combination

with the surface sputtering are planned to have a more in

depth characterization of the surface films after the OArP

treatment.

Electrochemical analysis

To reveal any differences in the electrochemical behaviour on

the surface of the freshly EP samples and the OArP treated

samples, CV tests were performed. The CV curves with the

100 mV s�1 scan rate are shown in Fig. 16 for both materials.

The voltammograms clearly show the differences in the

electrochemical behaviour before and after OArP treatment. It

is worth mentioning that every parameter except the surface

condition of the samples remains precisely the same during

these electrochemical tests. The electrochemical behaviour of

the samples is characterised by a cathodic (reduction) peak

and an anodic (oxidation) peak. For both SDSS and 316L, there

is a significant difference in the currents and the potentials

where the cathodic and anodic current peaks appear for the

two applied treatments. The interpretation of the

Fig. 12 e The detailed XPS spectra of Cr 2p3/2 of the surface

films formed on (a) freshly electropolished and (b) freshly

electropolished and then OArP treated 316L SS.

Fig. 13 e The detailed XPS spectra of Ni 2p3/2 of the surface

films formed on (a) freshly electropolished and (b) freshly

electropolished and then OArP treated 316L SS.
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voltammogram taken from the SDSS is not as straightforward

as the ASS, due to the co-presence of the both austenite and

ferrite phases. Though, voltammograms of both steels except

EP SDSS show clearly an anodic and a cathodic peak. The OArP

treatment shifted the peaks to more cathodic values. The

anodic peak for SDSS at potential�418mV(SCE) and for ASS at

�390 mV(SCE) are ascribed to the oxidation of Fe(II) to Fe(III)

[67] which are shifted respectively to �476 mV(SCE) and

�550 mV(SCE) after OArP treatment. In the reduction cycle

while there is no clear peak for SDSS but only a local flattened

region at �724 mV(SCE) a peak for ASS at �566 mV(SCE) was

observed which are attributed to valence transitions, occur-

ring in the solid state, associated with the reductive dissolu-

tion of a hydrated ferric oxide to ferrous oxide [68]. As in the

case of anodic peaks these cathodic peaks are also shifted

after OArP treatment tomore cathodic values of�858mV(SCE)

and �818 mV(SCE) respectively. The shift in the cathodic di-

rection of the peak potentials in the voltammograms is asso-

ciatedwith compositional changes in the passive film and also

observed within the XPSmeasurements. The same shift in the

peak potentials was observed by Ramasubramanian et al. [69]

after anodizing of 316L stainless steel. Additionally the

heights of the reduction peak, attributed to hydrated ferric

oxide in the voltammograms, is seen to increase after OArP

treatment. This variation is directly related to the charge

passed during the reduction of the oxide and corresponds to

an increase in the thickness of the oxide. Additional work is

necessary to relate quantitatively the peaks in the

Fig. 14 e The detailed XPS spectra of Mo 3d of the surface

films formed on (a) freshly electropolished and (b) freshly

electropolished and then OArP treated 316L SS.

Fig. 15 e The detailed XPS spectra of O 1S of the surface

films formed on (a) freshly electropolished and (b) freshly

electropolished and then OArP treated 316L SS.

Table 4 e Binding energies (B.E.) of XPS-peaks for
standard states.

Fe 2p3/2 Peak Fe Fe3O4 FeO Fe3O3 FeOOH

B.E.(eV) 706.7 708.2 709.4 710.9 711.8

Cr 2p3/2 Peak Cr Cr2O3 Cr(OH)3 CrO3

B.E.(eV) 574.3 576.8 577.3 579.0

Ni 2p3/2 Peak Ni NiO Ni(OH)2
B.E.(eV) 852.7 853.8 855.6

Mo 3d5/2 Peak Mo Fe2(MoO4)3 MoO3

B.E.(eV) 227.9 232.5 232.6

O 1s Peak O2� OH�

B.E.(eV) 530.2 531.5
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voltammograms with the composition of the passive film and

the XPS analysis.

Conclusions

The advantageous effects of oxygeneargon plasma treatment

on the nanomechanical properties of cathodically polarized

austenitic stainless steel and the austenitic phase in SDSS

were revealed and studied in this work. Cathodic polarization

and consequent charging of the electropolished samples with

the hydrogen clearly resulted in the reduction of the load

necessary for the onset of the plasticity the so called pop-in

load. Additionally, electrochemically charged hydrogen

increased the hardness of the austenite in both electro-

polished 316L austenitic stainless steel and super duplex

stainless steel. The change in the pop-in load is related to the

change in the activation energy required for dislocation

nucleation according to the defactant theory i.e., in the

presence of hydrogen, the line energy of the dislocation is

reduced, and the dislocation nucleation can occur at lower

loads. The increase in the hardness is related to the effect of

hydrogen on lattice friction, increasing as a result of short-

range interactions between dislocations and hydrogen

atoms in the solid solution. After oxygeneargon plasma

treatment the nanomechanical properties of the samples

surfaces in air did not changed. Also, the reduction in the

hardness and pop-in load induced by electrochemically

charged hydrogen at cathodic polarization was not observed

for the oxygeneargon plasma treated samples. XPS analysis

clearly showed the compositional changes of the surface film

on 316L austenitic stainless steel sample. Electrochemical

cyclic voltammetry showed the clear change in electro-

chemical behaviour due to the variation in the surface oxide

composition. The clear inhibition of hydrogen induced

hardening and reduction in the pop-in load after oxygen-

eargon plasma treatment proved that this treatment pre-

vents hydrogen uptake into the substrate metal. The exact

explanation for this decrease in the hydrogen uptake is still

unclear. The changes in the electronic structures of the

semiconductive oxide film through variation in the oxidation

states as shown by XPS analysis after OArP treatment which

can alter both the hydrogen evolution reaction on the surface

and/or hydrogen diffusion into the metal is assumed to be the

reason for this change.
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Abstract: In-situ electrochemical nanoindentation (ECNI) has been used to study the effect of
hydrogen on the mechanical properties of austenitic stainless steel AISI 316L. Changing the electrode
potential (via electrochemical charging) revealed the interconnected nature of the hydrogen effect on
the nanomechanical properties of the stainless steel. At more positive cathodic potentials, a softening
effect of hydrogen can be noticed, while significant hardening can be observed at more negative
cathodic potentials. The hydrogen effects on the nanomechanical properties were analyzed in terms
of the homogeneous dislocation nucleation (HDN) and the hydrogen-dislocation interactions from
the energy point of view. The effects can be explained with the framework of the defactant theory
and the hydrogen-enhanced localized plasticity (HELP) mechanism.

Keywords: hydrogen embrittlement; in-situ electrochemical nanoindentation; austenitic stainless
steel; electron backscattered diffraction; cathodic charging

1. Introduction

The interaction between hydrogen and structural materials, especially stainless steels,
is causing numerous kinds of problems in industry, among which hydrogen embrittlement
has been a great concern since its first discovery in 1875 [1]. In many industrial applica-
tions, the ingress of hydrogen into the steel microstructure has effects on the chemical and
mechanical properties of the materials. There are different mechanisms in the literature
explaining the hydrogen-induced degradation, such as hydrogen-enhanced localized plas-
ticity (HELP) [2–4], hydrogen-enhanced decohesion (HEDE) [5–7], hydrogen-enhanced
strain-induced vacancy formation (HESIV) [8,9], adsorption-induced dislocation emission
(AIDE) [10,11], etc. More recently, researchers found that the mechanisms are not indepen-
dent and can sometimes work simultaneously to have a synergistic action. For instance,
the HELP + HEDE concept or the HELP-mediated HEDE model has been proposed [12].
However, a common agreement on what are the main causes for hydrogen embrittle-
ment is still challenging to find due to the intrinsic complexity of the testing procedures
and the many factors acting simultaneously in the process. This can in fact be seen as a
system-dependent process, in which the operating conditions (environment, electrolyte
composition, mechanical action, etc.) will determine the response, and therefore it is very
difficult to have a unique theory or explanation for this degradation mechanism.

Austenitic stainless steels (ASS) are widely used in a variety of applications where
corrosion resistance is needed, like in the oil and gas industry, offshore structures, or
in pressurized pipeline applications [13–15]. In these applications, the risk of hydrogen
embrittlement exists since the system is typically exposed to hydrogen (via cathodic pro-
tection) and mechanical loading [16–18]. The mechanical properties of the stainless steels
exposed to cathodic charging or hydrogen gas environments degrade very quickly since
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hydrogen is a small atom that can very easily diffuse in the microstructure of metals [19–22].
There is a vast number of experimental studies focusing on the relationship between hydro-
gen and plastic deformation in ASS, reporting significant effects on the plasticity [23–26].
However, a thorough literature survey shows a large contradiction in the magnitude of
the hydrogen-induced degradation of mechanical properties. To justify the apparent in-
consistency of some of these results, the experimental conditions (e.g., hydrogen charging
conditions, geometry of the sample, stability of the structure) must be carefully controlled.
For example, hydrogen charging of ASS at high temperatures may provide a relatively
uniform distribution of hydrogen due to the higher diffusion coefficient than at room tem-
perature [27,28]. Another example is the ex-situ mechanical tests, which are affected by the
hydrogen gradient in the sample as a result of the outgassing of the hydrogen throughout
the tests. The in-situ electrochemical hydrogen charging at room temperature can also be
affected by the hydrogen gradient from the surface into the bulk of the sample [29]. In
addition, the in-situ electrochemical hydrogen charging using recombination poisons like
As2O3 (to increase the hydrogen effects) may lead to lattice distortions of the austenite as
well as an increase of the defect density and the local formation of unstable hydrides [30,31].
Even though these observations report the degradation of mechanical properties due to
hydrogen, they cannot be accounted for in the interaction of hydrogen with dislocations
during plastic deformation.

The electrochemical nanoindentation (ECNI) technique has been proven to be a re-
liable approach to study the effect of hydrogen on materials’ plasticity due to a uniform
hydrogen concentration on the sample surface as well as the fact that the sample surface
quality is not altered during hydrogen charging. ECNI implies using moderate condi-
tions, i.e., low current densities are applied and no additional recombination of poisons
are required, and therefore the austenite stability is not affected [32]. ECNI brings the
possibility of simultaneous electrochemical hydrogen charging and nanomechanical test-
ing within a very small volume close to the surface where the hydrogen concentration
within a very short time becomes uniform. The significant advantage of ECNI is that all
related behavior can be limited within a single grain, such that microstructural variations
can be eliminated as much as possible. Moreover, when the microstructural features are
intentionally studied, by combining micro-fabrication techniques, the small-scale cantilever
beam bending or pillar compression tests can provide more insights [33–36]. Since ECNI
is focusing on the deformation behavior in a limited volume, getting comparable results
as from large-scale testing is rather challenging, but on the other hand, it suits refined
studies on the genuine local material behavior. This technique has already been applied for
studying the mechanism of hydrogen embrittlement and hydrogen dislocation interaction
in various materials [37–40]. To the authors’ knowledge, ECNI studies on ASS are relatively
limited [41,42]. While previous works mostly focused on the hardening effect of hydrogen
with cathodic polarization, sometimes, it can also be found that a softening effect can be
recorded, similar to that from large-scale tests [12,43]. Covering a wider polarizing poten-
tial range (therefore a variety of hydrogen amounts) in the studies may potentially provide
information for better understanding the hydrogen effect in a more comprehensive way.

In this paper, in-situ ECNI was used to study the effect of hydrogen on the nanome-
chanical performance of austenitic stainless steel AISI 316L. During the nanoindentation
of samples with a very low dislocation density, it is possible to observe a homogeneous
dislocation nucleation (HDN) below the surface. By further analyzing the pop-in behavior,
the energy consumption can be carefully modelled during the onset of plastic deformation.
By controlling the electrochemical cathodic potentials, different amounts of hydrogen can
be introduced, and thus the nanomechanical performance evolution can be clearly observed
with respect to hydrogen evolution. Finally, the possible hydrogen–metal interaction mech-
anisms are discussed. The current methodology can avoid extrinsic influencing factors as
much as possible and reveal the intrinsic hydrogen–material interaction.
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2. Materials and Methods
2.1. Sample Preparation

A cylindrical sample (12 mm diameter and 1~2 mm thickness) was cut by electrical
discharge machining from a 316L ASS slab. The composition is given in Table 1. In order
to achieve large austenite grains in the microstructure (ca 200 µm) and a low dislocation
density, the sample was heat treated at 1150 ◦C for 8 days in vacuum followed by cooling
in the furnace.

Table 1. Chemical composition of the studied steel.

Element C Si Mn S P Cr Ni Mo N

wt.% 0.015 0.38 1.25 0.0005 0.027 16.39 10.16 2.09 0.04

Standard surface preparation, including grinding with silicon-carbide papers up to
2400 grade, followed by mechanical polishing with a water-based diamond suspension up
to 1 µm was carried out. In the final step, electropolishing using 20 V in a methanol/H2SO4
electrolyte for 30 s was used. Electropolishing was used to remove the plastically de-
formed surface layer produced by mechanical polishing. This is an important step in
studying the metastable ASS because the mechanically deformed layer can undergo a
phase transformation (austenite to martensite) and the electropolishing step guarantees a
fully austenitic sample.

2.2. Microstructure

The microstructure of the material was characterized by electron backscatter diffraction
(EBSD) mapping. A field emission scanning electron microscope (FESEM) Zeiss Supra
55 VP (ZEISS, Jena, Germany) was used for EBSD mapping of the samples prior to testing
and TSL OIM software (version 7.2.1) was used for the data analysis. The sample was
tilted by 70◦, the acceleration voltage was 30 kV, the working distance was 21 mm, and a
step size of 200 nm was used for EBSD mapping. Figure 1 presents the normal direction
(i.e., indentation direction) inverse pole figure map. The initial microstructure of the
tested material consisted of well-annealed equiaxial grains with a grain size larger than
200 µm. To exclude the crystallographic orientation effect, all sets of nanoindentations were
performed within the same grain oriented close to the (101) direction, as indicated by the
arrow in the figure. For easier identification of the selected grain, the sample was marked
with 2 microindents (denoted as MI in Figure 1) where the prints of the microindents are
sufficiently deep to be visible with the optical microscope of the TI-950 nanoindentation
system (Bruker, former Hysitron, Minneapolis, MN, USA). Notice that the distance between
the microindents and the grains is sufficiently large (larger than 200 µm), so the investigated
grain is not affected by the plastic zones of the microindents.
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Figure 1. Normal direction inverse pole figure map of 316L ASS sample marked with microin-
dents (MI) for finding the grain selected for performing nanoindentation test. Black line is high-
angle grain boundary; blue line is low-angle grain boundary; red line is twin boundary with
60◦-<111> relationship.

2.3. In-Situ ECNI

The in-situ ECNI experiments were performed with a Tribo-Indenter TI-950, with a
PerformechTM controller (Bruker, former Hysitron, Minneapolis, MN, USA) in combination
with an electrochemical setup to allow hydrogen charging of the samples. In addition
to nanoindentation, the TI-950 is capable of scanning prior to and after testing, giving
topographical images of the samples. A long shaft Berkovich indenter tip was calibrated
for both the tip area function and machine compliance prior to the tests. The schematic of
the experimental setup is shown in Figure 2.
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Figure 2. Experimental setup of the in-situ ECNI technique.

The nanoindentation was performed with a maximum load of 2000 µN and a loading
rate of 2000 µN/s. A typical load–displacement curve together with the load function is
presented in Figure 3. For drift corrections, an additional holding time of 0.2 s at 10% of the
maximum load value was added during the unloading. For hydrogen charging, a three-
electrode electrochemical setup was used. The electrolyte was prepared from Na2SO4 (99%,
Merck KGaA, Darmstadt, Germany) with deionized water at a concentration of 0.05 mol/L.
The measured pH was 6.22. A platinum wire was used as the counter electrode, while
Hg/Hg2SO4 was used as reference electrode. All electrode potentials in this study are
referenced to this electrode. The working electrode was the ASS sample, and a Gamry
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Reference 600TM Potentiostat (Gamry Instruments Inc., Warminster, PA, USA) was used to
control the electrode potentials. Scanning probe microscopy (SPM) and nanoindentation
tests were performed inside the electrochemical cell while the sample surface was immersed
in the electrolyte.

Materials 2021, 14, x FOR PEER REVIEW 5 of 19 
 

 

USA) was used to control the electrode potentials. Scanning probe microscopy (SPM) and 

nanoindentation tests were performed inside the electrochemical cell while the sample 

surface was immersed in the electrolyte. 

 

Figure 3. Nanoindentation load function (red) and a typical resulted load–displacement curve 

(black). 

Before the ECNI test, the polarization curve of the ASS sample was measured at a 

scanning rate of 5 mV/s using the same setup as in the ECNI test, and the results are shown 

in Figure 4. The polarization curve was repeated at least three times, but only one plot is 

shown in the figure for clarity. 

 

Figure 4. Polarization curve of the tested ASS at a scanning rate of 5 mV/s. AP is the anodic potential 

of +100 mV, CP1 is the cathodic potential of −740 mV, CP2 is the cathodic potential of −808 mV and 

CP3 is the cathodic potential of −884 mV. 

The polarization curve shows the typical passive behavior of an ASS in a slightly 

acidic solution. The polarization curve shows three potential domains, i.e., cathodic, Ecorr, 

and anodic. The cathodic domain comprises the potential range below −500 mV (corre-

sponding to the corrosion potential, Ecorr), where the current is determined by the reduc-

tion of dissolved oxygen as it corresponds to a slightly acidic medium (pH of 6.22). The 

second potential domain is characterized by the transition from cathodic to anodic current 

Figure 3. Nanoindentation load function (red) and a typical resulted load–displacement curve (black).

Before the ECNI test, the polarization curve of the ASS sample was measured at a
scanning rate of 5 mV/s using the same setup as in the ECNI test, and the results are shown
in Figure 4. The polarization curve was repeated at least three times, but only one plot is
shown in the figure for clarity.
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Figure 4. Polarization curve of the tested ASS at a scanning rate of 5 mV/s. AP is the anodic potential
of +100 mV, CP1 is the cathodic potential of −740 mV, CP2 is the cathodic potential of −808 mV and
CP3 is the cathodic potential of −884 mV.

The polarization curve shows the typical passive behavior of an ASS in a slightly
acidic solution. The polarization curve shows three potential domains, i.e., cathodic,
Ecorr, and anodic. The cathodic domain comprises the potential range below −500 mV
(corresponding to the corrosion potential, Ecorr), where the current is determined by the
reduction of dissolved oxygen as it corresponds to a slightly acidic medium (pH of 6.22).
The second potential domain is characterized by the transition from cathodic to anodic
current at the corrosion potential, Ecorr (−500 mV). At Ecorr, the speed of the anodic and
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cathodic reaction is equal. The third domain corresponds to the anodic region, where
oxidation of the metal takes place. In this case, this is a passive metal and two phenomena
are observed in the anodic region: (1) active dissolution of the metal (−500 to −400 mV)
characterized by an increase in current, and (2) passivation of the metal starting at−400 mV,
which is characterized by a constant current density due to the passive film formation (a
very thin, between 2 and 10 nm, homogeneous and uniform oxide layer mostly composed of
chromium oxides builds up). At the tested conditions, no transpassive region (dissolution
of the passive film and other substances) is visible in the polarization curve.

The electrode potentials chosen for the ECNI tests are denoted in Figure 4 with AP,
CP1, CP2, and CP3. The testing sequence is presented in Table 2. The AP is the anodic
potential located in the passive region of the ASS, and at this condition a nanometric
thin oxide film (mostly chromium oxide) is present on the surface of the metal. The
cathodic potentials (CP1 to CP3) are located in different regions of the cathodic domain
where different reactions take place. The electrolyte chosen for this study is an aerated
aqueous solution with a slightly acidic pH. Therefore, the cathodic reactions expected are
the following:

O2 + 4H+ + 4e− → 2H2O (in the potential range −500 mV~−740 mV) (R1)

H+ + 2e− → H2 (in the potential range below −740 mV) (R2)

Table 2. Sequence of the testing conditions.

Steps Testing Condition Potential Charging Time ECNI Time

1 Air - 0 24 min
2 CP1 −740 mV 30 min 16 min
3 CP2 −808 mV 10 min 23 min
4 CP3 −884 mV 15 min 20 min
5 AP +100 mV 2 h 13 min

At CP1 (−740 mV), no or very little hydrogen evolution is expected in the current
testing conditions since this value corresponds to the redox potential of hydrogen at
pH 6.22 [44]. In the potential range between Ecorr and CP1, oxygen is present in the solution
and the metal surface will be passive even though a cathodic potential is being applied. In
this potential range, only reaction 1 takes place. At CP2 and CP3, both reduction reactions
(1 and 2) take place simultaneously and hydrogen gas starts to form on the surface of
the stainless steel, promoting depassivation of the metal surface (i.e., a very thin passive
film is still expected, thinner than for AP and CP1). The reduction reaction 2 exclusively
takes place at electrode potentials below −1200 mV where the slope of the cathodic curve
changes. At electrode potentials below −1200 mV no passive film is expected on the metal
surface and only hydrogen evolution will take place.

The testing conditions are shown in Table 2. The testing procedure (including nanoin-
dentation) was as follows: first, a freshly electropolished sample was mounted in the
electrochemical cell and tested in air conditions. Then, the cathodic potentials were applied
while the electrolyte was added to the sample. The nanoindentation tests were performed
in different locations of the same grain after cathodic polarization (CP) by the time indi-
cated in Table 2. The polarization plus testing sequence was repeated until all the electrode
potentials were tested. The last step was done at the anodic potential (AP) indicated in
Figure 4 and Table 2. Note that the AP time was intentionally designed longer than CPs
to egress the hydrogen as much as possible. After the nanoindentation testing of each
polarization sequence, the topography of the sample surface was inspected by SPM.

2.4. Statistical Analysis

The statistics collected from the nanoindentation tests are presented using a box plot
(or box-whisker plot) in the following sections for better visibility of the data and the
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associated statistical distribution. The interpretation of the plot is shown in Figure 5. The
major shaded box symbol in Figure 5 shows the data range by their first (Q1) and third
(Q3) quartiles (i.e., 25% and 75%), which is defined as the interquartile range (IQR). In the
shaded box, the median value and the mean value are presented by a smaller box and
a cross-line, respectively. The upper and lower whiskers show the 95th percentile and
the 5th percentile, respectively, excluding any outliers. The outliers are also plotted as
diamond symbols. Note that not all data sets have outliers. In the current study, at least
25 repetitions were performed for each nanoindentation testing condition.
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3. Results
3.1. Load-Displacement Curves

The sequence of the testing conditions applied to the sample are given in Table 2 and
the representative load–displacement (LD) curves resulting from the nanoindentations
under different potentials are shown in Figure 6a. All the LD curves clearly show four
stages, namely elastic loading, pop-in, elastoplastic loading, and the final elastic unloading.
When measured in air and under AP, the LD curves are very similar, while there is a
clear change in the LD curves under CP. Note that the CP conditions were sequentially
applied after the air condition and before the AP condition. Therefore, the LD behavior
experienced a detectable change under CP and recovered to that under the initial air
condition. Based on the LD results, special attention is paid to the variations (including
hardness, reduced modulus, pop-in load, and pop-in width) at different electrochemical
potentials, and a comprehensive analysis of the behavior of the selected steel is performed.
The surface roughness was scanned after each set of tests and the scanning results are
shown in Figure 6b. The SPM images do not reveal significant roughness on the surface
after the individual polarization, and thus it can be concluded that the changes in the
material behavior were due to the dissolved hydrogen and not to the changes in the surface
conditions. Furthermore, the holding stage at 10% peak load in the unloading segment (see
Figure 3) did not reveal significant changes in the LD curves for all conditions. Therefore,
the thermal drift can be neglected in the ECNI procedure. The post-analysis results from
the LD curves are presented in the following sections.



Materials 2021, 14, 6426 8 of 19
Materials 2021, 14, x FOR PEER REVIEW 8 of 19 
 

 

 

Figure 6. (a). Representative LD curves for different charging conditions and (b). the corresponding SPM images. Note the 

color scale applies to all SPM images. 

3.2. Hardness and Elastic Moduli 

A deeper analysis of the hydrogen effect on mechanical properties is performed and 

the LD curves were used to extract hardness and elastic modulus according to the Oliver–

Pharr method. The resulting hardness (H) values and effective Young’s moduli (reduced 

moduli Er) can be calculated from Equations (1) and (2) [45]: 

𝐻 =
𝑃𝑚𝑎𝑥

𝐴𝑐

 (1) 

𝐸𝑟 =
𝑆

2𝛽
√

𝜋

𝐴𝑐

 (2) 

where Pmax is the maximum applied load and Ac is the tip area function that represents the 

projected area at a given contact depth hc, S is the material stiffness, and β is a correction 

factor depending on the tip geometry (1.034 for a Berkovich indenter) as in Equation (3): 

ℎ𝑐 ≅ ℎ𝑚𝑎𝑥 − 0.75
𝑃𝑚

𝑆
 (3) 

In Equation (3), hmax represents the maximum displacement reached by the tip and 

the stiffness S is extracted from the initial unloading slope of the LD curves. 

By combining the above equations, the hardness and reduced modulus can be calcu-

lated from the LD curves, and the results are presented in Figure 7. Without any electro-

chemical treatment in air, the specimen showed a mean hardness of 2.74 GPa. When CP1 

was applied, the hardness slightly decreased to 2.67 GPa (about 2.5%). By further increas-

ing the polarization potential to CP2 and CP3, the hardness recovered to 2.71 GPa and 

2.72 GPa, respectively. By applying AP at +100 mV, the hardness fully recovered to 2.76 

GPa, which is slightly higher than that in the air condition. On the other hand, the reduced 

modulus has a slightly different trend. The initial reduced modulus was 201.6 GPa in the 

air condition. When applying hydrogen charging at CP1~3, it decreased to 185.3 GPa, 

179.0 GPa, and 180.1 GPa, respectively. After the egression of hydrogen under AP, the 

reduced modulus increased to 184.2 GPa, which is still lower than the air case. 

Figure 6. (a). Representative LD curves for different charging conditions and (b). the corresponding SPM images. Note the
color scale applies to all SPM images.

3.2. Hardness and Elastic Moduli

A deeper analysis of the hydrogen effect on mechanical properties is performed and
the LD curves were used to extract hardness and elastic modulus according to the Oliver–
Pharr method. The resulting hardness (H) values and effective Young’s moduli (reduced
moduli Er) can be calculated from Equations (1) and (2) [45]:

H =
Pmax

Ac
(1)

Er =
S

2β

√
π

Ac
(2)

where Pmax is the maximum applied load and Ac is the tip area function that represents the
projected area at a given contact depth hc, S is the material stiffness, and β is a correction
factor depending on the tip geometry (1.034 for a Berkovich indenter) as in Equation (3):

hc ∼= hmax − 0.75
Pm

S
(3)

In Equation (3), hmax represents the maximum displacement reached by the tip and
the stiffness S is extracted from the initial unloading slope of the LD curves.

By combining the above equations, the hardness and reduced modulus can be cal-
culated from the LD curves, and the results are presented in Figure 7. Without any
electrochemical treatment in air, the specimen showed a mean hardness of 2.74 GPa. When
CP1 was applied, the hardness slightly decreased to 2.67 GPa (about 2.5%). By further
increasing the polarization potential to CP2 and CP3, the hardness recovered to 2.71 GPa
and 2.72 GPa, respectively. By applying AP at +100 mV, the hardness fully recovered to
2.76 GPa, which is slightly higher than that in the air condition. On the other hand, the
reduced modulus has a slightly different trend. The initial reduced modulus was 201.6 GPa
in the air condition. When applying hydrogen charging at CP1~3, it decreased to 185.3 GPa,
179.0 GPa, and 180.1 GPa, respectively. After the egression of hydrogen under AP, the
reduced modulus increased to 184.2 GPa, which is still lower than the air case.
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3.3. Pop-In Behavior

The pop-in phenomenon captured by the nanoindentation technique is believed to be
triggered by the onset of plastic deformation [46], and upon in-situ hydrogen charging, a
lowered pop-in load is always observed [47,48]. The pop-in data from the ECNI tests in
the current study are summarized in Figure 8. The pop-in procedure can be depicted by
the energy-based model proposed by Wang et al. [40].
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Assuming the onset of plastic deformation results from the elastic stored energy (i.e.,
the loading segment before the pop-in starts), based on the energy balance principle that
the elastic stored energy is consumed by the formation of dislocations with the associated
interaction and lattice friction, the following mathematical relationship in Equation (4) can
be assumed:

We = Wtot
i + N·Ws + Wtot

f (4)

where We is the elastic stored energy, Wtot
i is the total interaction energy between dislocation,

N is the number of generated dislocation loops, Ws is the dislocation line energy, and Wtot
f

is the total friction energy on dislocation motion during pop-in.
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Since the elastic loading part can be described by the Hertzian contact theory, the
stored energy can be described by Equation (5):

We =
∫ h1

0
P(h)dh =

∫ h1

0

4
3

Erh
3
2 R

1
2 dh =

8
15

ErR
1
2 h

5
2
1 (5)

where P and h denote the load and depth during indentation, and h1 means the start depth
of the pop-in. R is the tip radius that equals to 1875 nm in the current study.

The interaction energy between two circular prismatic dislocation loops can be de-
scribed as Equation (6):

Wi =
µb2

1− ν
r
(

ln
8r
d
− 1
)

(6)

where µ stands for the shear modulus, b denotes the magnitude of the Burgers vector, ν the
Poisson’s ratio, and d the distance between dislocation loops which is assumed to be equal
to b, considering dislocation loops are piled on the close-packed crystallographic plane.
The radius of dislocation loops r is determined from the stress field beneath the indenter
by assuming the 98% maximum shear stress, as proposed in [40]. Therefore, the radius r
can be correlated with the contact depth ac in Equation (7):

r = 0.29ac = 0.29× 3

√
3PR
4Er

(7)

The total interaction energy is calculated by considering the interactions between
each dislocation loop with all the rest loops, which gives the following relationship in
Equation (8):

Wtot
i =

µb2

1− ν
r

({
N−1

∑
j=1

j
(

ln
(

8r
d

))
−

N−1

∑
j=1

ln(j!)−
N−1

∑
j=1

j

})
(8)

The number of generated dislocation loops can be correlated with the pop-in width
∆h in Equation (9):

N =
∆h
2b

(9)

The dislocation line energy is expressed by Equation (10):

Ws =
µb2

2(1− ν)
r
(

ln
8r
ρ
− 1
)

(10)

Here, ρ is the radius of dislocation core which is assumed to be equal to b/2.
By combining Equations (4)–(10), the total friction energy Wtot

f for dislocation motion
during pop-in can be calculated. The unit friction energy (Wf, i.e., the energy consumed for
a single dislocation loop to move a distance of b) can be correlated with the total friction
energy by Equation (11):

W f ·
N(N − 1)

2
= Wtot

f (11)

Finally, the unit friction energy for individual dislocation motion and the correspond-
ing energy consumption distribution for the entire pop-in procedure can be evaluated.
The results are presented in Figure 9. Although the calculated friction energy with the
scatter range looks similar between different charging conditions, a consistent trend can
still be depicted regarding the hydrogen ingression and egression (see Figure 9a). In the air
condition, the unit friction energy was calculated to be 1.84 × 10−15 J, and after charging
at CP1 to CP3, the unit friction energy increased to 2.05 × 10−15 J, 2.28 × 10−15 J and
4.34 × 10−15 J, respectively. After the hydrogen egression by AP, the unit friction energy re-
covered to the level of 2.09× 10−15 J. When considering the energy consumption categories
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(see Figure 9b), the friction occupied 64% of the total energy during pop-in, and this value
increased to 65%, 67%, and 79% under CP1, CP2, and CP3, respectively. After hydrogen
egression, this portion dropped again to 66%. The competition was mainly between the
friction and the dislocation interactions in the energy consumption, and in comparison,
the energies consumed by dislocation line formation did not vary noticeably and engaged
about 1~2% for all the testing conditions.
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3.4. Homogeneous Dislocation Nucleation (HDN)

During nanoindentation, the contact between the tip and the sample surface is under
elastic loading until the first dislocation nucleation occurs, which represents the beginning
of plasticity, marked by the pop-in in Figure 3. The microstructure of well-annealed equiax-
ial grains and proper electropolishing indicate a relatively low dislocation density of the
tested specimen (usually about 1010 to 1014 m−2, corresponding to an average dislocation
spacing of approximately 1–10 µm [39], which is much larger than the indentation depth).
Thus, it is reasonable to consider that at the onset of the pop-in during nanoindentation,
the maximum shear stress under the indenter, τmax, can be the shear stress resulting in
HDN. According to continuum mechanics [49,50], the value of the maximum shear stress
τmax that appears at the position zτ (max) is given by:

τmax = 0.31
(

6E2
r

π3R2 P
) 1

3

(12)

zτ(max) = 0.48
(

3PR
4Er

) 1
3

(13)

where Er is the reduced modulus, R is the tip radius, and P is the pop-in load. The tip
radius is extracted from fitting a Hertzian model to the elastic loading part of the LD curves,
which is 1875 nm for the current study. Thus, the maximum shear stress obtained from
Equation (12) is responsible for the HDN at zτ (max) below the tip.

According to classic dislocation theory, the formation of a circular dislocation loop
with radius r requires a free energy given by [49]:

∆G = 2πrγdis − πr2bτmax + πr2γ (14)
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The first term in the equation, 2πrγdis represent the line energy of the dislocation
loop, the second term, πr2bτmax describe the work needed for expanding the dislocation
loop, while the latest one is the formation of the stacking fault energy (SFE). Thus, γdis
(Equation (15)) represents the elastic self-energy of a full circular dislocation loop in an
infinite isotropic elastic solid, γ is the SFE in mJ/m2 (which is 22.83 mJ/m2 according to
Equation (16) [51]), and b is the Burgers vector for dislocation (0.254 nm [41]).

γdis =
2− ν

1− ν

µb2

8π

(
ln

4r
ρcore

− 2
)

(15)

γ = 2.2 + 1.9Ni− 2.9Si + 0.77Mo + 0.5Mn + 40C− 0.016Cr− 3.6N (16)

where µ is the shear modulus (80 GPa for the 316L steel [41]), ν is Poisson’s ratio (0.3 [41]),
and ρcore represents the dislocation core radius.

Hence, by using Equation (15), the free energy required for a dislocation loop forma-
tion can be expressed as:

∆G =
2− µ

1− µ

Gb2r
4

(
ln

4r
ρcore

− 2
)
− πr2bτmax + πr2γ (17)

The free energy change of HDN as a function of dislocation loop radius can be
calculated by combining Equations (12)–(17), and the results are presented in Figure 10.
The calculated curves have a maximum free energy ∆G* value at a critical loop radius
r*. For the formation of a stable dislocation loop larger than r*, the activation energy has
to pass the barrier of ∆G*. From Figure 10, considering the air condition as an initial
reference, the ∆G* and the r* values are increasing with a higher cathodic potential, and
after anodic discharging, the ∆G* and the r* values recovered towards the air condition,
but not completely (the curve from AP is almost overlapping with the CP1 condition).
This result is not surprising since at CP1 not enough hydrogen is formed. Indeed, since
CP1 corresponds to the redox potential of hydrogen in the given testing conditions, one
should expect a fully passivated surface in the material, very similar to the AP condition.
In order to fully depassivate a stainless-steel surface, the cathodic potential applied should
be below the redox potential for hydrogen. In the present study, this was found to be below
−1200 mV (see Figure 4).
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The constants used in the current study are summarized in Table 3.
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Table 3. The constants used in the current study.

Parameter Symbol Value Reference

shear modulus µ 80 GPa [41]
tip radius R 1875 nm (extracted from LD curves)

Poisson’s ratio ν 0.3 [41]
Burgers vector b 0.254 nm [41]

stacking fault energy γ 22.83 mJ/m2 [51]

4. Discussion
4.1. The Influence of Hydrogen on the Pop-In Behavior

The influence of hydrogen on the pop-in behavior of materials during in-situ ECNI
has been a focus since the development of this technique, as the change in pop-in is always
noticeable in the testing procedure. A general trend is that hydrogen reduces both pop-in
load and pop-in width [39].

It has been proposed that the pop-in width can be related to the number, mobility,
and interactions between dislocations during pop-in [52–56]. Recently, this procedure
was modeled [40] using the energy balance criteria and the analysis for the current work
has been presented in Section 3.3. From Figure 9a, the hydrogen evolution by CP has a
clear enhancing effect on the lattice friction for dislocation motion, and this enhancement
becomes greater when the potential increased in the cathodic direction. The accumulation
of hydrogen atoms in the specimen could generate a Cottrell-like atmosphere that provides
more resistance to the dislocation motion in the framework of the solute drag theory [57,58]
(further discussion in Section 4.3). Therefore, more energy needs to be consumed to over-
come the friction during the onset of plastic deformation. It is worth noting that the total
energy consumption by friction quantitatively increases as the electrode potential increases
in the cathodic direction (Figure 9b), which provides more evidence on the hydrogen-
induced friction hypothesis. When the hydrogen was discharged by applying an anodic
potential, the friction recovered towards the original level, though not completely. This
irreversible property change could possibly be ascribed to three reasons: (1) incomplete
hydrogen egression, (2) hydrogen trapping in the material after CP sequences, and (3) sur-
face modifications due to charging. The first two points have been widely reported in the
literature [40,52]. For the third point, one can see from the SPM images in Figure 6b that
the specimen surface did not change in a noticeable manner, and the surface roughness
was still in an appropriate range (surface height variation of ~1 nm before test, and ~2 nm
after test). Therefore, the irreversible friction due to surface modification can be excluded.

From the pop-in load, the free energy change can be depicted from the model presented
in Section 3.4, which describes the HDN procedure. Based on thermodynamics, the
critical energy barrier ∆G* (the local maxima of the free energy curves in Figure 10) has
to be overcome in order to make the formation of a dislocation loop energetically stable.
According to Rice and Beltz [59], the available energy at room temperature for dislocation
nucleation is roughly 0.77 eV (calculated by 30kT, where k is Boltzmann constant and T
is temperature), which is drawn as a reference line in Figure 10. It can be seen that the
free energy curves from the hydrogen-free air condition and the AP and CP1 conditions
are below the 0.77 eV threshold, which means that spontaneous dislocation nucleation is
thermodynamically possible. Hydrogen charging at CP2 and CP3 clearly made the local
maxima of the free energy curves higher than 0.77 eV, and therefore spontaneous HDN
under these conditions is energetically unfavorable, and an additional energy source is
needed. Comparing the testing conditions, hydrogen charging by cathodic polarization
was the only parameter changed between the sequences. Therefore, it is reasonable to
conclude that the dissolved hydrogen provided the energy needed for HDN. According to
the defactant (defect acting agent) theory [60], hydrogen can act as a defactant that reduces
the formation energy of defects such as dislocations. Therefore, the dissolution of hydrogen
in the specimen made the nucleation of dislocations easier than the hydrogen-free case,
and thus the pop-in load decreased. This effect is also more pronounced with a more
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negative cathodic potential, i.e., a larger amount of hydrogen generated and ultimately
absorbed in the material. CP1 showed a ∆G* at the same level as the AP since in both
cases a passive film was present on the surface of the ASS due to the very little hydrogen
evolution at CP1. Indeed, hydrogen absorption in the metal is a stepwise process that
depends on the diffusion kinetics. Hydrogen evolution reaction proceeds through three
reaction steps, (1) Volmer (adsorption), (2) Heyrovsky (electrochemical desorption), and
(3) Tafel (chemical desorption), where the latter is typically negligible in an electrochemical
process. The hydrogen adsorption and absorption processes cannot be separated, i.e., once
hydrogen has been adsorbed on the metal surface, it will absorb into the metal following
the Fick’s law [61]. Therefore, a critical amount of hydrogen (driven by the electrode
potential applied) is needed in order to trigger significant degradation in the material
properties. However, this critical amount is difficult to precisely measure in the material
in-situ and in-real-time due to technical limitations. However, using the polarization curve
(the current density at a given electrode potential) and assuming that the only cathodic
reaction is hydrogen evolution, one could estimate the amount of hydrogen produced on
the surface of the stainless steel. The amount of hydrogen absorbed in the material will
ultimately depend on the diffusion kinetics and the cathodic potential applied.

4.2. Hydrogen Influence on Mechanical Properties

In the current study, a hydrogen-induced softening was observed at the cathodic
potential (CP1) that was right at the redox potential for hydrogen (none or very little
hydrogen evolution). A weaker softening effect has happened at the other two cathodic
potentials (CP2 and CP3) instead of the expected hydrogen-induced hardening effect that
is typically observed in conventional ECNI tests at cathodic potentials well below the
redox potential for hydrogen evolution [35]. Worth noticing is the short charging periods
(only 10 to 30 min per potential sequence) used in this work (Table 2) and the very small
volume of electrolyte used. In addition, the electrolyte used was an aqueous electrolyte
with very low viscosity, which promotes a fast track for hydrogen bubbles to escape the
solution. This can possibly result in very different hydrogen concentration and diffusion in
the material compared to other works and the HELP-related softening mechanisms [62].
Though the lattice friction has been enhanced by the introduction of hydrogen, this was
modeled only until the onset of plastic deformation, where the massive dislocation motion
and the associated dislocation–hydrogen interaction during motion was less pronounced.
The hardness measured by ECNI was based on the projected area of the final imprint
and the applied load. Since the eventual appearance of the imprint was determined from
all four stages of the ECNI (see Figure 3), the elastoplastic loading regime coupled with
massive dislocation motion and dislocation–hydrogen interaction could have given a strong
contribution to the final hardness.

The hydrogen-induced softening effect observed by uniaxial tensile testing in similar
austenitic steels has been reported in literature [63,64]. This can possibly be explained by
the HELP mechanism. In 2001, Robertson [65] published the experimental proof for the
HELP mechanism that upon in-situ hydrogen charging, the spacing between dislocations
became visibly smaller in austenitic steels. This was attributed to the hydrogen-enhanced
dislocation mobility. In later years, the conclusion was also applied to other materials such
as Ni alloys [66]. It has also been stated that this hydrogen-enhanced mobility of different
types of dislocations is working as long as the hydrogen atmosphere can move with the
dislocations [66]. The physical reason behind this proposal has been concluded as the
reduction effect of hydrogen on the short-range energy barrier of the thermally activated
dislocation motion [67,68]. Considering the relatively low amount of hydrogen expected in
the current study (specially at CP1), it is not surprising to assume that the environmental
conditions of the results obtained in this work fit the conditions of the HELP mechanism,
and thus the decrease in hardness should be the expected result.

Indeed, when the hydrogen concentration increases, the material gradually hardens
(Figure 7a). As reported in literature, multiple hydrogen-metal interaction mechanisms can
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be active simultaneously in the material depending on several different parameters, among
which the hydrogen concentration is a critical one [12]. As the hydrogen concentration
becomes higher than the critical value, the HELP mechanism becomes less dominant,
and thus the softening induced by the enhanced dislocation mobility is replaced by other
mechanisms. To prove this hypothesis, tests at more negative CPs were performed, and the
results of the hardness measurements are shown in Figure 11. It can be seen that when the
CP further increased to −1200 mV and −1400 mV, the hardness increased systematically.
When the cathodic potential of −1500 mV was reached, the hardness showed an abrupt
increase. This increase in hardness was followed by the formation of slip lines and/or
martensite formation on the surface, as can be seen from the embedded SPM image in
Figure 11. Considering the friction analysis in Section 3.3 and Figure 9, the importance of
friction is becoming more and more important with a more negative CP. Therefore, it can be
speculated that the friction plays a major role in the hardening behavior at higher hydrogen
concentrations, i.e., when only reduction reaction 2 dominates the cathodic charging.

Materials 2021, 14, x FOR PEER REVIEW 15 of 19 
 

 

among which the hydrogen concentration is a critical one [12]. As the hydrogen concen-

tration becomes higher than the critical value, the HELP mechanism becomes less domi-

nant, and thus the softening induced by the enhanced dislocation mobility is replaced by 

other mechanisms. To prove this hypothesis, tests at more negative CPs were performed, 

and the results of the hardness measurements are shown in Figure 11. It can be seen that 

when the CP further increased to −1200 mV and −1400 mV, the hardness increased sys-

tematically. When the cathodic potential of −1500 mV was reached, the hardness showed 

an abrupt increase. This increase in hardness was followed by the formation of slip lines 

and/or martensite formation on the surface, as can be seen from the embedded SPM image 

in Figure 11. Considering the friction analysis in Section 3.3 and Figure 9, the importance 

of friction is becoming more and more important with a more negative CP. Therefore, it 

can be speculated that the friction plays a major role in the hardening behavior at higher 

hydrogen concentrations, i.e., when only reduction reaction 2 dominates the cathodic 

charging. 

 

Figure 11. Hardness measured at relatively higher CPs. The hydrogen-free and low CP cases are 

presented for reference. Note that all measurements were conducted in the same grain and thus the 

orientation influence can be eliminated. 

4.3. Permanent Change in Material 

As mentioned in Section 4.1, the material properties did not fully recover to the level 

in air condition after the application of AP at +100 mV, and the surface modification was 

excluded from the possible reasons based on the result in Figure 6b. However, if the CP 

was further increased to −1500 mV, a clear topographic change could be observed in the 

material (Figure 11). A similar phenomenon has also been observed in austenitic high-

entropy alloys, and the reason for this was the hydrogen-induced internal stress leading 

HISS (hydrogen-induced surface steps) [69] and/or hydrogen-induced martensitic trans-

formation [70]. The hydrogen-induced surface modifications, either in the form of surface 

steps or martensitic transformation, can cause irreversible changes in the mechanical per-

formance of the material. Such a permanent change did not happen in CP1~3 and AP 

charging conditions due to the lack of enough hydrogen and/or the short polarization 

times. The observed differences in the pop-in behavior and the friction and HDN analyses 

are therefore the most plausible reason for the intrinsic modification to the material. 

On the other hand, the possible martensitic transformation found when the CP was 

further increased to −1500 mV (Figure 11) shows that the alloy has enough carbon solutes 

(Table 1) to trigger a permanent transformation in the material. As mentioned in Section 

4.1, hydrogen could have generated a Cottrell-like atmosphere that hinders dislocation 

Figure 11. Hardness measured at relatively higher CPs. The hydrogen-free and low CP cases are
presented for reference. Note that all measurements were conducted in the same grain and thus the
orientation influence can be eliminated.

4.3. Permanent Change in Material

As mentioned in Section 4.1, the material properties did not fully recover to the level
in air condition after the application of AP at +100 mV, and the surface modification was
excluded from the possible reasons based on the result in Figure 6b. However, if the
CP was further increased to −1500 mV, a clear topographic change could be observed
in the material (Figure 11). A similar phenomenon has also been observed in austenitic
high-entropy alloys, and the reason for this was the hydrogen-induced internal stress
leading HISS (hydrogen-induced surface steps) [69] and/or hydrogen-induced martensitic
transformation [70]. The hydrogen-induced surface modifications, either in the form of
surface steps or martensitic transformation, can cause irreversible changes in the mechani-
cal performance of the material. Such a permanent change did not happen in CP1~3 and
AP charging conditions due to the lack of enough hydrogen and/or the short polarization
times. The observed differences in the pop-in behavior and the friction and HDN analyses
are therefore the most plausible reason for the intrinsic modification to the material.

On the other hand, the possible martensitic transformation found when the CP was
further increased to −1500 mV (Figure 11) shows that the alloy has enough carbon so-
lutes (Table 1) to trigger a permanent transformation in the material. As mentioned in
Section 4.1, hydrogen could have generated a Cottrell-like atmosphere that hinders disloca-
tion motion [57]. It may thus be speculated that hydrogen changes the Cottrell atmospheres
created by larger solute atoms (carbon or nitrogen, Table 1) by interacting with them. For
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example, Abraham and Altstetter studied the effect of cathodically charged hydrogen on
the yield strength of a 310 s ASS and found an increase in the yield strength with increasing
hydrogen content [19]. Since the yielding (discontinuous yielding) can be correlated with
the dislocation interactions with the Cottrell atmospheres formed by carbon and nitrogen
solutes, it is naturally reasonable to consider the effect of hydrogen on such interactions.
This effect was also confirmed by testing pre-deformed specimens, where the interstitial
atoms were redistributed due to the plastic deformation [19]. Zielinski et al. proposed
that Cottrell atmospheres composed of hydrogen atoms may decrease the dislocation
mobility in iron, and thus a change in the internal friction can be observed between the
hydrogen-free and the hydrogen-charged iron [71]. The nature of the Cottrell atmosphere
(whether created by hydrogen atoms or carbon/nitrogen solutes) needs more advanced
techniques to be investigated, but all the discussion supports the conclusion that hydrogen
is increasing the internal friction in the material.

5. Conclusions

The current work presents a study on the effect of hydrogen in a 316L ASS using in-situ
electrochemical nanoindentation (ECNI) techniques. By in-situ polarizing the specimen
with different cathodic and anodic potentials, the influence on the nanomechanical prop-
erties induced by hydrogen ingression and egression has been examined. The following
conclusions have been drawn:

• Cathodic hydrogen charging increases the lattice friction both in the amount and the
proportion during the onset of plastic deformation, and the lattice friction recovers
towards the hydrogen-free case after anodic discharging.

• The cathodically charged hydrogen promotes the homogeneous dislocation nucleation
during nanoindentation, which can be explained by the framework of the defac-
tant theory.

• The softening effect of hydrogen can be observed at cathodic potentials up to the redox
potential for hydrogen evolution, which can be explained by the HELP mechanism.

• When charging at higher cathodic potentials (above the redox potential for hydro-
gen evolution), hydrogen-induced surface steps can be observed, which contribute
permanent changes (hardening) to the material.
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Chemically Induced Phase Transformation in Austenite
by Focused Ion Beam

ADINA BASA, CHRISTIAN THAULOW, and AFROOZ BARNOUSH

A highly stable austenite phase in a super duplex stainless steel was subjected to a combination
of different gallium ion doses at different acceleration voltages. It was shown that contrary to
what is expected, an austenite to ferrite phase transformation occurred within the focused ion
beam (FIB) milled regions. Chemical analysis of the FIB milled region proved that the gallium
implantation preceded the FIB milling. High resolution electron backscatter diffraction analysis
also showed that the phase transformation was not followed by the typical shear and plastic
deformation expected from the martensitic transformation. On the basis of these observations, it
was concluded that the change in the chemical composition of the austenite and the local
increase in gallium, which is a ferrite stabilizer, results in the local selective transformation of
austenite to ferrite.
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I. INTRODUCTION

THE faced-centered cubic (FCC) to body-centered
cubic (BCC) phase transformation in steel is an impor-
tant process which can be both dis- or advantageous.
For example, in the case of transformation-induced
plasticity (TRIP) or TRIP-assisted steels, this phase
transformation is used to provide extra strain harden-
ing, as well as deformation capability, to the steels.[1–3]

Conversely, in the case of austenitic stainless steels
(ASSs), the martensitic phase transformation can dras-
tically influence the corrosion and mechanical proper-
ties.[4–6] Abreu et al.[4] have shown that the increase in
volume fraction of martensite formed during plastic
deformation of ASSs reduces both pitting corrosion and
generalized corrosion resistance. Baudry and Pineau[5]

reported that the formation of martensite in an Fe-18.25
Cr-6.50 Ni-0.19 C (wt pct) alloy caused earlier initiation
and propagation of fatigue cracks.

The typical martensitic phase transformation for most
commercially available ASSs is below room tempera-
ture; even if it is thermodynamically possible, the driving
force for the phase transformation is too high, which
makes the phase transformation only important in the
case of the cryogenic applications.[7–9] There are a few
empirical relations available in the literature providing
the martensitic transformation temperature (Ms) as a
function of the composition of the steel.[7,10–13] How-
ever, because the martensitic transformation is a non-

diffusional phase transformation accompanied by shear,
it can occur if the shear is provided mechanically by
external forces. Therefore, cold working of ASSs may
trigger the martensite formation well above the Ms. The
degree to which this procedure can be accomplished
varies with the chemical composition of the steel, and
there are empirical equations available for predicting the
amount of the phase transformation at a given strain.[14]

It is also found that implantationof awide range of ions
triggers the martensitic transformation in the austenite,
and it was shown that the main contributing factor is the
strain induced by the implantation, which is responsible
for the phase transformation.[15–19] Though, a change in
the chemical composition of the alloy can play a role as
well; for example, it is shown that by implantation of
strong austenite-stabilizing ions, such as nickel and
nitrogen, it is possible to transform the martensite into
austenite.[20] Recently, by the introduction of focused ion
beam (FIB), the implantation of gallium ions and their
effects on the sample become a concern. It is highly
important to elucidate these side effects because of
application of FIB for characterization, examination,
and sample preparation inmaterials science; for example,
micro-compression testing of pillars,[21–24] 3D tomogra-
phyofmicrostructure,[25,26] studying the crack interaction
with the grain boundary,[27,28] preparation of TEM, and
atom probe microscope samples.[29,30] Knipling et al.[31]

studied the effect of FIB on the stability of the austenite
phase and its transformation to theBCC structure in three
commercial stainless steels with different austenite stabil-
ity. These researchers determined that the alloy compo-
sition, i.e. austenite stability, is themost crucial parameter
for observation of phase transformation.
The austenite stability and its phase transformation in

the cases of the duplex stainless steels (DSSs) and super
DSSs (SDSSs) are not well studied. A direct comparison
between the austenite phase in DSSs and SDSSs and
the austenitic steels can be performed cautiously by
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considering the following factors: first, the chemical
composition of the austenite phases in DSSs and SDSSs
are different from typical ASSs; second, the austenite
phase in DSSs and SDSSs is constrained by the ferrite
phase, and the whole microstructure is under alternating
compressive stress in ferrite and tensile stress in austen-
ite as a result of quenching from high temperature for
stabilization of the 50/50 austenite/ferrite composition
in these alloys.[32] Lo and Lai[9] used TEM, magnetic
susceptibility and electrical resistivity, magnetic hyster-
esis loops, and X-ray diffractometry to study the
stability of the austenite in a highly alloyed DSS. These
researchers’ results show that the austenite phase in this
alloy is highly stable against cooling to 4 K (�269 �C),
as well as cold deformation up to 50 pct.

In this paper, the stability of the austenite phase in a
SDSS under the influence of FIB and gallium ion
implantation is examined. For these experiments, a
combination of high resolution electron backscatter
diffraction (EBSD), energy dispersive X-ray spectros-
copy (EDS) investigations of the Ga-damaged micro-
structure, and Monte Carlo simulations using the SRIM
code were used.

II. EXPERIMENTAL PROCEDURE

A. Materials

An EN1.4501 (UNS S32760) SDSS with the nominal
composition given in Table I was used in this study. The
sample was solution annealed, the process consisting of
holding the material at 1403 K (1130 �C) for 7 hours
followed by water quenching to less than 285 K (12 �C).
The heat treatment applied results in a mixture of
austenite and ferrite phases of an approximately 50/50
ratio. Table II shows the partitioning coefficients of the
major stabilizer elements for the austenite (nickel,
copper) and ferrite (chromium, molybdenum) phases
as they were determined by EDS.

Cylindrical samples with a diameter of 12 mm and a
thickness of 4 mm were cut from forged bars having
177.8 mm in diameter. The metallographic preparation
of the samples consisted of grinding with silicon-carbide
papers up to 2400 grade, followed by mechanical
polishing with water-based diamond suspension up
to 1 lm, and electropolishing for 30 seconds with a
methanol/H2SO4 electrolyte.[33] Figure 1 presents the

scanning electron microscope (SEM) image of an
electropolished sample, where the a ferrite grains are
filling in the spaces between ! austenite grains.

B. Methods

1. FIB milling
The FEI Helios NanoLab DualBeam FIB microscope

was used, which incorporates both an Elstar ultrahigh
resolution SEM and a Sidewinder� gallium ion column.
The ion column can be used both for high resolution
imaging and precise material removal/deposition from/
on the surface of a sample. In the milling mode, the ion
beam scans the surface of the defined pattern in a
number of steps in a serpentine manner. Each step is
characterized by a certain overlap of the beam diameter,
and the ion beam will stay at each step for a specific
time, which is a fraction of the total milling time.
Milling patterns with the dimension 5 9 5 lm2 were

defined on two austenite grains designated A(001) and
A(111) for which the (001) and (111) plane normals were
approximately parallel to the specimen surface normal.
The sample was positioned at the SEM–FIB coincidence
point and a combination of three gallium ion doses and
four acceleration voltages was used for milling patterns
on each grain. The dose was controlled by varying the
pattern depths and the applied gallium current. Decreas-
ing of the beam current resulted in an increase of the

Table I. Chemical Composition of SDSS Investigated in This Study (Weight Percent)

C Si Mn S P Cr Ni W Mo Cu N Al

SDSS 0.017 0.23 0.51 0.001 0.027 24.92 7.31 0.53 3.6 0.60 0.253 0.005

Table II. Partitioning Coefficients of the Major Stabilizer Elements of the Austenite and Ferrite Phases

Cr Ni Mo Cu

Austenite (!) 24.51 ± 0.18 8.85 ± 0.13 2.67 ± 0.17 0.76 ± 0.10
Ferrite (a) 28.30 ± 0.18 5.54 ± 0.03 4.03 ± 0.16 0.46 ± 0.04
Partitioning coefficient (K!/a) 0.86 1.59 0.63 1.66

Fig. 1—SEM image of the dual phase microstructure of SDSS.
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total milling time and decrease of the height. A complete
overview of the parameters used is given in Table III.

During milling, the volume per dose, the dwell time
(how long the ion beam spends on a single pixel in one
pass), the overlap (distance between steps) and the
milled areas were kept constant at 0.15 lm3/nC, 1 ls,
50 pct and 25 lm2, respectively.

2. SEM-EBSD mapping
A low-vacuum field emission SEM (LV-FESEM),

Zeiss Ultra 55 VP, was used for EBSD analysis prior to
and after milling out the square patterns in the sample.
The EBSD patterns were acquired offline using a
NORDIF UF750 high speed camera system on a hard
disk, and TSL OIM software was used for indexing and
data analysis. The sample was tilted 70 deg for EBSD
mapping, the acceleration voltage was 30 kV and the
working distance was 21 mm. Two different step sizes
were used for EBSD mapping: 200 nm step size for
overall analysis of large regions, and 20 nm step size for
high resolution analysis of 2 9 4 lm2 patterns, includ-
ing milled and non-milled areas within the examined
austenite grains.

The EBSD patterns resulting from the interaction of
the electron beam with the samples are indexed by
selecting ferrite and austenite as possible phases. The
resulting information is represented in the form of
different types of maps: the inverse pole figure (IPF)
map also known as the orientation map, which repre-
sents the normal orientation in each scanned point; the
material phase map which gives phase information
about the present phase in each measurement point; the
image quality (IQ) map and the confidence index (CI)
map which give the quality of the diffraction pattern and
the confidence in indexing the pattern taken at each
scanned point, respectively. In addition to these stan-
dard methods, it was also used orientation gradient
mapping (OGM) analysis. The OGM technique is used
to analyze the lattice misorientation calculated with
respect to its neighbor points.[34] This approach means
that for each point measured, the next neighbor point
will be determined. The relation between two orienta-
tions is given by the rotation axis and the rotation angle
necessary to rotate the first orientation until it becomes
the same as the second one. The orientation gradient in
one direction is given by the value of the rotation angle.

The OGM procedure determines the gradients in both
the x- and y-directions (hx and hy), and the present study
will analyze the average (hx, hy) orientation gradient
map.

3. EDS investigations
The EDS analysis of the areas milled with FIB was

performed on a variable pressure SEM (VP-SEM),
Hitachi S-3400N, and the offline software Oxford
Instruments AZtec was used for quantification of the
results. Two modes were used, a multipoint scan taken
from inside of each milled area, and a map scan of the
FIB milled areas with gallium ion doses D2 and D3 in
the A(111) austenite grain. An acceleration voltage of
25 kV was used.

III. RESULTS

A. EBSD Analysis of Gallium Ions Implanted Areas

Phase transformation in the austenite grains milled
with FIB was investigated by means of EBSD. Figures 2
and 3 present the SEM images, the phase identification
and the IPF maps of the milled areas made in the A(001)
and A(111), respectively, austenite grains.
At a high acceleration voltage of 30 kV, the beam size

is reduced and milling is precisely performed, as can be
observed from the sharp edges of the milled boxes in
Figures 2(a) and 3(a). The higher kinetic energy of the
ions resulted in higher damage to the surface, as well as
surface roughening. Conversely, lower acceleration volt-
ages result in increasing ion beam diameters, which
causes contamination around the milled areas, as well as
lower milling precision.
Independent of the acceleration voltage or the gallium

doses, the austenite phase is transformed into a ferritic
phase for both orientations, clearly shown in the phase
maps of the Figures 2(b) and 3(b). The FCC to BCC
phase transformation seen in Figures 2(c) and 3(c) is in
accordance with the Nishiyama–Wasserman (N–W) or
Kurdjumov–Sachs (K–S) orientation relationships.[35,36]

This transformation was also observed by Knipling in
their investigations.[31]

In addition to the EBSD measurements shown in
Figures 2 and 3, high resolution EBSD measurements
have been conducted on all the FIB milled areas to

Table III. Parameters Used for FIB Milling

Ga Doses (nC/lm2) Voltage (kV) Ga Current (nA) Time (s) Height (lm) Name

1.25 30 6.5 5 0.2 A1_D1
16 4.7 7 0.196 A2_D1
8 1.5 21 0.191 A3_D1
5 1.3 26 0.189 A4_D1

1.13 30 2.7 11 0.18 A1_D2
16 1.4 21 0.174 A2_D2
8 0.66 46 0.182 A3_D2
5 0.43 68 0.168 A4_D2

0.988 30 0.44 65 0.17 A1_D3
16 0.24 112 0.1577 A2_D3
8 0.21 131 0.1685 A3_D3
5 0.13 197 0.1518 A4_D3
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confirm the above observations. Tables IV and V
present a selection from all the high resolution EBSD
measurements, which are representatives for this study
of both austenite orientations. The first row of the tables
gives the name of the milled area according to the
parameters used in FIB and presented in Table III. The
second row presents the SEM image with an indication
of the location of the EBSD map, where half of the
pattern was capturing the FIB milled area and half was
on the un-milled region. The following two rows present
the phase, IPF, IQ, CI, and OGM maps.

The information summarized in Table IV shows that
for the A(001) grain, the austenite to ferrite phase
transformation is preceded by milling with FIB in all
conditions. The IPF maps clearly show the N–W and
K–S relation between the original phase and the
transformed phase. Both CI and IQ maps assure that
the measurements are reliable and acceptable. Addi-
tionally, the IQ maps show that the transformation is
not accompanied with high local strains. Obviously,

surface damage at high acceleration voltages resulted in
surface roughening, which most likely blocked the
diffraction pattern or reduced its quality. The orienta-
tion gradients close to zero in the OGM maps also
clearly indicate that the phase transformation is not
accompanied with any local plastic deformation or local
excess of dislocations with the same sign.[37]

However, the FIB milling of the A(111) grain, as
shown in Table V, is somewhat different from the
A(001) one. At low acceleration voltage, the phase
transformation is not complete, and the FIB milled
region is partly transformed to ferrite. At high acceler-
ation voltage, A1_D1, the damage to the surface is
sufficiently high that no diffraction pattern was formed
on the milled area. Though at moderate acceleration
voltage, i.e., A3_D3, the phase transformation with K–S
and N–W crystallographic relations occurs without any
formation of excess dislocations with the same sign (see
OGM map) or relatively high residual strains (see IQ
map), as in the case of the A(001) grain.

Fig. 2—FIB milled areas in the A(001) austenite grain (a) SEM image of all the patterns milled with different parameters; (b) phase map where
green is austenite and red is ferrite, (c) IPF map showing the change in the crystallographic orientation of the grains after milling.
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B. EDS Results

The gallium map taken by EDS analysis, shown in
Figure 4, presents the ion beam voltage effect on the
implanted gallium concentration for an A(111) austenite
grain. Clearly, by reducing the acceleration voltage, the
implanted gallium concentration is reduced.

A multipoint scan EDS analysis has been performed
on all areas milled with FIB, and the results are shown
in Figure 5. The variation of the implanted gallium
concentration at different doses is within the resolution
limit of the EDS; therefore, the multipoint scans were
plotted as average values. The concentration of im-
planted gallium is only dependent on the acceleration
voltage and the orientation of the grains. Even at low
acceleration voltages, gallium was implanted into the
sample, and it was possible to detect it with EDS; the
increase in acceleration voltage used in FIB milling will
result in an increase in gallium concentration in the
sample. As for the crystallographic orientation effect,
gallium will penetrate more easily into the open packed
planes, and a higher amount of gallium will therefore be

found in the A(001) grain compared with the closely
packed A(111) grain.
One of the main short comings of the EDS method is

the large volume probed by this method. During EDS,
the interaction of the electron with the sample will result
in an electron excited volume of a hemispherical shape
under the surface of the sample. The depth of the
electron penetration and the volume of interaction
depend on such parameters as the angle of incidence
of the electron beam with the sample, the current and
the acceleration voltage of the electron beam, as well as
the average atomic number and the density of the
sample. For the acceleration voltage of 25 kV used in
this study and the typical density of 7.8 g/cm3 for SDSS,
the depth of electron penetration during X-ray investi-
gation (x) and the width of the excited volume (y) can be
estimated according to the empirical formulas given by
Potts,[38] as given in Table VI. Additionally, Kanaya
and Okayama[39] have given a theoretical expression for
the distance (r) that an electron will travel after it enters
into the sample and reaches its final resting site.

Fig. 3—FIB milled areas in the A(111) austenite grain (a) SEM image of all the patterns milled with different parameters; (b) phase map where
green is austenite and red is ferrite, (c) IPF map showing the change in the crystallographic orientation of the grains after milling.
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Table V. Selection of High Resolution EBSD Maps Made for Areas Milled in A(111) Austenite Grain

Table IV. Selection of High Resolution EBSD Maps Made for Areas Milled in the A(001) Austenite Grain
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Generally, the electron penetration depth ranges in
between 1 and 5 lm, and the values presented in
Table VI are within these limits.

The penetration depth of the large gallium ions is
expected to be much less than the electrons at similar
acceleration voltages. To elucidate the range of pene-
tration of the gallium ions, it was performed a Monte
Carlo simulation using the SRIM code.[40] For the
simulations, the composition of the target material was
set in at pct to 25 chromium, 9 nickel, and 3 molybde-
num, with the rest being iron.

The simulations were performed with 30, 16, 8, and
5 kV acceleration voltages, which resulted in the ion
implantation profiles given in Figure 6. The maximum
amount of gallium was found to be at a distance of
10 nm under the surface when an acceleration voltage of
30 kV was used for the gallium implantation simula-
tions, and the last traces of gallium should be found at a
maximum distance of 25 nm. The penetration depth
decreases with the decrease of acceleration voltage, so
gallium will penetrate a depth of less than 10 nm when
5 kV is used.

Comparison of the gallium implantation depth from
SRIM simulation with the volume probed with the EDS

technique shows that there is a large underestimation in
the gallium concentration measurement on the surface,
as given in Figure 5.

IV. DISCUSSION

Transformation of metastable austenitic steels under
the influence of FIB has already been reported by
Knipling et al.[31] They examined the stability of three
different stainless steels, a maraging sandvik 1RK91
(MSS), AISI 304 (ASS), and an super austenitic
AL-6XN (sASS). These authors concluded that the
main factor influencing the FCC to BCC phase trans-
formation was the austenite stability in the steels.
The most important criterion for the stability of the

austenite is the Ms. According to Warnes and King,[8]

the stability of austenite to not transform to martensite
is given by a negative Ms. In the case of SDSS, there is
no established empirical equation to estimate the sta-
bility of the austenite phase. Lo and Lai[9] have studied
the applicability of the available equations in literature
that describe the Ms

[7,8,10–13,41–44] to a DSS and con-
cluded that only the equations given by Pickering,[10]

Monkman,[11] Eichelman–Hull[12], and Larbalestier–
King[7] are valid for a duplex steel. The austenite phase
in the DSS they examined was stable down to 4 K
(�269 �C).
The composition of the austenitic phase of the SDSS

studied in this paper and of the materials studied by Lo

Fig. 4—EDS map analysis of an A(111) grain: (a) SEM image with the position of the areas milled with gallium, (b) EDS map of gallium.

Fig. 5—Multipoint EDS scan.

Table VI. The Estimated Electron Penetration Parameters
During X-ray Investigations

25 kV

x ¼ 0:1E1:5
0 =q (lm) 1.6

y ¼ 0:077E1:5
0 =q (lm) 1.2

r ¼ 0:0276AE1:67
0 = qZ0:89

� �
(lm) 2.4

E0 represents the acceleration voltage, q the density of the material,
A is the atomic mass and Z is the atomic number of the material.
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and Lai,[9] Tavares[45] and Knipling[31] are given in
Table VII. The estimated Ms for the steel compositions
given in Table VII, according to the different equations,
are shown in Figure 7. Indeed, the Pickering, Monkman,
Eichelman–Hull, and Larbalestier–King’s equations pre-
dict that the austenite phase in the SDSS studied in this
paper is as stable as Lo’s DSS and Knipling’s sASS. The
relatively high Ms estimated for the austenite phase of
Tavares’DSS is in good agreementwith their findings that
the austenite phase in that particularDSS is not stable and
transforms to martensite during cold rolling.

While Dai’s Ms estimated for Lo’s DSS predicts that
the austenite FCC phase in this alloy transforms to BCC
phase at a temperature lower than 100 K (�173 �C),
Lo’s experiments showed that the austenite is stable
down to 4 K (�269 �C). This finding suggests that Dai’s
equation is most likely overestimating the Ms in the case
of DSS.

From the Ms values estimated for the SDSS material
investigated in this paper (Figure 7), notably high
austenite stability is expected. This finding raises the
question of how phase transformation is triggered with
the FIB.
Naraghi et al.[46] showed that the EBSD technique is a

reliable way to detect both spontaneous and deforma-
tion induced martensite in austenitic stainless. Indeed
the very high angular resolution of the EBSD technique
for detecting any lattice rotation makes this technique
perfect for detecting martensitic deformation.[47–50]

Considering the EBSD results, it can be concluded that
the phase transformation is not followed by the typical
shearing process known from austenite to martensite
transformations. The IQ and OGM maps do not
indicate any plastic deformation precedes the phase
transformation. Conversely, the EDS analysis in
combination with the simulations of gallium ion

Fig. 6—SRIM simulations of the penetration depth of gallium ions into the surface at (a) 30 kV, (b) 16 kV, (c) 8 kV, and (d) 5 kV.

Table VII. The Composition of the Austenitic Phases of the Materials Compared in this Paper (Weight Percent)

C Si Mn S P Cr Ni W Mo Cu N Al

SDSS_present study 0.017 0.21 — — — 24.52 8.86 0.261 2.67 0.76 0.25 —
DSS_Lo[9] 0.03 0.25 0.23 — — 24.95 6.13 — 1.16 — 0.31 —
DSS_Tavares[45] 0.02 — — — — 21.83 5.85 — 2.18 — 0.16 —
MSS_Knipling[31] 0.01 0.15 0.30 — — 12.00 9.00 — 4.00 2.00 — 0.30
ASS_Knipling[31] 0.08 1.00 2.00 0.03 0.04 19.00 9.50 — — — — —
sASS_Knipling[31] 0.02 0.40 0.40 0.001 0.02 20.50 24.00 — 6.20 0.20 0.22 —
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implantation confirmed relatively high implanted gal-
lium ion concentrations on the surface of the milled
areas.

Kolman et al.[51] showed that gallium is a ferrite
stabilizer and small addition of this element to ASSs
promotes the austenite to ferrite phase transformation.
This result is exactly what is observed in the SDSS
investigated in the present paper. FIB-induced gallium
ion implantation locally changes the chemical composi-
tion on the surface of the austenite and triggers the
austenite to ferrite phase transformation. Hence, this
phenomenon was called chemically induced phase
transformation.

The observed differences in the FIB-induced phase
transformation on the different crystallographic orien-
tations examined in this study can also be explained by
the two different phenomena, which may occur when an
ion comes into contact with a solid surface, i.e.,
channeling and sputtering. In the case of the (001)
oriented grains, the chance of the ions’ channeling deep
into the crystal is higher, and this means less sputtering
and more ions implantation. This effect is clearly seen in
Figure 5, where gallium ion concentration on the
surface of the (001) oriented grain for all FIB milling
conditions is higher. Conversely, EBSD analysis shows
that the FIB damage on the densely packed (111)
oriented grain (Table V) is larger than on the (001)
oriented grain (Table IV).

V. CONCLUSIONS

It is shown that through the implantation of ferrite
stabilizing gallium that it is possible to trigger the FCC
to BCC phase transformation in a highly stable austen-
ite phase in a SDSS. High resolution EBSD analysis

proved that the phase transformation is not followed by
plastic deformation and an increase in the dislocation
density, as has been established for the metastable
austenite to martensite phase transformation, but it is an
austenite to ferrite transformation triggered by local
change in the composition of the steel. EDS and Monte
Carlo simulations using the SRIM code were performed
to reveal qualitatively the local increase in the gallium
concentration after FIB milling. It is shown that an
adequate increase in the gallium concentration for the
phase transformation is expected, even after FIB milling
with relatively low acceleration voltage and doses. In
addition, it is shown that the implanted gallium con-
centration is dependent on the crystal orientation. In
densely packed orientations, where more sputtering than
channeling of the ions is anticipated for the given
acceleration voltage and ion doses, less ion implanta-
tion, and more mechanical damage was observed.
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NOMENCLATURE

A(001) Austenitic grain having the (001) plane normal
oriented parallel to the normal of the sample’s
surface

Fig. 7—Martensitic transformation temperatures as given by Pickering, Monkman, Eichelman–Hull, Larbalestier–King, and Dai’s equations for
the investigated materials.
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A(111) Austenitic grain having the (111) plane normal
oriented parallel to the normal of the sample’s
surface

ASS Austenitic stainless steel
BCC Body-centered cubic
CI Confidence index
DSS Duplex stainless steel
EBSD Electron backscatter diffraction
EDS Energy dispersive X-ray spectroscopy
FCC Faced-centered cubic
FIB Focused ion beam
IPF Inverse pole figure
IQ Image quality
K–S Kurdjumov–Sachs relation
MSS Maraging sandvik steel
Ms Martensitic transformation temperature
N–W Nishiyama–Wasserman relation
OGM Orientation gradient mapping
sASS Super austenitic stainless steel
SEM Scanning electron microscopy
SDSS Super duplex stainless steel
SRIM Stopping and range of ions in matter
TEM Transmission electron microscopy
TRIP Transformation-induced plasticity
a Ferrite
! Austenite
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Bréchet: Mater. Sci. Eng. A, 2004, vols. 387–389, pp. 873–81.
15. N. Hayashi, I. Sakamoto, E. Johnson, L. Graabak, P. Børgesen,

and B.M.U. Scherzer: Hyperfine Interact., 1988, vol. 42, pp. 989–
92.

16. N. Hayashi, I. Sakamoto, and T. Takahashi: J. Nucl. Mater., 1984,
vols. 128–129, pp. 756–59.

17. N. Hayashi and T. Takahashi: Appl. Phys. Lett., 1982, vol. 41,
pp. 1100–01.

18. E. Johnson, A. Johansen, L. Sarholt-Kristensen, L. Graablk, N.
Hayashi, and I. Sakamoto: Nucl. Instrum. Method B, 1987,
vol. 1920, pp. 171–76.

19. E. Johnson, A. Johansen, L. Sarholt-Kristensen, H. Roy-Poulsen,
and A. Christiansen: Nucl. Instrum. Method B, 1985, vols. 7–8,
pp. 212–18.

20. R.G. Vardiman and I.L. Singer: Mater. Lett., 1983, vol. 2,
pp. 150–54.

21. A. Barnoush, J. Dake, N. Kheradmand, and H. Vehoff: Interme-
tallics, 2010, vol. 18, pp. 1385–89.

22. N. Kheradmand, A. Barnoush, and H. Vehoff: J. Phys. Conf. Ser.,
2010, vol. 240, pp. 3216–30.

23. C.A. Volkert and A.M. Minor: MRS Bull., 2007, vol. 32, pp. 389–
99.

24. M.D. Uchic and D.M. Dimiduk: Mater. Sci. Eng. A, 2005,
vols. 400–401, pp. 268–78.

25. D. Raabe, S. Zaefferer, P. Konijnenberg, E. Demir, A.
Khorashadizadeh, and N. Zaafarani: E-MRS Spring Meeting,
Strasbourg, France, 2010.

26. S. Zaefferer, S.I. Wright, and D. Raabe: Metall. Mater. Trans. A,
2008, vol. 39A, pp. 374–89.
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ABSTRACT 

The effect of hydrogen on the mechanical properties of the super 

duplex stainless steel is examined using in situ electrochemical 

nanoindentation (ECNI) tests. Within the ECNI, which is a nanoindenter 

combined with an electrochemical setup, the nanoindentation can be made 

on a surface that is immersed in an electrolyte and in situ electrochemically 

charged with hydrogen. In situ electrochemical nanoindentation testing 

captures the change in the onset of plasticity (pop-in load level) as well as 

the change in the hardness due to the absorption of the atomic hydrogen. 

 

Keywords: Nanoindentation, hydrogen, duper duplex stainless steel, pop-in 

 

 

1. INTRODUCTION 

 

Over the last years, the interaction of steels with hydrogen has led to many incidents, 

sometimes causing catastrophic failures. The main sources for hydrogen are the corrosion 

from the aqueous solutions, the cathodic protection and the contaminants in the melting and 

welding processes. Different mechanisms for hydrogen have been proposed, but the most 

established ones are Hydrogen Enhanced Decohesion (HEDE) and Hydrogen Enhanced 

Local Plasticity (HELP). The HEDE mechanism (the brittle fracture) suggests that the 

hydrogen accumulated within the atomic lattice reduces the cohesive bonding strength and 

it was first proposed by Troiano [1]. The HELP mechanism (the ductile fracture) proposes 

that the atomic hydrogen enhances the mobility of the dislocations causing a lowering in the 

shear strength and it was described for the first time by Birnbaum and Sofronis [2].  

The Super Duplex Stainless Steel (SDSS) is a widely used material in offshore 

applications due to its high strength and toughness and excellent corrosion resistance [3] 

given by the two phases, austenite (γ) and ferrite (α). The non-magnetic ductile austenite 

has a Faced-Centred Cubic (FCC) structure and it is acting like a crack stopper while the 

ferrite is more brittle due to its Body-Centred Cubic (BCC) structure. Despite these strong 

points, SDSS has often failed due to the hydrogen released during the cathodic protection 

leading to the hydrogen embrittlement. The main diffusion mechanism for hydrogen in 
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steel is the lattice diffusion by the interstitial jumps. The higher packing density of the 

austenite (0.74 as compared to 0.68 of the ferrite) [4] and its close packed lattice structure 

gives a higher solubility of the hydrogen atoms and a lower diffusion rate, while the ferrite 

is characterized by a higher diffusion rate and a lower solubility due to its open lattice 

structure. Although the concentration of hydrogen may be higher in the austenite, the ferrite 

is prone to the crack propagation at lower hydrogen concentration [5]. Even though many 

experimental studies [6, 7] and simulations [8, 9] of the hydrogen effect on SDSS have been 

done, a more complete understanding of the micro-mechanism is needed. A starting point 

for that is to provide a better characterization of the hydrogen effect on each individual 

phase and this can be done by the nanoindentation in combination with an electrochemical 

setup described below. 

The nanoindentation is a widely used method [10,11] for studing the 

micromechanical properties of the materials. Recently, Barnoush et al. [12, 13] used the 

nanoindenter in combination with an electrochemical setup to investigate the effect of 

hydrogen on the micromechanical properties of different materials under hydrogen 

charging conditions. This is a promising method because the immediate effect of hydrogen 

on the local material microconstituents can be observed. Another advantage of using in-situ 

ECNI is related to the testing time, which is considerably lowered and limited to some 

hours while the nanoindentations are performed. Also, another big advantage is that the 

surface quality remains the same during testing, while in the case of ex-situ ECNI, either 

the surface is damaged [14] by the hydrogen during the long time charging or the hydrogen 

diffuses out of the material while the sample is transferred in between the electrochemical 

setup and the nanoindenter [15]. In-situ ECNI method is used in this paper and the authors 

would like to mention that the aim of this paper is primarily to describe the experimental 

procedure and to present only some preliminary results. 

 
Fig. 1. The cross-sectional area of a nanoindentation 

 

During a nanoindentation, an indenter tip is forced into the sample with a defined 

load. The maximum force is kept constant for a few seconds and then decreased, see Fig. 1. 

A load – displacement curve is produced, see Fout! Verwijzingsbron niet gevonden., 

which is used to calculate the hardness and the reduced modulus of elasticity. 

Three-sided pyramidal tips are standard for the nanoindentations [16]. The standard 

three-sided tip is the Berkovich tip, which has a total included angle from plane to edge of 

142.3° and a half angle, θ, of 65.35°, see Fig. 3. 

The hardness is calculated according to: 

c

max

A

P
H   (1) 

where 
max

P  - the maximum applied load, 
c

A - the contact area, calculated from the tip area 

function, based on the contact depth, 
c

h .  
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Fig. 2. Load – displacement curve produced during the 

nanoindentation 

Fig. 3. Three-sided pyramidal 

Berkovich tip 

 

For a perfect Berkovich indenter [10]: 
2

cc
h5.24A   

(2) 

max
c max

P
h h

S
   (3) 

where maxh - the maximum displacement,  - the geometric constant equal to 0.75, S - the 

stiffness of the material. 

In reality, an indenter tip will never be perfect, so, each tip will be calibrated 

according to its own tip area function. The procedure involves performing a series of 25 up 

to 100 indents of different contact depths (varying the loading levels) on a fused quartz 

sample with a know reduced modulus of 69.6 GPa. The contact area will be determined by 

measuring the stiffness based on the following equation: 
2

c

r

S
A

4 E

 
  

 
 (4) 

where: rE - the reduced modulus of elasticity. 

Then, the contact area will be plotted as a function of the contact depth and the points 

will be fitted to a sixth order polynomial: 
2 1/ 2 1/ 4

c 0 c  1 2 c  3 c 

1/ 8 1/ 16

4 c 

c

5 c 

A C h C C h C h

C h C h

h  

 


 (5) 

where: 0C - equal to 24.5 for a Berkovich tip, 1C  to 5C - the curve fitting parameters. 

The reduced modulus of elasticity is calculated as: 

r

c

S
E

2 A


  (6) 

The relation between the reduced modulus and the elastic modulus is: 
2 2

s i

r s i

1- 1-1
-

E E E

 
  (7) 

where:  - the Poisson ratio for the sample, respectively, the indenter; E  - the elastic 

modulus of the sample, respectively, the indenter.  

For a standard diamond indenter tip iE 1140GPa  and i 0.07  .  
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2. EQUIPMENT AND SAMPLE PREPARATION 

 

The experiments were performed with a Hysitron TriboScan TI-750 with Performech 

controller in combination with an electrochemical setup as shown in Fig. 4. A diamond 

Berkovich long tip, specially designed for testing inside the electrolyte was used. The used 

load function is presented in Fig. 5, where the last segment of 1 second holding time at 

10% peak value was added for the drift correction. 

 

 
Fig. 4. The electrochemical setup 

 

 
Fig. 5. Load function 

 

As a counter electrode for the electrochemical setup, a platinum wire was used while 

a Saturated Calomel Electrode (SCE) was the reference electrode. The sample holder 

allows the sample to be covered with the electrolyte during testing.  

A coarse grained SDSS with a chemical composition of 0.016% C, 0.46% Mn, 0.24% 

Si, 0.024% P, 0.001% S, 7.16% Ni, 25.22% Cr, 3.76% Mo, 0.276% N, 0.205% Cu and a 

Pitting Resistance Equivalent Number (PREN) equal to 42.044 has been investigated. The 

high pitting resistance is given by the high levels of chromium, molybdenum and nitrogen, 

as is calculated according to: 

NPRE % Cr 3.3 % Mo 16  % N      (8) 

The macroscopic yield strength for this material is 560 MPa and the tensile strength is 

790 MPa. These excellent properties are given by the dual phase microstructure of the 

austenite (γ) and ferrite (α), Fig. 6.  
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Fig. 6. SEM image of the coarse grained super duplex stainless steel 

 

The starting point for the sample preparation was the grinding with silicon-carbide 

papers of grade 500, 1000 and 2400, followed by a mechanical polishing with a water 

based diamond suspension of 3 µm and 1 µm. The last step was the electropolishing in 

order to remove the work hardened microscopic leyer of the material caused by the 

mechanical polishing. Table 1 presents the electrolyte and the used electropolishing 

parameters [14].  

 

Table 1. Parameters used for the electropolishing 

Electrolyte Pot., 

V 

Flow 

rate 

Time,  

s 

Temp., 

°C 

Methanol/H2SO4 15 8  15 21 

 

The surface quality after the electropolishing is presented in Fig. 7. The Average 

Roughness (RA) is less than 10 nm, as given by the nanoindenter software.  

 

 
Fig. 7. Topography image, scanned with TI-750 prior testing,  

where the ferrite is light and the austenite is dark 

 

3. EXPERIMENTAL RESULTS 

 

Freshly electropolished samples were tested first in air and then in a 0.05 M Na2SO4 

electrolyte. Hydrogen started to form when a cathodic potential of -1150 mV was applied. 
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Both the austenite and the ferrite phases were tested with a maximum load of 4000 µN and 

a loading rate of 2000 µN/s. Fig. 8 and Fig. 9 present the effect of hydrogen on the 

hardness and on the reduced modulus of elasticity, respectively.  

 

 
Fig. 8. The hydrogen effect on the sample hardness 

 

 
Fig. 9. The hydrogen effect on the reduced modulus of elasticity 

 

The effect of hydrogen on the hardness is larger for the austenite than for the ferrite, 

the differences in hardness, before and after hydrogen charging, being of about 1 GPa for 

the austenite and of 0.6 GPa for the ferrite. A higher increase in the hardness for the 

austenite is due to a higher solubility of hydrogen in the austenite as comparing to the 

ferrite.  

From Fig. 9, we can disregard the effect of hydrogen since the increase of the reduced 

modulus of elasticity is within the measurement error and it is not sure that is due to the 

presence of hydrogen.  

Another effect of hydrogen evolved during the cathodic potential is on the onset of 

plasticity. Fig. 11 presents typical load displacement curves and the difference between the 

pop-in load levels, when the nanoindents are made with and without hydrogen. Since more 

than 30 nanoindentations were made for each phase and each testing condition in order to 

have repeatability, the pop-in event frequencies are presented in Fig. 10. A decreasing in 

pop-in load level was observed for both the austenite and the ferrite phases. 

The elastic part of the load – displacement curves presented in Fig. 11 can be fitted to 

the Hertzian equation:  
1.5

rP 1.33E h R  (9) 
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where: P - the applied load, h - the indentation depth, R - the radius of the indenter tip, 

rE - reduced modulus of the sample, given by the Eq. (7).  

 
Fig. 10. Pop-in event frequencies for (a) austenite, (b) ferrite 

 
Fig. 11. The reduction in the onset of plasticity (pop-in load level) due to hydrogen 
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During a nanoindentation, the indenter tip will approach the sample with a certain 

velocity and as soon as the contact is established, the initial elastic loading begins until the 

first dislocation nucleation (or pop-in) occurs. The stress field underneath the indenter tip 

during the elastic deformation is described via continuum mechanics, assuming that the 

indenter tip is spherical [17]. When this assumption is made, the maximum shear stress 

under the indenter tip is: 

2

r3
max 3 2

6E P
0.31 

R
 


 (10) 

According to continuum mechanics, the maximum shear stress occurs at a distance of 

approximately 0.48 times the contact radius, rc, directly below the center axis of the 

contact, between the sample and the indenter tip [17]:  

  cmax
z 0.48 r


  (11) 

If the contact radius between the indenter tip and the sample is [17]: 

2

r3
c 3 2

r

6E PR
r  

2E R





 (12) 

replacing Eq. (12) in Eq. (11), the position of the maximum shear stress, zτ(max) can be 

calculated as: 

 
3

cmax

r

3PR
z 0.48 r 0.48 

4E


   (13) 

The maximum shear stress acting at the 
 max

z


is responsible for the homogeneous 

dislocation nucleation in the volume below the surface and is in the order of the theoretical 

strength of a defect free material, according to the Frenkel model [18]: 

2 10
th

G G
 


 (14) 

where G is the shear modulus.  

Now, we can equate the measured maximum shear stress during pop-in to the 

theoretical strength of the austenite or the ferrite phase in Eq. (14). This relates any change 

in the pop-in load to a change in the shear modulus of the given phase in SDSS as a result 

of hydrogen. In other words, hydrogen not only facilitates the dislocation nucleation, but 

also reduces the lattice cohesion [19]. 

A deeper analysis of the pop-in behavior was made using a pop-in finder program 

developed by Barnoush [14]. The program is using the load displacement curves imported 

from the Hysitron software and is finding the pop-in from the analysis of the regions where 

the displacement is constant. Further, based on the Hertzian fit, Eq. (9) the tip radius is found 

and used for calculating the position of the maximum shear stress and its value, Eq. (10) to 

(13).  

Fig. 12 presents the decrease in both pop-in width and pop-in load for the austenite 

and the ferrite, in the presence of hydrogen. The pop-in i.e. homogeneous dislocation 

nucleation in the austenite requires higher load levels than the ferrite, but the width of the 

pop-in is smaller. The pop-in width in the austenite is reduced to half in the presence of 

hydrogen while for the ferrite, the decreasing is around one third.  
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Fig. 12. Pop-in width and pop-in load from the pop-in analysis 

 

Table 2 presents a summary of the nanomechanical properties of the SDSS, extracted 

from the load-displacement curves and from the pop-in finder program. The maximum shear 

stresses are higher when hydrogen is present in the material and closer to the surface. It 

should be mentioned that in the SDSS, in order to have both phases in quasi equilibrium with 

each other, it is necessary to quench them from about 1100°C down to the room temperature. 

This results in the formation of very high tensile stresses in the austenite and compressive 

stresses in the ferrite [20]. This is very important to consider the effect of these local high 

residual stresses on hydrogen uptake and its effect on the measured nanomechanical 

properties. Therefore, future works are planned to study the effect of hydrogen on the 

nanomechanical response of the austenite and the ferrite phases in combination with these 

residual stresses. 

 

4. CONCLUSIONS AND FURTHER WORK 

 

The increase in the hardness and the decrease in the pop-in load level of both the 

austenite and the ferrite phases were observed due to hydrogen evolution after the cathodic 

potential was applied to the sample. While the decrease in the pop-in can be related to the 

hydrogen effect on the interatomic potential, the cohesion the effect of hydrogen on 

hardness is in agreement with the hydrogen pinning effect on the dislocations.  

 

Table 2. Summary of the nanomechanical properties of SDSS 

 Load displacement 

curves 

Pop-in analysis 

 

H 

(GPa) 

 

Er 

(GPa) 

 

S 

(µN/nm) 

 

Start 

load 

(µN) 

Start 

depth 

(nm) 

 

Width 

(nm) 

Maximum 

shear stress 

zτ(max) 

(nm) 

τmax 

(GPa) 

Austenite_air 5.1 175 176 183 10.8 9.3 31.1 2.90 

Austenite_hydrogen 6.4 191 171 177 11.5 4.0 26.5 3.74 

Ferrite_air 4.8 178 184 178 11.2 11 27.7 3.40 

Ferrite_hydrogen 5.3 198 194 155 10.9 8.0 23.4 3.43 

 

The Super Duplex Stainless Steel is a very complex material as well as is the 

hydrogen embrittlement micromechanism and further investigations have to be made. 

Further work will focus on the hydrogen effect on the grains with different crystallographic 

orientations. Also, different loading rates will be considered. 
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