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Abstract 

 

The need to achieve materials with higher strength and better corrosion resistance results in 

producing new alloys. Nickel base alloys are among the materials which have been subjected 

to several studies related to producing new alloys. Nickel based superalloys, in particular, 

drew a lot of attention. Nickel superalloys are durable materials in mechanical loadings while 

having good performance against corrosive media, simultaneously.  

In this work the effect of heat treatment and chemical alloying with boron and copper on 

hydrogen embrittlement (HE) and corrosion resistance have been investigated. The role of 

sulfur segregation at grain boundaries (GB) on HE of nickel is also studied.  HE studies have 

been done in micro-scale by in-situ electrochemical micro-cantilever bending test. The 

cantilevers made either inside the grains to investigate the role of alloying elements and 

precipitates on HE, or on two grains to study the effect of GBs on the HE.  

By heat treatment of Alloy 725 in three conditions, the different effects of GB on HE is 

studied. One sample is solution annealed (SA) in order to remove the effect of any 

precipitates, another sample is aged (AG) based on the heat-treatment standard guideline 

normally used in industries and the last sample is over-aged (OA) to reach coarser 

precipitates. All the single-crystal cantilevers were made on three samples which were 

cracked under the H-charging condition, however, crack propagation was more severe in the 

OA sample. Bi-crystal micro-cantilevers bent under H-free and H-charged conditions 

revealed the significant role of the GB in the HE of the beams. The results indicated that the 

GB in the SA sample facilitated dislocation dissipation, whereas for the OA sample, it caused 

the retardation of crack propagation. For the AG sample, testing in an H-containing 

environment led to the formation of a sharp, severe crack along the GB path. 

The effect of boron and copper alloying on HE is also investigated in this thesis. Three 

samples were used. The standard Alloy 725 (Mod A) was used as a control group, comparing 

with the one alloyed with 250-350 wt%.ppm B (Mod B) and <100 wt%.ppm B + 2.3 wt% Cu 

(Mod C). Cross-sectional view of the bent beams taken by scanning electron microscopy 

(SEM) showed the superior resistance of Mod B against HE by facilitating the GB dislocation 

transfer/generation. While bending Mod A sample in hydrogen environment leads to form a 

sharp intergranular cracking, Mod B showed some nano-voids/cracks mostly in dislocation 

https://www.sciencedirect.com/topics/chemistry/crack-propagation
https://www.sciencedirect.com/topics/engineering/retardation


 

III 

 

slip bands and rarely in GB path. However, a reduction of strength was observed in load-

displacement (L-D) curves of Mod B. The addition of Cu, although not participated in GB 

segregation, compromised the lost strength of Mod B. In Mod C, after bending in H-charged 

condition, the nano-voids were formed in GB, but no load drop in L-D curves nor crack 

propagation in post-deformation observations was detected. The micro-alloying proposed in 

this study could be an important contribution to the future developing of H resistant alloys via 

GB segregation engineering. 

Sulfur is among the elements that have a detrimental effect on the mechanical properties of 

the metals if segregated at the GBs. The effect of co-segregation of S and H is investigated in 

this thesis on pure Ni. A pure Ni GB shows completely plastic behavior with no fracture 

observed in the experiments. Electrochemical H-charging of the sample with no S present in 

the GB leads to a crack formed at the notch tip, which propagates by means of the mixed 

plastic–brittle fracture mode. Cantilever testing of the H-charged GB with S results in a 

clear brittle fracture of the GB. The co-segregation of S and H shifts the sudden drop in the 

load–displacement curves to smaller values of displacement.  

Finally, intergranular corrosion passive layer properties of Mod A, B and C is investigated in 

this thesis. Intergranular corrosion test showed continuous corrosion at the GB in Mod A 

while Mod C remains completely intact without any corrosion attack. Mod B corroded in the 

areas around the Mo-rich boride phases formed due to abundant of B element in this alloy. 

Mod C showed the least defect density in the passive layer while the passive layer of Mod B 

thicker. The incorporation of Mo in Mod C was proposed to be the responsible for less defect 

density of Mod C compared to Mod B. Mod A on the other hand had the most defect density 

and shows higher passive current density in potentiodynamic polarization test.  
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1 Introduction and Methods 

1.1 Motivation for this study 

Failures due to corrosion and hydrogen embrittlement (HE) are among the biggest issues in 

industries which works in harsh environments. For example, some of the failures in oil and 

gas industries are not only costly but also they can be associated with severe consequence to 

human life and environment. Nickel superalloys which were firstly developed for high-

temperature aerospace applications, and soon introduced into the oil and gas industry in early 

1980s [1]. In these environments the material experiences high pressure and high temperature 

alongside highly acidic environment containing H2S, CO2 and chloride ions. For example, 

deep well environments contain more that 10% H2S and the temperature exceeding 200 °C. 

Nickel superalloys are typically used as rods, production tubing, valves, landing nipples and 

tool joints in oil and gas industries. These alloys are expected to work for about 20 years in 

such environments [2]. Therefore, they should have a high resistance against corrosion and 

HE to be appropriate for oil and gas industries application.  

However, there are reports which shows that microstructural features cause unexpected 

failures in nickel superalloy components. For instance, failure of an Alloy 725 seal used in 

subsea equipment has been observed and attributed to the formation of a brittle phase in grain 

boundaries [3]. A failure of a subsurface safety valve made of Alloy 716 is reported which is 

caused by intergranular HE as can be seen in Fig. 1.1 [4]. Other failures of tubular crossover 

on Alloy 725, casing and tubing hanger on Alloy 718 are also reported in the literature [5]. In 

most of the cases the root of the failure was detected to be some phases which is precipitated 

in grain boundaries (GBs).  
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Since the introduction of nickel superalloys in oil and gas industries, several modifications 

have been made to improve their mechanical and corrosion properties. In this thesis the effect 

of some alloying elements such as B and Cu on the HE and corrosion properties of the 

produced material will be investigated. Most part of this study focuses on GBs and 

intergranular properties of the materials. GBs are responsible for most of the failures and 

exploring their properties would help to understand the failure mechanism which can be 

useful to produce more resistant materials.  

 

 

Figure 1.1. Subsurface safety valve assembly (left) and the fracture surface (right) [4]. 

1.2 Research objectives 

This work mainly deals with the role of the GBs in HE and corrosion properties of Ni-

superalloys. Therefore, micro cantilevers which contain GBs were produced and tested to be 

compared with ones that do not have GBs. In addition, the beneficial or detrimental effect of 

some GB precipitates was also investigated. The main objectives of the theses are as follows: 

Chapter 2: Investigating the role of GBs in HE of Ni-superalloy. How can a GB affect 

the HE of the Alloy 725. Is the presence of GBs beneficial or deleterious? By using 

three different heat treatments, the effect of three different GBs on bi-crystal micro-

cantilevers were investigated and compared with similar microcantilevers but without 

GB.  

Chapter 3: Study of GB HE of Ni-superalloy modified with B and Cu. How does 

addition of minor alloying elements influence the HE properties? This part focused on 

the GBs to show how GB segregation changes the HE response of the material. B as a 
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GB modifier and Cu as a solid solution strengthening element were investigated in 

this chapter. 

 

Chapter 4: Investigating the role of sulfur segregation on the HE of pure Ni. In this 

work, pure Ni was used. Single- and bi-crystal cantilevers were compared and the 

effect of GB segregated sulfur as a detrimental element was studied.  

 

Chapter 5: Examinating how the GB precipitates influence the corrosion properties. 

Unlike previous parts which was related to the HE, this part pertained to the corrosion 

response of the superalloys which were modified with B and Cu. The total corrosion 

response and the passive layer properties as well as their intergranular corrosion 

resistance were the subjects of study in this chapter.  

 

1.3 Nickel Superalloys 

 Nickel superalloys, in general, contain more than 50% alloying elements mostly from VIIIA 

elements in the periodic table [6]. The face centered cubic (FCC) structure of the alloy allows 

the material to have excellent ductility, malleability, and formability. Nickel super alloys are 

normally alloyed with high amount of Cr which tends to have a high corrosion resistance 

ability. The combination of good corrosion resistance and high mechanical properties make 

these materials favorable in different industries. They can be used in high and low 

temperature applications with harsh corrosive environment like oil and gas environment.  

 

1.4 Influence of minor alloying addition 

Different alloying elements have been used to modify the superalloys properties. Alloying 

elements in nickel superalloys can have several effects which can be categorized as follows 

[7]: 

- Precipitate former alloying elements like: Al, Ti, Ta and Nb. 

- Solid solution strengtheners like: Re, W and Ta. 

- Grain boundary refiner: B, C and Hf. 

- Enhancement of corrosion and oxidation resistance: Cr, Mo and Al. 

 

Alloy 725 or Inconel 725, in particular, is a precipitation hardened alloy in which Cr, Mo, Fe, 

Nb and Ti are the main alloying elements. The microstructure of this alloy consists of the 
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solid-solutioned Ni matrix which is strengthened by the coherent intermetallic precipitations 

of γ′-Ni3 (Ti,Al) and γ′′-Ni3(Nb).  

In addition to the γ′ and γ′′, there are different phases that can be formed in superalloys. 

Among these phases are carbides that need especial attention. Carbon tends to form metallic 

carbides in form of M23C6 at the grain boundaries which M denotes Cr or Mo elements. 

Precipitation of such carbides might be beneficial in high temperature creep processes which 

need GB stabilization. However, formation of Cr or Mo rich phases at the GBs can result in 

impoverishment of these alloying elements in adjacent areas around the GB. Therefore, 

especially for the case of Cr shortage at the adjacent area of GBs it can lead to poor passive 

layer formation and hence raising intergranular corrosion risk.  

For ambient temperature applications, on the other hand, the presence of carbide in GBs can 

be an initiation sites for cracking under loading conditions.  

B is reported to be able to prevent the formation of large and continuous GB carbides [8]. It 

can also increase the GB cohesive energy [9]. Therefore, this element has been used in Ni-

superalloys [10], steels [11], and other materials [12] to improve the ductility.  

Cu is a corrosion resistant material in nonoxidizing solutions of mineral acids such as 

sulfuric, hydrochloric phosphoric, or hydrofluoric acid [13]. Cu has been used for different 

nickel superalloys such as Alloys 200, 825 and 925 to improve their corrosion resistance. Due 

to copper alloying with the content of around 2 wt%, Alloy 825 and 925 make them 

appropriate to for components to be used in sulfuric acid pickling of steel and copper, 

components in petroleum refineries and petrochemicals (tanks, agitators, valves, pumps), 

equipment used in production of ammonium sulfate, pollution control equipment, oil and gas 

recovery, acid production and phosphoric acid production (evaporators, cylinders, heat 

exchangers, equipment for handling fluorosilicic acid solution, and many others) [14]. 

1.5 Hydrogen uptake in metals 

Hydrogen is the smallest atom in the periodic table. It has strong chemical activity and high 

lattice mobility which can be absorbed into the metal in H2 gas environment or as a product 

of electrochemical reactions. H can be provided from different sources such as acid cleaning 

solutions, electroplating, corrosion processes and cathodic protection. It can also come from 

the high-pressure gaseous hydrogen containers or pipelines. In this work the H uptake from 

electrolytes will be investigated.  In electrolytes, H can be produced via cathodic reaction of 

hydrogen reduction as follows: 
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𝐻3𝑂+ + 𝑒− → 𝐻𝑎𝑑𝑠 + 𝐻2𝑂   (1) Volmer reaction in acidic environments and  

𝐻2𝑂 + 𝑒− → 𝐻𝑎𝑑𝑠 + 𝑂𝐻−  (2) Volmer reaction in neutral environments. 

 

The produced Hads on the metal surface can be either reacted with another adsorbed H to form 

a H2 bubble and finally desorbed with following reactions: 

𝐻𝑎𝑑𝑠 + 𝐻𝑎𝑑𝑠 → 𝐻2   (3) (Tafel reaction) 

𝐻𝑎𝑑𝑠 + 𝐻3𝑂+ + 𝑒− → 𝐻2 + 𝐻2𝑂 (4) (Heyrovsky reaction) 

or it can be absorbed into the metal: 

𝐻𝑎𝑑𝑠 → 𝐻𝑎𝑏𝑠 .   (5) 

 

Fig. 1.2 shows the possible reactions incorporated in hydrogen generation and entry into the 

metallic substrate from an aqueous environment.  

 

Figure 1.2. Schematic representation of hydrogen generation and entry into the metal from an aqueous 

environment. 

The absorbed H, due to its small atomic radii will diffuse in the metal substrate and placed in 

octahedral and tetrahedral vacant parts of the metal. It can also enter the defects of the metal 

such as vacancies, dislocations, grain boundaries and interfaces. A schematic diagram in Fig. 

1.3 shows some of the sites which H can be trapped in.   
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Figure 1.3. Trapping sites of H in metallic materials [15]. 

1.6 Hydrogen diffusion  

The rate of H diffusion in pure metals depends on the crystal structure. The H diffusion 

coefficient, D is about 4 to 5 orders of magnitude higher for body centered cubic (BCC) 

materials in comparison with FCC and hexagonal closed packed (HCP) metals in ambient 

temperature. The diffusion coefficient for some metals is depicted in Fig. 1.4.  

 

Figure 1.4. Hydrogen diffusion coefficients for BCC (Fe and Nb), FCC (Ni) and HCP (Ti) pure metals [16].  

There are a number of parameters which can affect the D. D is increasing with temperature as 

can be seen clearly in Fig. 1.4. Closed pack structure has stronger dependency on 
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temperature. It also depends on the stress field, the presence of dislocations, vacancies, 

discontinuities, precipitates, and any microstructural features which can play role in trapping 

the H and changing the diffusion coefficient.  For example, it is reported that the random high 

angle GBs accelerate the hydrogen diffusion while low misorientation or special GBs 

mitigate it [17].  

 

1.7 Hydrogen Embrittlement mechanisms 

The presence of absorbed H in the material cause embrittlement. Different mechanisms have 

been proposed to account for HE.  

1.7.1 Hydride formation 

In certain materials such as V, Zr, Nb, Ta and Ti there is a strong thermodynamic driving 

force for hydride formation. Since hydrides phases are brittle, the presence of these phases at 

the head of the crack enhances the possibility of brittle fracture. In hydride mechanism, first 

H diffuses to regions of high hydrostatic stress ahead of the crack which resulted in 

nucleation and growth of hydride phase. At the final stage, as depicted in Fig. 1.5, a cleavage 

crack will form when hydride reaches to a critical size. The crack will further arrest and 

experience blunting at the hydride-matrix interface.  

The formation of hydride is also reported in alloys which are thermodynamically 

unfavorable. For example, on the conditions of high activity of H, hydride formation would 

be possible [18]. These NiH phases are unstable phase, but they might have irreversible 

impact on mechanical properties. Hydride can act as a barrier to dislocation motion. 

Therefore a dislocation pile up can be formed behind it and even if the hydride phase reverts 

to Ni, the remaining high dislocation density caucuses hardening which contribute in more 

brittle fracture [19].  

 

Figure 1.5. Schematic diagram of fracture mechanism in presence of hydride [16]. 
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1.7.2 Hydrogen-enhanced decohesion 

One of the famous mechanisms of HE is H-enhanced decohesion (HEDE) mechanism.  

According to this model the bounding strength between metal atoms will be reduced by 

dilatation of the atomic lattice when hydrogen accumulates in the lattice. Therefore, 

debonding of the atoms at the head of a crack or a position with maximum stress 

concentration takes place easier [20]. This mechanism is more pronounced in high strength 

materials and under high H concentration. This role of this mechanism is more evident in 

GBs and particle-matrix interfaces. Direct experimental evidence of HEDE mechanism is 

difficult to obtain but density functional theory (DFT) calculation, recently, well explained 

the contribution of this mechanism in HE. DFT calculations showed that the segregation of H 

in GBs and interfaces, greatly decrease the work required for interface separation [21].  

1.7.3 Hydrogen-enhanced localized plasticity 

H-enhanced localized plasticity (HELP) is also one of the popular mechanisms discussed in 

literature [22]. In this model, the accommodation of H at dislocations reduces the stress limit 

for which dislocations can move. Therefore, dislocations can reach the crack head easier 

make the crack propagate with localized shear and ductile rupture processes ahead of the 

crack. The mobilization of dislocations by H is directly observed by transmission electron 

microscopy studies [23]. The activation of dislocations by H, based on this theory leads to 

material softening [24]. However, the opposite conclusion has also been published in 

literature. It is reported that the accumulation of H induce dislocation pining effect which is 

lead to hardening [25, 26]. 

There are other mechanisms which can be found in literature. For example, Kirchheim [27] 

based on thermodynamics calculations proposed that H reduces the formations energy of 

defects. According to this theory H, as a defactant, segregates to defects, such as vacancies, 

dislocations and kinks in dislocation lines and void or crack surfaces and lower the defect 

formation energy according to the generalized Gibbs adsorption isotherm.  

However, it should be noted that the HE of the materials, depending on the microstructure, 

loading condition and environment can be explained by different mechanism which 

sometimes act all together [20].  

1.8 Hydrogen Embrittlement of Nickel superalloys 

Embrittling effect of hydrogen on steels were first recognized in 1874 by William Johnson 

reported in a proceeding of the Royal Society of London [28]. Apart from corrosion effects, 
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he observed the mechanical degradation of the material by exposing to an acidic 

environment. The research on the hydrogen embrittlement (HE) were continued extensively 

afterwards to elucidate its mechanism of action and to evaluate possible mitigation methods. 

The application of superalloys in hydrogen-bearing environments, motivate researchers to 

invest in HE studies. However, the complicated structure of these alloys makes the research 

in this field challenging. Various parameters should be taken into consideration regarding HE 

of nickel superalloys: 

- Nickel based alloys are FCC alloys and the diffusion coefficient of H in FCC alloys 

are several orders of magnitude lower than that in the body centered cubic (BCC) 

materials. 

- The solubility of H in FCC metals is allegedly higher than in BCC metals.  

- Presence of significant amount of solid solution in nickel superalloys is another 

important issue which can affect both diffusion and solubility of H. For example, the 

H diffusivity of Alloy 600 (74Ni15Cr9Fe) in the solution annealed form is reported to 

be 5 times lower than that for pure nickel [29].  

- The presence of different type of precipitates in the age-hardened nickel superalloys 

affect the HE significantly.  

- In addition, GBs make the situation more complicated. The interaction of GBs with H 

has long been evaluated in the literature [30]. However, depending on the specific 

system under study, the effect can be different.   

Therefore, the mechanism-based study on the integration of H with such a complicated 

structure is hard to achieve. Large scale mechanical testing, in particular, suffers from the 

lack of separating multiple parameters that affect the mechanical response of the material 

simultaneously. As a result, confining the testing volume to micro-size specimens can really 

help to reduce the affecting parameters, in order to elucidate the role of microstructural 

parameters on the total mechanical performance.  

1.9 Small scale HE studies 

Since 1980s onward, the development of sophisticated instrumented indentation methods 

alongside with enhancing the electronic industry to produce highly accurate sensors lead to 

improvement in the micro mechanical testing area [31]. Especially, the measurement of the 

indentation load, P, combined with the penetration depth, h, was made possible. This 

advancement enables researchers to investigate the surface effects of H on the metals. Further 

development of microscopy methods and also the introduction of focused ion beam (FIB) for 
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micro milling, was the commencement of significant progress in this field. Using FIB 

provides the possibility of milling favorable geometrical micro scale shapes in order to do 

mechanical testing with the help of nanoindenter [32]. Micro-cantilever bending test is one of 

the most interesting methods used in this field. The first use of micro cantilever mechanical 

testing was reported in 2005 [33, 34]. Afterwards, it has been used in several applications to 

investigate the mechanism of mechanical behavior of materials in micro scale. In this regard, 

understanding the role GBs, dislocations, and different kind of precipitates play in 

mechanical responses of the materials became possible [32, 35, 36]. In addition, combining 

an electrochemical cell with the nanoindenter enables in situ testing over the milled micro 

cantilevers [25, 37]. The conventional three electrode set up helps to control the potential and 

current. Therefore, H charging would be possible before and during the mechanical testing.  

 

1.10 Corrosion of Nickel superalloys 

Depending on the alloying elements of the nickel superalloy, the corrosion properties could 

be different. Ni-Cr-Mo alloys are normally considered as the most corrosion resistant. Alloy 

725, in particular, has a high durability against general corrosion and excellent resistance to 

pitting and crevice corrosion in chloride environments and acid media. The application of 

Alloy 725 has been qualified for sour service in oil and gas by NACE and ISO standards and 

the limiting temperature suggested is 220 °C and 2000 kPa of partial pressure of H2S [38]. 

However, on the condition that Cr- or Mo-rich phases forms at the GBs there is a risk of 

intergranular corrosion. 

 

1.11 Intergranular corrosion 

Despite the superior corrosion resistance of nickel superalloys, some cases of intergranular 

corrosion have been reported [39-41]. Although there are chemical methods to compare the 

intergranular corrosion susceptibility of nickel based alloys [42], they are not designed to 

quantitatively evaluate intergranular corrosion and in some cases are hard to carry out and 

time consuming. Since the introduction of double loop electrochemical potentiokinetic 

reactivation (DL-EPR) test [43], the test has been increasingly used as a quantitative method 

for evaluating intergranular corrosion. However, the problem with this test is that it needs 

specific electrolyte for each material. The standard solution [44] is only applicable for 

austenitic stainless steels (SSs) and for other materials the solution should be modified [45].   
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1.12 Materials  

Generally, seven different materials are used in this study which are listed in Table 1.1.  

 

Table 1.1. Material used in this study.  

Material ID Specification 

Ni Pure nickel (99.99%). Vacuum annealing at 1250 °C for 72 h. 

NiS Pure nickel with additional 5.4 wt% ppm S. 

AG (Mod A) 

Chemical composition wt.% 
Cr: 19.7, Fe: 10.1, Mo: 7.3, Nb: 3.6, Ti:1.4, 

Mn<0.02, C<0.01, S<0.001 

Heat Treatment 

solution annealing: 1038 °C for 2h, water quenching, 

aging at 732 °C for 8 hours, cooling in furnace down 

to 621 °C keeping for 8 h. 

SA Chemical composition similar to AG sample. Solution annealed at 1038 °C for 2h 

OA 
Chemical composition similar to AG sample. 1038 °C for 2h, water quenching, aging at 

780 °C for 8 hours, cooling in furnace down to 621 °C keeping for 8 h.  

Mod B 
Chemical composition and heat treatment similar to Mod A plus adding 250 to 350 

wt.ppm B. 

Mod C 
Chemical composition and heat treatment similar to Mod A plus adding 2.3 wt.% Cu plus 

100 wt.ppm B. 

 

1.13 Micro-cantilever fabrication 

In the following, a step-by-step procedure of the cantilever milling and in-situ 

microcantilever testing used in this study will be introduced.  

I. Sample surface preparation 

The samples were prepared in discs with 10 mm diameter and 8 mm thickness. The samples, 

for the purpose of Electron Backscatter Scanning Diffraction (EBSD) analysis and micro 

cantilever milling, were grounded with emery paper up to grit number 2000 and then 

electropolished using 1 molar methanolic H2SO4. Thereafter, the EBSD is carried out. Fig. 

1.6 shows the EBSD micrograph of a region from the AG sample.  
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II. Choosing the area of interest 

For bi-crystal cantilevers, the selected GB was a high angle grain boundary with the 

misorientation angle between 45 to 55°. The reason for this selection is discussed in papers I, 

II and III. The arrow in Fig. 1.6 shows an example of a selected GB. 

III. Milling the cantilever 

The milling procedure is started by finding the selected area. It should be noted that the GB is 

completely visible under the SEM and also Ga-beam channel of the focused ion beam (FIB) 

and therefore the intended cantilever can be milled out with the dimensions depicted in Fig. 

1.7. A series of cantilevers are milled on a GB in order to repeat the tests and also doing the 

experiment in different conditions (H-free and H-charged). Fig. 1.7 also shows an example of 

cantilever series milled on a selected GB.  

Figure 1.6. EBSD micrograph of the AG sample. The 

arrow shows a selected GB for bi-crystal milling. 
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An identical shallow notch is milled on all cantilevers above the GB line to increase the 

probability of cracking. Fig. 1.8 shows a GB on a cantilever before and after notch milling.  

 

Figure 1.7. A series of cantilevers milled out on a selected GB depicted in Fig. 1.1 (left). The dimensions of 

a bi-crystal cantilever (right). 

Figure 1.8. A clear GB on a milled bi-crystal cantilever (left). A notch milled on the GB in a bi-crystal 

cantilever (right). 



 

14 

 

 

IV. Setting-up the cell 

A miniaturized conventional three electrode cell is used for this study. The cell is installed in 

the nanoindenter machine chamber which enables in-situ testing (Fig. 19). A schematic 

diagram of the in-situ cell is depicted in Fig. 1.10. Hg/HgSO4 reference electrode (RE) is 

used in this study for in-situ testing. This electrode lacks the Cl- ion which can be found in 

Calomel or Ag/AgCl electrodes. Cl- is an anion which associate in corrosion reactions, and 

this is the reason why it is avoided in this set up. The reference electrode is connected with a 

tube containing similar solution to the charging electrolyte. The electrolyte was a mixture of 

Phosphoric acid-Glycerol (1:2 v/v). The counter electrode (CE) was a platinum sheet 

immersed in the cell solution which is connected with a platinum wire to the electrical 

connector of the potentiostat. The charging and testing were conducted in room temperature. 

The working electrode (WE) as depicted in Fig. 1.10, is located at the bottom of the cell.   

The complementary data on charging potentials and loading regime for cantilever bending 

can be found in the text of the papers I-IV.  

 

Figure 1.9. In situ test set up in the nanoindenter chamber. 
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V. Post-deformation analysis 

After bending, the sample is taken out, washed with deionized water and ethanol. Afterwards, 

post-deformation imaging is carried out by SEM. Fig. 1.11 shows an example of one 

cantilever which is cracked under the H-charging condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIB is also used in slice and view mode to mill the cantilever from cross sectional view to get 

images from internal parts of the cantilever. To do so, firstly the cantilever is covered with 

Figure 1.10. A schematic of the in-situ testing cell. 

Figure 1.11. Post-deformation SEM image of a cantilever bent in H-

charging condition. 
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the platinum coating (Fig.1.12). The coating protects the surface of the cantilever from 

damages of Ga-ion required for milling. Afterwards, the adjacent area of the cantilever root 

will be milled out to make it easy to cut the cantilever while keeping the notch area intact. 

The cantilever then lifts out and will be placed on a TEM copper finger holder. The cantilever 

then sliced with the intervals of 100 nm followed by taking an image. The slicing was done 

from both sides to keep the central part of the cantilever for Transmission EBSD (T-EBSD) 

analysis. To do T-EBSD one needs to reach a thickness of lesser than 80 nm, since T-EBSD 

needs electrons to transmit through the material and detected on the other side of the material.  

 

Figure 1.12. Platinum coating of a bent cantilever to protect against further using of Ga-beam of FIB. The 

material presented here is a high carbon steel.  

 

1.14 X-ray photo-electron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a technique which can analyse very thin oxide 

layers such as passive layer in stanless steels and nickel superalloys. XPS spectra are 

obtained by irradiating a material with  X-ray beam while simultaneously measuring the 

kinetic energy and number of electrons escape from the the top surface of the material. The 

method ables to give information from he elemental composition, empirical formula, 

chemical state and electronic state of the elements exists in the surface. The tecknique itself is 

not able to measure the depth distrubution information of the layers but its combination with 

the ion sputtering can be used to obtain such data. Ion sputtering can remove certain amount 

of the surface which can be followed by XPS analysis. Therefore, a depth profile if the 



 

17 

 

elemental data will be provided. Moreover, by this method the thickness of the passive layer 

can be estimated.  

In this study the XPS was used to obtain the passive layer composition formed on the 

materials and also in order to estimate the thickness of the layer. The passive layer we formed 

potentiostaticaly in 3.5% NaCl solution. The potentiostatic film formation was carried out at 

200 and 600 mV vs. Ag/AgCl reference electrode for one hour. Afterwards, the samples were 

taken out from the solution, washed with deionized water and ethanol to remove the remained 

electrolyte on the surface. The samples were then transferred immediately to the XPS 

analysis chamber inside a desicator. The analysis was carried out with Kratos Axis Ultra 

DLD. A monochromatic Al Kα source was used as a source. First, a survey of elemental map 

was done with the pass energy of 160 eV with five sweeps. High resolution regional 

acquisitions were performed with pass energy of 20 eV with ten sweeps and 0.1 eV step size 

for each element. Argon sputtering with the energy of 4 V was used for depth profiling. The 

analysis was started with the elemental map, then the high resolution regional spectroscopy 

was carried out followed by 30 s argon sputtering. After sputtering another regional 

spectroscopy was done and this loop is repeated for three times enabling 4 regional 

spectroscopy at different depths of the surface. The analysis area was 300 × 700 µm2. The 

obtained data were analysed using Casa XPS software. 

1.15 Intergranular corrosion testing 

Double loop electrochemical potentiokinetic reactivation (DL-EPR) test was used to 

investigate the intergranular corrosion susceptibility of the materials. The samples were 

mounted in an epoxy resin polymer letting a circular surface of 10 mm diameter to be 

exposed to the electrolyte. The electrical connection was made from the side of the samples 

which was embedded in epoxy with a copper wire.  The DL-EPR test was carried out in a 

deareated aqueous solution of 2 M HCL + 1 M H2SO4 + 10−4 M KSCN at 30 °C which is 

developed by Hazarabedian et al. for Alloy 725 [46]. The anodic scan is started from the 

Open Circuit Potential (OCP) going forward with the scan rate of 1.667 mV/s reversing at 

700 mV higher than the OCP. After the test, the samples were rinsed with deionized water 

and ethanol and placed in SEM chamber in order to take pictures of the corrosion attacks. 

1.16 Thermal desorption spectroscopy 

 

Thermal desorption spectroscopy (TDS) is a technique to study the hydrogen trapping 

characteristics of the metals. In this method the sample is charged with H and then placed in 
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the TDS chamber. There are two methods of doing TDS. Fistly, the sample can be heated up 

immediately to a high temperature to allow all of the absorbrd H to be released. In this way 

the total amount of the H can be measured. In another way, after putting the sample in the 

TDS chamber, the temperature is gradually increased.  This is called a ramping test. By doing 

ramping test it would be possible to analyze the trapping sites of the material.  By doing the 

ramping test, first the diffusible H and the H which is trapped in tetrahedral and octahedral 

sites of the material will diffuse out. By raising the temparature, hydrogen in deeper traps will 

activate and the H which are trapped in high angle grain boundarys (HAGBs) or deep trap 

interfaces will be released. The extracted H from the material carries with a carrier gas such 

as Argon or Nitrogen to the mass analyzer to measure the amount of H extracted within the 

time domain. The obtained results can be shown as the H content versus temperature. 

In our study, since Ni is the FCC material with very low diffusivity, thin samples (0.5 mm) 

were prepared for H charging in order to increase the ration of surface to volum. Therefore, 

samples with dimensions of 10 × 5 × 0.5 mm were used for H charging. The charging 

electrolyte was a mixture of phosphoric acid and glycerol (1:2 v/v). The samples were 

potentiostatically charged at −1050 mV vs. Ag/AgCl reference electrode at a temperature of 

75 °C for 24 h. This high temperature is used in order to increase the diffusibility of 

hydrogen. A G4 Phoenix DH system (Bruker Co.) coupled with a mass spectrometer was 

used for TDS. The total H content was analyzed by instantaneously exposing the sample to 

800 °C for 600 s. In addition, the ramping test was conducted by gradually increasing the 

temperature from 30 to 800 °C at a heating rate of 0.5 K/s.   
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1.18 Summary of the papers 

Paper I 

Role of Grain Boundaries in Hydrogen Embrittlement of Alloy 725: Single and Bi-Crystal 

Microcantilever Bending Study 

In this study, Alloy 725 with three different heat treatment were used. One sample is solution 

annealed at 1038 °C for 2 h (SA). The aged (AG) sample was prepared by annealing the prior 

solution at 1038 °C for 2 h, followed by water quenching and heating up to 732 °C for 8 h, 

cooling in a furnace down to 621 °C, and maintenance at this temperature for 8 h. In order to 

have coarser precipitates, the over-aged sample (OA) was prepared by increasing the aging 

temperature from 732 °C to 780 °C. TEM study shoewd that the SA sample had almost no 

precipitation while in AG sample ellipsoid γ″ precipitates could be observed. For the AG 

sample, the size of the precipitates increased significantly which is led to presence of less 

precipitates in this condition.  

The microcanliteleves, first milled in the grains to compare the strength of the grain interior 

of the samples. For HE studies, the samples were electrochemically charged with H in the 

electrolyte of  phosphoric acid and glycerol (1:2 v/v) for two hours at −1500 vs. 

Hg/HgSO4 (−1050 vs. Ag/AgCl). After this process of charging, the bending test using the 

nanoindeter was started while keeping the cathodic potential during the test.  

The results of H-free experiments showed that the SA sample had the lowest maximum load 

(around 800 µN) which is related to lack of precipitates. The AG sample had the highest load 

(around 1400 µN) while the maximum load for OA sample was 200 µN lower. The reason of 

deacreasing the load in OA sample can be related to the less frequent and coarser precipitates 

compared to AG one. However, under the H-charged condition, the OA sample experienced 

more severe cracking. The load in load-displacement (L-D) curve of OA sample fell down 

after about 1500 nm displacement, while it dropped at about 3200 nm for AG sample. 

In order to examine the role of GBs on the HE, HAGBs were selected from the samples 

helping EBSD analysis and the cantilevers were milled in a way to have this selected GBs on 

the cantilever. In this manner, with comparing the single crystal bending data, the role of the 

GB can be revealed. The results showed that the GBs can have different impacts on the 

results. The comparison of the single and bi-crystal bent cantilevers of the SA sample under 

the H-free condition revealed a softening effect in the bi-crystal cantilevers. In H condition 

because of this softeing effwet, no crack was revealed in SA bi-crystal cantilever.  

https://www.sciencedirect.com/topics/engineering/phosphoric-acid
https://www.sciencedirect.com/topics/engineering/glycerols
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Contrary to the single crystal results, in bi-crystal cantilevers the maximum load was higher 

for OA sample. Post-deformation SEM images showed that this behaviour is related to the 

serrated GB formed in the OA sample due to the presence of coarse GB precipitates. The 

serreated GB in OA sample prevents the H-induced crack to propagate while a sharp 

continuous crack was formed in the AG bi-crystal cantilever.  

 

Paper II 

Hydrogen Assisted Intergranular Cracking of Alloy 725: The Effect of Boron and Copper 

Alloying 

 

In this study, the standard Alloy 725 (Mod A) is modified with 250 to 350 ppm B (Mod B) 

and 2.3 wt.% Cu + <100 ppm B (Mod C). Bi-crystal microcantilevers were prepared on the 

HAGBs of these samples to investigate the role of alloying elements on HE. The 

microcantilevers were bent in-situ under the H charging condition. The electrolyte was a 

mixture of phosphoric acid and glycerol (1:2 v/v) and the charging time before starting the 

test was two hours at −1500 vs. Hg/HgSO4 (−1050 vs. Ag/AgCl). 

The density functional theory (DFT) caclulations showed that the B tends to precipitate in 

GBs while Cu is more likely to be in solid-solution form. Atom prob tomography (APT) also 

confirmed the precipitation of B at the GBs.  

In H-free condition work-hardening was taken place for Mod A.  A high amount of 

dislocation pile up is found behind the GB. The high accumulated stress leads to distortion 

and deviation of the GB from its original path. In this sample during H-charging, a sharp 

intergranular crack was observed. 

Addition of B improved the HE-resistance of Mod B, however, at the cost of reducing the 

strength of the alloy. B contributed to the ductility enhancement of the alloy by releasing the 

accumulated stress behind the GB via enhancing the GB dislocation transmission/generation. 

B also increased the boundary cohesive energy based on DFT results. Therefore in air 

condition no void/crack is formed. In H environment, nano-voids were observed in either 

dislocation slip banbs (DSBs) or GBs. However, the formed nano-voids did not show any 

effect on the strength and the integrity of the bent beams. 

In Mod C, the loss of strength happened in L-D curve of Mod B is compensated by solid 

solution hardening by Cu. DFT and APT results showed that Cu tends to deplete at the GBs. 

Therefore the amount of Cu at the GBs are less than the bulk content. However its presence at 

https://www.sciencedirect.com/topics/engineering/phosphoric-acid
https://www.sciencedirect.com/topics/engineering/glycerols
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the GB reduces the strengthening energy of the GB. As a result, larger nano-voids compared 

to Mod B were formed at the GB after in situ bending. Albeit, even with the addition of H, no 

propagating crack is formed in the GB nor in the matrix. 

 

Paper III: 

Hydrogen-enhanced intergranular failure of sulfur-doped nickel grain boundary: In situ 

electrochemical micro-cantilever bending vs. DFT 

 

Two type of samples in were used in this study, a pure Ni and a Ni sample which is 

dopedwith GB segregated S. The purpose of this study was to investigate the effedt of co-

segregations of S and H on intergranular cracking. The S-doped sample contains 

5.4 wt ppm of S in solid solution condition measured by a glow discharge mass spectroscopy 

technique. Following casting, hot rolling and cold rolling processes were carried out to 

decrease the thickness of the ingot to 3 mm. Afterwards, the material was annealed 72 h at 

1300 ∘C and 24 h at 1000 ∘C followed by water cooling in order to GB segregation. The GB 

segregation was confirmed by Wavelength dispersive X-ray spectroscopy.  

The micro-beams in this study were charged with a cathodic current density in the range 

of −60 to −100 µA cm−2 at −1450 to −1600 mV potential versus the Hg/HgSO4 reference 

electrode. A glycerol-based solution with the composition of 1.3 M borax in glycerol mixed 

with 20% distilled water was used as the H-charging electrolyte. 

Cantilever bending tests with pure Ni samples without S segregation resulted in a ductile 

behavior accompanied by slip traces on the surface, while testing pure Ni in H-charged 

condition, the crack is initiated from the notch area and fewer activated slip traces are 

observed. The observed difference is associated with the impeding effect of H on the 

dislocation motion leading to the and localized plasticity at the crack tip. Post-deformation 

SEM images showed that the crack formed in the H-charged pure Ni beam is neither 

intergranular (IG) nor purely brittle. In this case, H concentration at the GB does not reach 

the critical amount to cause the IG fracture atomic associated with the HEDE mechanism.  

Segregation of S to GB, on the pther hand, leads to the IG cracking during the bending test. 

The crack reveals brittle type of fracture and propagates through the GB. Hydrogen-charging 

makes the IG fracture even more prominent and causes a sooner sudden drop in L–D curves 

compared with H-free conditions. Based on the DFT results, it is shown that the GB cohesion 

is much more reduced by S enrichment in comparison with H enrichment. Even though the 
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co-segregation of S and H substantially reduces the cohesion of the selected GB, no 

interaction between S and H effects is obtained by DFT calculations. 

 

Paper IV 

Intergranular Corrosion and Passive Layer Properties of Alloy 725 Modified with Boron and 

Copper Micro-alloying 

 

In this study, intergranular corrosion and passive layer properties of Mod A (standard Alloy 

725), B (modified with 250 to 350 ppm B) and C (modified with 2.3 wt.% Cu + <100 ppm B) 

alloys were investigated. DL-EPR test was carried out in the deareated aqueous solution of 2 

M HCL + 1 M H2SO4 + 10−4 M KSCN at 30 °C which is developed by Hazarabedian et al. 

[46] for Alloy 725. The anodic scan started at the OCP goingforward with the scan rate of 

1.667 mV/s reversing at 700 mV higher than the OCP. 

Based on the DL-EPR results, no intergranular corrosion occured for Mod C which is 

conformed by SEM images taken after the test. However, in both Mod A and B a reactivation 

peak was appeared in the curves. The flollwing SEM images from the surface, showed that 

the type of corrosion on Mod A and B is different. 

In Mod A, the corrosion is completely intergranular. A continious trench can be found in GBs 

in SEM images. The intergranular corrosion occurred in Mod A could be a results of the 

Cr/Mo-rich phases presence at the GBs. These phases absorb a lot of Cr/Mo and there would 

be in impoverishment of these alloys around the GB. Therefore, the weak passive layer 

formed around the GB will dissolve during the reverse scan of the DL-EPR resulting in the 

reactivation peald to be appeared.  

In Mod B, on the other hand, the corrosion occurred around the Mo-rich phases which can be 

found in both GBs and grain interior. These phases are Mo and Ti-rich borides which formed 

in this sample due to the presense of high amount of B. The phases absorbs lots of Mo and 

the passive laer around these particles will not be strong enough to withstand in the reverse 

scan. Therfore the reactivation peak observed in this sample is related to the corroison 

happening around these phases.  

Mott-Schottky analysis was carryied out to compare the differences between vacancy 

densities and the nature of the passive film. The results revealed that Mod C has the least 

vacancy while Mod A possessed the highest amount of vacancies in its structure. The graph 

of all materials consisted of two parts. The first part from -100 mV to around 400 mV vs. 



 

28 

 

Ag/AgCl shows a n-type passive layer whereas from 400 to 800 mV vs. Ag/AgCl the passive 

layers showed p-typer behaviour.   

Finally, the passive layers were analyzed with XPS. It is revealed that the thickness of Mod B 

is a bit higher than Mod A and C. In addition the passive layer for,ed at 600 mV vs. Ag/AgCl 

is thicked that the layer formed at 200 mV vs. Ag/AgCl. In 600 mV vs. Ag/AgCl the oxygen 

content is highter and this could be the reason for more oxide formation and henece the 

thicker passive layer. In addition the availability of more  oxygen in high voltages might be 

the reason for shiftong from n-type to p-typ passive layer. 
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2  Recommendations and Future works 

Throughout this thesis, the interactions of H with pure nickel and nickel superalloys with 

different heat treatments and GB segregation have been studied. The following suggestions 

can be put forth for future studies. 

2.1 The effect of GB type 

In papers I, II and III, all the micro-cantilevers were made on the high angle grain boundaries 

(HAGBs). It is well-known that these GBs are the most probable sites for cracking. They are 

also favorable site for impurities to precipitate. However, there are reports which shows that 

low angle (LA)GBs or special GBs such as Σ3 GBs can be probable areas for crack 

nucleation. For example, Seita et al. [47] by doing tensile tests on Alloy 725 have shown that 

Σ3 coherent twin boundaries are susceptible to crack initiation but they are resistant against 

crack propagation. This dual role of the Σ3 GBs leads them to offer a new design for Nickel 

superalloys. Since the H-induced cracks often initiate at surfaces and propagate inward, the 

proposed to make a microstructurally graded material with few Σ3 GBs at the surface and a 

large number in the interior parts. However, this observation needs more proof. In-situ micro-

cantilever testing on Σ3 GBs, can shed more light in this regard. The problem is getting more 

complicated knowing that the HAGBs are more prone to corrosion. Our preliminary EBSD 

analysis which is not reported in this thesis showed that the intergranular corrosion is 

happening mostly at the HAGBs. Therefore, designing a material with high amount of 

HAGBs at surface can be risky from corrosion point of view.  As another suggestion, 

investigating the relation of GB type and intergranular corrosion can be interesting.  

 

2.2   Formation of Ni-hydride 

In paper III, we showed that the presence of abundant H resulted in the hardness increase on 

the surface which is persistent for long time. We attributed this phenomenon to the formation 

of Ni-H, although it is reported that the Ni-H is not a stable phase. Direct observation of this 

Ni-H can be advantageous. This can be happened on the Ni-superalloys as well and 

significantly change the mechanical properties. The presence of this alloy in highly sour 

environments might provide harsh conditions suitable for Ni-H formation. From experimental 

point of view in-situ XRD or in-situ Raman spectroscopy can help to detect the hydride 

formation on the alloy.  
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2.3 In-situ stress corrosion cracking by micro-cantilever bending 

As observed in paper V, intergranular corrosion led to form grooves on the materials surface. 

These grooves, in the presence of external load can act as an initiation site for cracks. 

Therefore, by having the corrosive media and applying the load which is feasible by in-situ 

cantilever bending one can evaluate the stress corrosion cracking (SCC) resistance of specific 

GBs. In this system, the notch is not required and the groove which will be formed by the 

corrosion processes will act as the accelerator for cracking. The test can be carried out in 

anodic voltages in order to avoid the role of H in SCC.    
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Abstract 

 In this study the effect of B and Cu alloying on corrosion properties of Alloy 725 is 

investigated. Mod A sample was prepared as a control sample with conventional standard 

heat treatment. Then two other samples were prepared by adding 250 to 350 ppmw B, named 

Mod B and Mod C with B content lower than 100 ppm plus 2.3 wt.% Cu. The samples were 

subjected to intergranular corrosion testing, Mott-Schottky and X-ray photoelectron (XPS) 

analysis. Intergranular corrosion tests showed continious corrosion at the grain boundaries 

(GB) in Mod A while Mod C remains completely intact without any corrosion attack. Mod B 

corroded in the areas around the Mo-rich boride phases formed due to abundant of B element 

in this alloy. Mod C showed the least defect density in the passive layer while the passive 

layer of Mod B was thicker. The incorporation of Mo in Mod C was proposed to be 

responsible for less defect density of Mod C compared to Mod B. Mod A on the other hand 

had the most defect density and showed higher passive current density in potentiodynamic 

polarization test. 
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 Intergranular corrosion,  Mott-Schottky analysis,  XPS,  Alloy 725, B and Cu 
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