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Abstract 

 

The following work has examined the effect of heat treatment, production method and cold 

working (CW) on the hydrogen induced stress cracking (HISC) susceptibility of Inconel 625 

(UNS N06625). This was done by hydrogen pre-charging and stepwise loading in Cortest proof 

rings, followed by an investigation of the fracture surfaces in a scanning electron microscope 

(SEM). Five different versions of Inconel 625 were examined; one hot isostatic pressed (HIP), 

one cold worked and three forged qualities. The three forged qualities were subjected to heat 

treatment at 920°C, 1010°C and 1100°C, respectively. An attempt was also made to estimate 

the critical hydrogen concentration necessary for brittle fracture to occur in Inconel 625. This 

was done by combining diffusion calculations with hydrogen measurements performed by 

SINTEF. The critical pitting temperature (CPT) for the different versions of Inconel 625 was 

obtained by a modified version of the ASTM G48 test. 

 

The forged and the HIPed versions of Inconel 625 were found to be susceptible to HISC. This 

was based on a decrease in strength and ductility, as well as brittle fracture surfaces and 

secondary cracking on the samples’ outer surface. The CW samples showed a higher resistance 

to HISC, as no reduction in fracture strength, nor any secondary cracking was observed. Forged 

samples heat treated at 1010°C were found to be the most susceptible to HISC, while heat 

treatment at 1100°C resulted in the lowest HISC susceptibility amongst the forged qualities. 

The amount of grain boundary carbides was found to be the main factor influencing the HISC 

susceptibility, where an increased amount led to a higher susceptibility. The effect of grain size 

on the HISC susceptibility of Inconel 625 samples charged with hydrogen is still unresolved, 

but the results indicate that larger grains have a beneficial effect on the ductility. The CPT was 

found to decrease with increasing heat treatment. 
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Sammendrag 

 

I denne masteren har effekten av varmebehandling, produksjonsmetode og kaldbearbeiding 

(CW) på mottakeligheten for hydrogenindusert spenningsbrudd (HISC) i Inconel 625 (UNS 

N06625) blitt undersøkt. Dette innebar forladning med hydrogen og trinnvis lastøkning i 

Cortest proof ringer, etterfulgt av en undersøkelse av bruddflatene i sveipelektronmikroskop 

(SEM). Fem forskjellige versjoner av Inconel 625 ble undersøkt; en varm isostatisk presset 

(HIP), en kaldarbeidet og tre smidde. De tre smidde versjonene ble utsatt for varmebehandling 

ved henholdsvis 920°C, 1010°C og 1100°C. Det ble også gjort et forsøk på å estimere den 

kritiske hydrogenkonsentrasjonen nødvendig for å oppnå sprøbrudd i Inconel 625. Dette ble 

gjort ved å kombinere diffusjonsberegninger med hydrogenmålinger utført av SINTEF. Den 

kritiske pitting temperaturen (CPT) for de forskjellige versjonene av Inconel 625 ble målt ved 

å bruke en modifisert versjon av ASTM G48 testen. 

 

De smidde og HIPede versjonene av Inconel 625 viste seg å være mottakelige for HISC. Dette 

var basert på en nedgang i styrke og duktilitet, i tillegg til sprø bruddflater og sekundære 

sprekker på prøvenes ytre overflate. De kaldbearbeidete prøvene viste en høyere motstand mot 

HISC, da det ikke ble observert noen nedgang i styrke eller sekundære sprekker for disse 

prøvene. De smidde prøvene varmebehandlet ved 1010°C viste seg å være mest mottakelige for 

HISC, mens varmebehandling ved 1100°C førte til den laveste HISC mottakeligheten blant de 

smidde prøvene. Hovedfaktoren som påvirket HISC mottakeligheten viste seg å være mengden 

korngrensekarbider, der økt mengde ga høyere mottakelighet. Effekten av kornstørrelse på 

HISC mottakeligheten for prøver av Inconel 625 ladet med hydrogen er fortsatt usikker, men 

resultatene i denne masteren indikerer at større korn har en gunstig effekt på duktiliteten. Den 

kritiske pitting temperaturen sank ved økende varmebehandling. 
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1 Introduction 

 

The development of UNS N06625, hereafter referred to as Inconel 625, was started in the 1950s 

to meet the demand for high-strength piping material for super critical steam power plants [1]. 

At the time of its release on the marked in 1964, the unique properties of Inconel 625 were 

described in the patent as its high tensile strength and resistance to creep and stress rupture at 

elevated temperatures [2]. Inconel 625 has since proven to be a versatile alloy that has a wide 

range of application, including in aerospace, marine and oil- and gas-industry. The reason for 

this is its combination of high strength and ductility, good weldability, high temperature creep 

resistance and resistance to corrosion in a variety of environments [3]. 

 

Inconel 625 is classified as immune to corrosion in seawater at temperatures up to 30°C and is 

therefore normally not in need of cathodic protection (CP) [4]. However, coupling with less 

noble metals in need of such protection can still lead to the cathodic protection of components 

made of Inconel 625. This will cause hydrogen to evolve at the surface of the material and 

thereby act as a source of hydrogen [5]. Hydrogen can then diffuse into the material and cause 

hydrogen embrittlement (HE). If the material is susceptible and a stress is applied, this can lead 

to hydrogen-induced stress cracking (HISC). Because of the low diffusion rate of hydrogen in 

Inconel 625, the alloy was previously considered immune to HISC in seawater [6]. Studies 

showing the HISC susceptibility of similar nickel alloys [7, 8], as well as possible HISC related 

failure reports from the collaborators of this project, has led to the wish for an examination of 

the HISC susceptibility of Inconel 625. 

 

This work is a continuation of the author’s previous project work, where Inconel 625 was found 

to be susceptible to HISC [9]. The main focus of this thesis is to gain a better understanding of 

the HISC susceptibility of Inconel 625 by investigating the effect of heat treatment, production 

method and cold working (CW). To get a broader basis for evaluating these effects, the results 

from the author’s previous work will be presented as part of this thesis. The results obtained in 

Erlend Haugsnes MSc at NTNU for a cold worked Inconel 625 will also be included [10]. 
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1.1 Objective 
 

The main objective of this work is to examine the effect of heat treatment, production method 

and cold working on the HISC susceptibility of Inconel 625. This will be done by hydrogen 

pre-charging and stepwise loading in Cortest proof rings. Experiments will also include basic 

mechanical testing, precipitate characterization by energy dispersive spectroscopy (EDS), a 

modified version of the ASTM G48 test to determine the critical pitting temperature (CPT) and 

investigation in the optical microscope (OM) and the scanning electron microscope (SEM).  
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2 Theory 

 

2.1 The microstructure of Inconel 625 
 

Inconel 625 is a nickel base alloy with an austenitic, face-centered cubic (FCC) matrix phase, 

denoted γ. The strength of the alloy is mainly achieved through solid solution strengthening by 

chromium, molybdenum and niobium [11]. These impurity atoms will go into substitutional 

solid solution and impose lattice strains on the surrounding host atoms because of the difference 

in atomic size [12]. This is illustrated in Figure 2.1. The resulting strain fields will interact with 

the strain fields imposed by dislocations, thereby restricting dislocation motion and 

strengthening the material. 

 

 

Figure 2.1: Lattice strains imposed by atoms in solid solution. Larger atoms impose compressive 

strains (left) and smaller atoms impose tensile strains (right). Pictures taken from Callister [12]. 

 

Although Inconel 625 is not classified as a precipitation-hardened alloy, it is possible to achieve 

precipitation hardening if the content of Nb is above 4% [3]. The resulting phase is the 

metastable Ni3Nb, denoted γ''. This phase has a body-centered tetragonal (BCT) structure and 

is coherent with the austenite matrix [13]. When this secondary phase is formed within the 

original phase matrix, there will be a lattice misfit of about 3% [14]. The following distortion 

of the crystal lattice around the γ'' particles will impede dislocation motion during plastic 

deformation, making the alloy harder and stronger. γ'' is formed as ellipsoidal, disc-shaped 

particles at temperatures between 550°C and 850°C. 

 

Upon prolonged ageing at elevated temperature (650-900°C), the metastable γ'' phase will 

transform into the stable, orthorhombic δ-Ni3Nb [15]. This phase is incoherent with the Ni 

matrix and therefore not an effective strengthener. It will also lead to a reduction of ductility 

and toughness, making the alloy more exposed to embrittlement [16]. The δ-phase is often 

found at grain boundaries and can impede grain growth at higher temperatures, which is 
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favorable. However, because of its adverse effect on mechanical properties, this phase is 

generally undesirable. The δ-phase is normally recognized by its characteristic needle-shaped 

morphology, but globular δ particles have also been observed [13].  

 

Different carbides can also form in Inconel 625, the most notable being MC, M6C and M23C6. 

The MC carbides, where M is mainly Nb and Ti, will form between 900°C and 1050°C. These 

carbides exhibits an FCC crystal structure and will form as both dispersed particles in the metal 

matrix and as thin grain boundary films [16]. Because of their dense, closely packed structure, 

these compounds are strong and stable [17]. The M6C carbides will form at approximately the 

same temperature, but with a complex cubic crystal structure. Here, M is principally Ni, Cr and 

Mo. At lower temperatures, in the range of 700°C-950°C, the M23C6 carbide will form. This 

carbide exhibits the same crystal structure as M6C, but M is almost entirely Cr. Both M6C and 

M23C6 have blocky, irregular shapes and form as a series of separate, discrete grain boundary 

particles [3]. When the molybdenum content in nickel-base superalloys exceeds about 6 %, 

M6C will form at the expense of M23C6 as the principal grain boundary precipitate [17]. Grain 

boundary carbides will act much in the same way as the δ-phase on the mechanical properties 

of the material and can give a significant reduction in ductility and toughness. Carbides have 

also been shown to increase a metals susceptibility to hydrogen embrittlement [18, 19]. 

However, grain boundary carbides can have a positive effect on the mechanical properties by 

pinning the grain boundaries during heat treatment. This is known as the Zener effect [20]. 

When a carbide is present at a grain boundary, the total grain boundary area will be reduced. 

For a grain boundary to expand, i.e. for a grain to grow, the grain boundary will have to move 

past the carbide. This requires the formation of new grain boundary, which is energetically 

unfavorable [20]. The result of the Zener effect is that grain growth will be hindered during heat 

treatment. 

 

A high content of alloying elements in Inconel 625 can lead to the formation of the Laves phase. 

This is an intermetallic compound with a hexagonal close packed (HCP) crystal structure and 

A2B stoichiometry, where A can be Ni, Fe, Cr and Co, while B can be Nb, Ti, Si and Mo [14]. 

The Laves phase forms at long exposure times to temperatures above 700°C and is therefore 

normally not a problem during production, but can form during long-term use at elevated 

temperatures. Because of the detrimental effects on strength and ductility, the Laves phase is 

avoided as far as possible. By lowering the Nb, Si and Mo content, the Laves phase can be 

almost completely eliminated, as these are the strongest contributors to Laves formation [3].  
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2.2 Effect of grain size of mechanical properties 
 

The size of the grains plays an important role on the mechanical properties of most metals. This 

is explained by dislocation movement and pile-up. During plastic deformation, dislocations will 

move through the grain and pile up at the grain boundaries [12]. The pile-up causes a stress to 

be generated in the adjacent grain, and, upon reaching a critical value, will generate new 

dislocations in the adjacent grain. In this way, the plastic deformation is propagated from grain 

to grain. Adjacent grains will also normally have different crystallographic orientation. As a 

result, a dislocation moving through one grain will have to change its direction of motion when 

it moves into the next grain. This becomes increasingly difficult as the crystallographic 

misorientation increases. The grain size will determine the amount of dislocations that can pile 

up at a grain boundary. In large grains, more dislocations can pile up, and the resulting stress 

generated in the adjacent grain will increase. This will make it easier to propagate dislocations 

in the neighboring grain. Larger grains will also decrease the number of times the dislocations 

have to change their direction of motion. As a result, small grains will increase both the strength 

and the toughness of the material [12]. The effect of grain size on strength is expressed by the 

Hall-Petch relationship [21]: 

                                                        𝜎𝑦 = 𝜎0 + 𝑘𝑦𝑑
−
1

2     (1) 

 

Where σy is the yield strength, σ0 and ky are constants and d is the grain diameter. 

 

2.3 Effect of heat treatment on Inconel 625 
 

Nickel alloys may be subjected to one or more of six principal types of heat treatments, 

depending on chemical composition, fabrication requirements and intended service [22]. For 

Inconel 625, the most common heat treatments are annealing, solution annealing and 

precipitation hardening [2]. The temperature at which different phases are formed during heat 

treatment can be found in the time-temperature-transformation (TTT) diagram for Inconel 625, 

as shown in Figure 2.2.  
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Figure 2.2: Time-Temperature-Transformation diagram for Inconel 625 that shows the phases formed at 

different times and temperatures. Figure taken from Shoemaker [2]. 

 

Annealing is a heat treatment that is designed to produce a fine, recrystallized grain structure in 

work hardened alloys [22]. The normal annealing range for Inconel 625 is between 871°C and 

982°C, with a soaking time in the order of a few hours [2]. This leads to the fine precipitation 

of all three types of carbides, as can be seen from the TTT-diagram. Components made by the 

annealing process are intended for service up to 593°C. 

 

Solution annealing is a high temperature heat treatment that yield components intended for 

service above 593°C. The minimum required temperature for the process is 1093°C, but higher 

temperatures are often used [2]. This will give a coarse grain structure where all carbides are 

put in solid solution, thereby enhancing the alloy’s resistance to creep and rupture at high 

temperatures. 

 

By heat treating Inconel 625 components with a Nb content above 4% in the 649°C to 871°C 

temperature range, fine γ'' particles can precipitate in the matrix [2]. This process is called 

precipitation hardening, and is used when increased strength is desirable. At these temperatures, 

carbides will form as precipitates in the matrix and on the grain boundaries. Precipitation 

hardening requires a longer soaking time than the two previously mentioned heat treatments, 

being in the order of ten hours.  
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2.4 Cold working 
 

Cold working is the process where a ductile material becomes stronger and harder when it is 

plastically deformed [12]. During plastic deformation, the dislocation density in a metal will 

increase as a result of dislocation multiplication and the formation of new dislocations. Since 

dislocation-dislocation interactions are repulsive, the resulting decrease in the average distance 

between dislocations will act as a barrier against dislocation movement. As the degree of cold 

working increases, the stress necessary for dislocation movement, i.e. to deform a metal, will 

therefore increase [12]. CW materials are also strengthened by the introduction of sub-grains, 

which will decrease the effective grain size of the material [23]. This will increase the strength 

because of the Hall-Petch relationship, as described in Section 2.2. The result of the cold 

working is a highly deformed microstructure with oblong grains in the longitudinal direction, 

i.e. the direction of the deformation. Cold working is also known as work hardening or strain 

hardening.  

 

The effect of cold working on the hydrogen embrittlement susceptibility of nickel alloys has 

been studied to some degree in the literature. El Kebir and Szummer found that the ductility 

decreased with an increasing degree of cold working for nickel samples charged with 

hydrogen [24]. Similar results were obtained by Pound, who found that the resistance of 

Alloy C-276 to HE decreased with an increasing amount of CW [25]. The increased 

susceptibility to HE is believed to be the result of an increased solubility of hydrogen due to 

trapping at dislocations introduced by the cold working [25]. This assumption has been 

supported by other research [26, 27]. Another factor influencing the susceptibility to hydrogen 

embrittlement is the increased amount of deformation slips found on the surface of CW 

samples. These slips are favorable sites for hydrogen adsorption, which will increase the 

hydrogen concentration in the sample, thereby increasing the susceptibility to HE [28]. The 

effect of CW on the strength of nickel alloys has been documented to a lesser degree than that 

of the ductility. However, Kane et al. found that the strength of CW nickel alloys charged with 

hydrogen depended greatly on the direction of loading [29]. Specimens loaded in the transverse 

direction, i.e. the direction where the distance between the grains is shortest, failed at much 

lower stresses than samples loaded in the longitudinal direction. In the longitudinal direction, 

the specimens did not fail, even under severe test conditions [29]. 
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2.5 Hot isostatic pressing 
 

Powder metallurgy (PM) has become an increasingly common technique for processing highly 

alloyed materials, such as nickel base superalloys. One such method is hot isostatic 

pressing (HIP), where a metal component is made by simultaneously applying high temperature 

and pressure to a metal powder [30]. An isostatic pressure is applied by an inert gas, making it 

possible to achieve fully isotropic properties in the material [31]. Normal HIPing temperature 

and pressure for nickel-base superalloys are 1100-1280°C and 100-140 MPa, respectively [32]. 

The HIPing process has several advantages compared to normal casting, the most notable being 

the removal of porosity and the effect on grain size.  

 

Pores in metals can form in several ways, e.g. by packing of powder particles, from gas 

evolution or shrinkage during the solidification of castings, from the agglomeration of 

vacancies and by interdiffusion during the bonding of dissimilar metals [32]. These pores are 

stabilized by their surface energy and by the internal pressure if gas is present inside them. 

When HIPing is applied to a metal, the high pressure used will exceed the energy of the pores, 

thereby collapsing them. Any gas present in the pores will then be dissolved in the matrix. The 

removal of porosity results in a dense material with increased mechanical properties [32].  

 

By using rapidly solidified, pre-alloyed powders with fine size fractions in the HIPing process, 

it is possible to produce metal components with small grains [33]. This is further enhanced by 

the high pressure used in the process, as it allows for the utilization of lower times and 

temperatures. When a metal is exposed to high temperatures, the grain boundaries will start to 

migrate, which will result in bigger grains. Minimizing the time and temperature used will 

therefore hinder excessive grain growth, allowing the material to retain the high strength and 

toughness associated with a small grain size. 

 

2.6 Fracture mechanics 
 

Fracture in metals are classified as either ductile or brittle, depending on the amount of plastic 

deformation exhibited. A ductile fracture is accompanied by substantial plastic deformation and 

high energy absorption. Brittle fractures, on the other hand, shows little or no plastic 

deformation and has low energy absorption [12]. The difference between a ductile and a brittle 
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fracture is illustrated in Figure 2.3 [12]. Brittle fracture is most common in BCC and HCP 

metals, but can be found in FCC metals under certain conditions as well [6].  

 

 
Figure 2.3: Illustration of a ductile fracture 

to the left and a brittle fracture to the right. 

Picture taken from Callister [12]. 

 

The most common type of tensile fracture for ductile metals is the cup-and cone fracture. During 

plastic deformation the metal will first experience necking, resulting in a reduction of the cross 

section area. Small cavities, or microvoids, will then start to form in the interior of this section. 

The voids nucleate at inclusions and second-phase particles by either interface decohesion or 

particle cracking. As the deformation continues, the voids will grow and coalesce with adjacent 

voids, resulting in the formation of an elliptical crack with its long axe perpendicular to the 

applied stress. The crack then continues to grow perpendicular to the applied stress by continued 

microvoid coalescence. Finally, fracture occurs by the rapid propagation of a crack around the 

other perimeter of the neck. The crack has a 45° angle with the applied stress, as this is the 

direction of maximum shear stress, giving the characteristic cup-and-cone appearance [12]. 

Macroscopically, ductile fractures has an irregular and fibrous appearance. The stages of the 

cup-and-cone fracture is shown in Figure 2.4, a through e. 

 

Figure 2.4: Stages of the ductile cup-and-cone fracture with a) necking, b) microvoid formation, c) microvoid 

coalesce, d) crack propagation and e) final shear fracture. Figure taken from Callister [12]. 
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Brittle fracture can be subdivided into two different mechanisms: cleavage fracture and 

intergranular fracture. Cleavage fracture is the most common brittle fracture mechanism and is 

defined as the rapid propagation of a crack along a particular crystallographic plane, where the 

crack propagation involves the repeated breaking of atomic bonds [6]. To initiate a cleavage 

fracture, there must first be a local stress concentration that exceeds the bond strength of the 

material. This can be achieved through the formation of microcracks. These cracks can form 

either by dislocation pile-up at grain boundaries or by the cracking of carbides and second-

phase particles. After a microcrack is formed, it can propagate into the metal matrix if the stress 

is sufficient, thereby causing a cleavage fracture. The crack plane is normally the plane with 

the lowest packing density, since this requires fewest bonds to be broken, while the direction 

of the cracking is nearly perpendicular to the applied stress. At a macroscopic level, the fracture 

surface has a grainy texture. Cleavage fracture is also called transgranular fracture, since the 

fracture cracks passes through the grains. Hicks and Altstetter found that slow strain-rate testing 

of Inconel 625 charged with hydrogen led to brittle, transgranular fracture [34]. 

 

Intergranular fracture occurs when cracks propagate along the grain boundaries. This 

mechanism usually follows the occurrence of a process that weaken or embrittle grain boundary 

regions, such as precipitation of a brittle phase on the grain boundary, environmental assisted 

cracking, intergranular corrosion, and grain boundary cavitation and cracking at high 

temperatures [6]. Martin et.al showed for instance that nickel can experience intergranular 

fracture if it is charged with hydrogen [35]. However, since there are several different situations 

that can lead to intergranular fracture, there is no single mechanism for the fracture process. 

 

2.7 Fractography  
 

Fractography is the detailed study of fracture surfaces by microscopy to identify which fracture 

mechanism has occurred [12]. In these studies, the scanning electron microscope is usually 

preferred to the optical microscope, since it has better resolution and depth of field. When the 

ductile cup-and cone fracture is examined in SEM, it will show several spherical “dimples”. 

These dimples are each one-half of a microvoid that formed during the plastic deformation. 

This is shown in Figure 2.5. Since cleavage fractures follow certain crystallographic planes, 

they can be identified by “river patterns”, as shown in Figure 2.6. Intergranular fractures 

propagate along the grain boundaries and will give a faceted surface where the three-

dimensional nature of the grains can be seen. This is shown in Figure 2.7. 



15 

 

2.8 Diffusion of hydrogen 
 

Since hydrogen atoms are small compared to most metallic atoms, they can readily diffuse 

between and occupy interstitial lattice sites in the metal matrix. The rate of diffusion depends 

strongly on the crystal structure of the metal, where BCC metals normally have diffusion rates 

several orders of magnitude higher than FCC metals [36]. This is because BCC metals have a 

lower packing factor than FCC, making it easier for hydrogen to move through the metal. The 

size of the interstitial sites are, however, larger in FCC metals, making them able to store more 

hydrogen than BCC metals. During diffusion, hydrogen can also be trapped at various other 

sites, including vacancy clusters, grain boundaries, dislocations, voids, internal cracks, 

precipitates and inclusions [36]. For instance, research done by Pound indicates that the main 

irreversible hydrogen traps in Inconel 625 are (Nb,Ti)C particles [25].  

 

Steady-state diffusion of hydrogen can be described by Fick’s first law, which shows that the 

direction of diffusion is from high to low concentrations [12]: 

      𝐽 = −𝐷
𝑑𝐶

𝑑𝑥
          (2) 

Where J is the diffusion flux, D is the diffusion coefficient and dC/dx is the concentration 

gradient. For nonsteady-state diffusion, i.e. when the diffusion flux and the concentration 

gradient vary with time, Fick’s second law applies [12]: 

      
𝜕𝐶

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2
                     (3) 

 

 
Figure 2.5: Ductile fracture showing 

dimples. Picture taken from 

Callister[12] . 

 
Figure 2.6: Cleavage fracture showing 

"river patterns". Picture taken from 

Callister [12]. 

 
Figure 2.7: Intergranular fracture 

showing a faceted surface. Picture 

taken from Callister [12]. 
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Where 𝜕C/𝜕t is the time dependent concentration gradient. If the initial concentration of 

hydrogen in the solid is C0, the diffusion length (x) is zero at the surface and the time (t) is zero 

when the diffusion process begins, Equation 3 can be expressed as [12]: 

        
𝐶𝑥,𝑡−𝐶0

𝐶𝑠−𝐶0
= 1 − erf(

𝑥

2√𝐷𝑡
)                    (4) 

Where Cx,t is the concentration at point x, Cs is the surface concentration and erf is the Gaussian 

error function. One of the factors influencing the diffusion rate in metals is the temperature, 

where increased temperature gives increased diffusion rate. The temperature dependence of the 

diffusion coefficient is given by an Arrhenius equation [12]: 

𝐷 = 𝐷0exp(−
𝑄𝑑

𝑅𝑇
)                    (5) 

Where D0 is a temperature independent pre-exponential, Qd is the activation energy, R is the 

gas constant and T is the absolute temperature [12]. The effect of temperature on hydrogen 

diffusion is often used in post-processing treatments, where the metal is heated for some time 

in a hydrogen free atmosphere to get rid of residual hydrogen. Another factor influencing the 

diffusivity of hydrogen in metals is the level of stress. It has been found that stress in a metal 

will increase the diffusion rate of hydrogen, as hydrogen tends to diffuse to regions of high 

stress [37, 38]. The diffusion rate of Inconel 625 at 25°C was found by Pound to be 

D = 2.2×10-11 cm2 s-1 [39]. 

 

2.9 Hydrogen embrittlement 
 

When atomic hydrogen is introduced into a susceptible metal, it may severely damage the 

mechanical properties of the material. This process is known as hydrogen embrittlement and 

can lead to a reduction of both strength and ductility. Ductile metals affected by HE can also 

show a transition from ductile to brittle fracture. Hydrogen embrittlement was previously 

thought to affect only BCC and HCP metals, but is now know to affect most alloy systems, 

including austenitic and ferritic steel, titanium, aluminum and nickel-base alloys [6]. 

 

Hydrogen embrittlement can appear in several ways, including hydrogen induced cracking 

(HIC) and hydrogen induced stress cracking (HISC). In HIC, hydrogen atoms diffuse into the 

metal and accumulate in structural defects, such as inclusions, dislocations and microvoids [40]. 

When the hydrogen pressure reaches a critical value, the metal will blister and crack. This 
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mechanism does not require an applied stress. HISC, on the other hand, is the process where a 

metal fractures due to the combined effect of hydrogen in the material and an applied stress. 

The criterion for HISC to occur is a hydrogen source, an applied stress and a susceptible 

material [41]. 

 

Crack propagation due to hydrogen embrittlement is often divided into two categories, 

depending on how hydrogen enters the material. In hydrogen-environment-assisted cracking 

(HEAC), hydrogen enters the material during use, e.g. by cathodic protection. If the hydrogen 

is introduced into the metal during manufacturing, e.g. by heat treatment, welding, casting etc., 

the process is called internal-hydrogen-assisted cracking (IHAC) [42]. The mechanism for both 

types of crack propagation is assumed to be the same. Because of the high local stress near a 

crack tip, the crystal lattice will expand, which increases the hydrogen solubility locally. This 

causes embrittlement of the zone around the crack tip, which combined with the high local 

stress will result in the formation of microcracks ahead of the initial crack tip. Over time, the 

microcrack will merge with the initial crack, resulting in crack growth. The crack will then 

continue to grow by repeated microcrack formation and coalesce [6]. 

 

Hydrogen embrittlement in Inconel 625 has been studied to some extent in the literature. Hicks 

and Altstetter found that slow strain-rate tests on Inconel 625 exposed to hydrogen resulted in 

a reduction of strength, ductility and reduction of area (RA) [34]. Similar observations were 

done by Takai et al., who showed that charging Inconel 625 with hydrogen gave a marked loss 

of strength and ductility [43]. During the literature review done as a part of this project, searches 

were also made on HISC-related failure cases of Inconel 625. Unfortunately, no information 

was found on the subject.  

 

2.10 Hydrogen embrittlement mechanisms 
 

The mechanism for hydrogen embrittlement has been widely discussed and has not yet been 

fully understood. There are several proposed mechanisms in the literature, where the most 

recognized are: Hydrogen-Enhanced Decohesion (HEDE), Hydrogen-Enhanced Localized 

Plasticity (HELP), Absorption-Induced Dislocation Emission (AIDE) and a mechanism based 

on the formation of hydrides. 
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The hydrogen-enhanced decohesion model is based on the assumption that high, localized 

hydrogen concentrations ahead of a crack tip will weaken the metallic bonds [44]. If the 

reduction of the cohesive energy in the metal matrix is sufficiently large, tensile separation of 

atoms (decohesion) will occur in preference to slip. The weakening of metallic bonds is 

attributed to the decrease in electron-charge density between metal atoms, due to the presence 

of hydrogen. This is illustrated in Figure 2.8. The high hydrogen concentration is a result of the 

increased hydrogen solubility in regions of high stress, as is the case close to the crack tip. The 

validity of the HEDE model has been supported by the measurement of high hydrogen 

concentrations at grain boundaries and particle-matrix interphases, as well as by quantum 

mechanical calculations [36]. Direct experimental evidence has nevertheless been hard to 

obtain, as there is no direct technique to observe atomistic events in a bulk material. 

 

Figure 2.8: Illustration of the HEDE mechanism showing tensile separation of atoms 

due to weakening of atomic bonds by: (i) hydrogen in the lattice, (ii) adsorbed hydrogen 

and (iii) hydrogen at particle/matrix interface. Figure taken from Lynch [44]. 

 

Hydrogen-enhanced localized plasticity is a model that introduces a completely different view 

on hydrogen embrittlement. Here it is postulated that hydrogen shields dislocations from 

interacting with obstacles to dislocation movement, e.g. other dislocations, solute atoms, etc. 

The result is that resistance to dislocation movement is reduced and dislocation velocities are 

increased [44, 45]. Because of the increased dislocation movement and the shielding effect, 

more dislocations can pile up at grain boundaries. This will create regions with localized high 

deformation and softening of the metal ahead of the crack tip. As a result, localized cracking 

by microvoid formation and coalesce will occur. On a macroscopic scale, the fracture will still 

be perceived as brittle [45]. The main supporting evidence for HELP is in situ transmission 

electron microscopy (TEM), where it has been shown that metal samples exposed to hydrogen 
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have an increased number of dislocations in a pile-up, as well as increased dislocation 

movement [45]. However, the experimental method has been subject to some debate, as the thin 

foil used in TEM may not be representative for a normal bulk material. The HELP mechanism 

is illustrated in Figure 2.9. 

 
Figure 2.9: Illustration of the HELP mechanism, with microvoid formation and 

coalescence in regions of localized plasticity due to high hydrogen concentrations. 

Figure taken from Lynch [44]. 

 

Absorption-induced dislocation emission is best understood as a combination of the HEDE and 

HELP models. The mechanism for this model is based on the weakening of atomic bonds by 

hydrogen, like in the HEDE model, but with crack growth occurring by localized slip, as is the 

case in the HELP model [44]. Here it is proposed that when hydrogen absorbs at a crack tip and 

weakens the metallic bonds, the nucleation of dislocations is facilitated. Dislocations can then 

move ahead of the crack tip and lead to the formation of microvoids by plastic deformation, as 

previously explained. Supporting evidence for this theory is based on a combination of the 

evidence for the two other models. 

 

The hydride forming model is based on the stress induced formation and cleavage of hydrides 

ahead of a crack tip [45]. It is believed that the mechanism involves hydrogen diffusion to crack 

tips under the influence of a stress gradient, nucleation and growth of a hydride phase, cleavage 

of hydride phase and crack-arrest at the hydride-matrix interface [36]. Since the hydrides 

formed are brittle, the resulting fracture will also be brittle. The hydride forming mechanism 

has been well documented by TEM-studies, and is generally accepted for typical hydride 

forming elements, i.e. V, Zr, Nb, Ta and Ti [45]. 
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2.11 Effect of grain size on hydrogen embrittlement 
 

The increased resistance to hydrogen embrittlement by decreasing the grain size in steel has 

been well documented [46-48]. This is not the case for nickel alloys, which have shown 

conflicting results on the topic. Sjöberg and Cornu showed that fine-grained samples of 

Inconel 718 was more exposed to embrittlement by hydrogen than coarse-grained samples of 

the same material [49]. The increase in embrittlement was explained by grain boundary 

hydrogen sensitiveness. Similar experiments done by Knarbakk showed that hydrogen led to a 

higher reduction of ductility for coarse-grained samples of Inconel 718 compared to fine-

grained samples of the same alloy. However, these results were not supported by the fracture 

values, as the fine-grained samples showed a higher reduction in fracture strength than the 

coarse-grained samples when charged with hydrogen [8]. 

 

Contradicting results were obtained by Gray, who found that the HE susceptibility of 

Udimet 700 decreased with decreasing grain size [50]. Latanision and Opperhauser obtained 

similar results when charging polycrystalline nickel with hydrogen, which showed that a larger 

grain size resulted in both reduced fracture stress and ductility [51]. Because of the 

contradicting results on the effect of grain size on hydrogen embrittlement in nickel alloys, no 

conclusion is reached on the topic yet. 

 

2.12 Hydrogen evolution by cathodic protection 
 

Cathodic protection (CP) is the process where a metal is protected from corrosion by making it 

the cathode in an electrochemical cell. This can be done in two ways, either by connecting the 

metal to a sacrificial anode, which will corrode instead of the protected metal, or by an 

impressed current (I) that will lower the potential (E) of the metal into the immune area of the 

Pourbaix diagram [52]. An example of a Pourbaix diagram for an imaginary metal is given in 

Figure 2.10. In the active regions of the diagram, the metal will corrode, while corrosion is 

thermodynamically impossible in the immune region. In the passive region, a protective oxide 

will form on the metal surface, making electrochemical reactions go slowly.  
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Figure 2.10: Pourbaix diagram for imaginary metal, where E is the potential. The metal will corrode 

in the active region, while corrosion will not occur in the immune area. In the passive area, a 

protective film will form such that electrochemical reactions go slowly. Figure taken from Talbot [5] 

 

When CP is applied to a metal in seawater, two possible reactions can lead to the formation of 

atomic hydrogen [53]: 

          𝐻2𝑂 +𝑒− + 𝑠𝑠 ↔ 𝐻𝑎𝑑𝑠 + 𝑂𝐻−                         (6) 

                            𝐻𝑎𝑞
+ + 𝑒− + 𝑠𝑠 ↔ 𝐻𝑎𝑑𝑠                        (7) 

Where ss is a surface site available for hydrogen adsorption. Hydrogen capable of diffusing into 

the metal is then produced by chemisorption on the metal surface. Chemisorption is an 

adsorption process that involves the chemical reaction between surface and adsorbate [54]. The 

process where hydrogen goes from being adsorbed to being absorbed can be expressed by 

Equation 8 [53]: 

                          𝐻𝑎𝑑𝑠 ↔ 𝐻𝑎𝑏𝑠     (8) 

Hydrogen adsorbed at the surface can alternatively leave the metal instead of being further 

absorbed. This happens when hydrogen recombines to form gaseous H2 in accordance with 

Equation 9 and 10 [53]: 

             𝐻+ + 𝐻𝑎𝑑𝑠 + 𝑒− ↔ 𝐻2 + 𝑠𝑠    (9) 

        𝐻2𝑂 + 𝐻𝑎𝑑𝑠 + 𝑒− ↔ 𝐻2 + 𝑂𝐻− + 𝑠𝑠                (10) 

The rate at which hydrogen is evolved at a surface is most easily obtained through an Evans 

diagram, as illustrated in Figure 2.11. This diagram gives the correlation between the potential 

and the current for the possible electrochemical reactions [5]. The corrosion potential (Ecorr), 

and current (Icorr), for the metal M can be found at point B, where the lines for the oxygen 
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reduction reaction and the metal oxidation reactions meet. Since the current at this point is 

relatively high, the rate of metal oxidation will also be high. By impressing a current on the 

metal, the potential can be reduced to the protection potential (Eprot), thereby reducing the rate 

of metal oxidation, see point A in Figure 2.11. As the potential is lowered, the hydrogen 

evolution reaction becomes the increasingly dominant reduction reaction, with the 

corresponding increase in reaction rate [29]. As a result, CP of a metal component will act as a 

continuous source for hydrogen. 

 
Figure 2.11: Evans diagram for the hypothetical metal M, where E is 

the potential and I is the current. At point B the metal corrodes, while 

at point A the metal is protected and corrosion rates are slow. Slightly 

modified version of Evans diagram as given by Schweitzer [55]. 

 

Cathodic protection is normally not needed for components made of Inconel 625, as they are 

resistant to corrosion in seawater up to 30°C [4]. However, metallic contact with metals in need 

of such protection will cause the Inconel 625 components to be protected as well, thereby 

allowing hydrogen to be evolved at the surface.  

 

When measuring the potential of an electrochemical cell, it is actually a potential difference 

that is observed. As a result, different reference electrodes will show different potentials for the 

same reaction. By using a conversion chart, the potential value shown by one reference 

electrode can be converted into the corresponding potential of another reference electrode. Such 

a conversion chart is given in Table 2.1. Here the conversion between an Ag/AgCl reference 

electrode and an Hg/HgSO4 reference electrode is given [52]. 

Table 2.1: Conversion chart between Ag/AgCl and Hg/HgSO4 reference electrodes, where E is the potential. 

Reference electrode E vs Ag/AgCl [mV] E corresponding to -1050 mVAg/AgCl [mV] 

Ag/AgCl 0 -1050 

Hg/HgSO4 -456 -1506 
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3 Experimental 

 

3.1 Material 
 

Two versions of the same Inconel 625 were tested in this study. Both versions were of forged 

quality, but subjected to different heat treatments. These samples will hereafter be referred to 

as F1010 and F1100, indicating forged samples heat treated at 1010°C and 1100°C, 

respectively. To get a broader basis for evaluating the HISC susceptibility of Inconel 625, the 

findings from the author’s previous work will also be presented. The materials investigated in 

the previous work was one forged quality heat treated at 920°C and one HIPed quality heat 

treated at 920°C. These samples will hereafter be referred to as F920 and H920, respectively. 

Finally, the results from a parallel experiment on a cold worked Inconel 625 sample performed 

by Erlend Haugsnes at NTNU the same semester will also be presented. This sample will 

hereafter be referred to as C1150, indicating a cold worked sample heat treated at 1150°C. 

Unless otherwise specified, the experimental procedures for H920, F920 and C1150 are 

identical with the ones described in the following sections, but performed by the author during 

the 9th semester project or in Erlend Haugsnes’ MSc. 

 

The manufacturer VDM [56] supplied F920, Kennametal [57] supplied H920 and ATI [58] 

supplied C1150. The chemical compositions of the different versions of Inconel 625 are given 

in Table 3.1, where Bal. is balance, i.e. the remaining wt%. Since F1010 and F1100 were created 

by heat treating F920 samples, they have the same chemical composition. 

Table 3.1: Chemical composition in weight percentage (wt%) for the five different versions of Inconel 625. 

 Material 

F920/F1010/F1100 H920 C1150 

Element Wt. [% ] 

C 0.03 0.01 0.052 

Si 0.13 0.04 0.03 

Mn 0.05 0.06 0.03 

S <0.001 0.003 <0.0003 

Cr 22.3 21.46 20.91 

Mo 9.19 9.29 8.51 

Ni Bal. Bal. Bal. 

Ti 0.32 <0.01 0.26 

Fe 4.32 <0.01 4.61 

P 0.004 0.002 0.006 

Nb+Ta 3.43 3.46 3.32 

Co 0.02 0.21 0.02 

Al 0.026 0.03 0.26 
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Heat treatment and key properties of the three base materials, such as yield strength (YS), 

ultimate tensile strength (UTS), Rockwell hardness (HRC) and reduction of area (RA), were 

supplied in data sheets by VDM, Kennametal and ATI, and are listed in Table 3.2. The values 

for C1150 correspond to the metal in pre cold-worked condition. The degree of CW was 66%. 

 
Table 3.2: Key mechanical properties plus heat treatment for the three base versions of Inconel 625, as supplied in datasheets 

by VDM, Kennametal and ATI. YS is yield strength, UTS is ultimate tensile strength, HRC is Rockwell hardness and RA is 

reduction of area. 

Material 
YS (0.2%) 

[MPa] 

UTS 

[MPa] 

HRC 

(C-scale) 

Grain 

size  

Elongation 

[%] 

RA 

[%] 

Heat 

treatment 

F920 536 897 22 7 50 55 

920°C for 1 

hour + water 

quenching 

H920 531.5 960 35 (max) N/A 48,5 48,5 

920 °C for 6.5 

hours + water 

quenching 

C1150 297 741 4 N/A 63.5 N/A 

1150 °C for 3 

hours + water 

quenching 

 

3.2 Sample dimensions 
 

Samples with three different geometries were used in this study, depending on the experiment 

performed. Figure 3.1 shows the dimensions of the sample used in the tensile test, while 

Figure 3.2 gives a picture of the same sample. Figure 3.3 and Figure 3.4 show the same things 

for the sample used in the HISC test. In Figure 3.5, the dimensions of the sample used in the 

OM, EDS, hardness test and modified ASTM G48 pitting test [59] are illustrated, while a 

picture of the sample is given in Figure 3.6. 

 

 
Figure 3.1: Dimensions for the tensile test samples. 

 
Figure 3.2: Picture of sample used in the tensile test. 
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Figure 3.3: Dimensions for the HISC test sample. 

 
Figure 3.4: Picture of the sample used in the HISC test. 

 
Figure 3.5: Dimensions for sample used in OM, EDS, 

hardness test and modified ASTM G48 test [59]. 

 
Figure 3.6: Picture of the sample used in OM, EDS, hardness 

test and modified ASTM G48 test. 

 

3.3 Heat treatment 
 

Two different heat treatments were performed in this study, one at 1010°C and one at 1100°C, 

resulting in the creation of F1010 and F1100. The basis for each heat treatment was thirteen 

F920 samples, where three had the geometry as shown in Figure 3.1, five as shown in Figure 3.3 

and five as shown in Figure 3.5. To prevent high temperature oxidation of the samples during 

heat treatment, the samples were inserted into a steel box with an argon atmosphere, see Figure 

3.7. The argon atmosphere was maintained by connecting the box to an argon 4.0 tank, which 

delivered an argon flow of 2.5 L/min. The box with the samples was then inserted into a 

Nabertherm N17 oven with a Nabertherm C290 program controller and heated to the desired 

temperature with the fastest possible heating rate. After the desired temperature had been 

reached, it was held for one hour, whereupon the samples were cooled with the fastest possible 

cooling rate inside the oven. When the samples had cooled to 600°C, they were removed from 

the oven and air-cooled to room temperature. The temperature inside the box was recorded 

using an Omega HH1384 Datalogger. 
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Figure 3.7: Box used during heat treatment to maintain an argon atmosphere. 

 

During the heat treatment, a black oxide layer formed on the samples’ surface, probably being 

the result of an insufficient argon atmosphere inside the box. This layer was removed by 

grinding the samples with 80, 120, 320, 800 and 1200 grit Struers SiC paper. The grinding was 

done by hand due to the geometry of the samples. 

 

3.4 Stress-strain curves 
 

The mechanical properties of F1010 and F1100 were tested in a 100kN MTS 810 Hydraulic 

tensile test machine. Three samples were used from both F1010 and F1100 to get representative 

values. Sample dimensions are shown in Figure 3.1. Each sample was first inserted into the 

tensile test machine and an extensometer was attached to the thin part of the sample. The sample 

was then loaded at a constant elongation rate of 2 mm/min until fracture. Stress-strain curves 

were recorded by connecting the tensile test machine to a computer with dedicated software. 

The experimental setup for measuring stress-strain curves is depicted in Figure 3.8.  

 

Due to the high ductility of the F1100 samples, the extensometer was unable to measure the full 

elongation of these samples. This resulted in the incomplete recording of the elongation of the 

first F1100 sample. The problem was overcome for the other two F1100 samples by stopping 

the tensile test at 55% elongation, reattaching the extensometer, and then continuing the tensile 

test. To obtain conservative results, the sample with the lowest YS from each version of Inconel 

625 was used as a basis for calculating the starting load in the subsequent HISC test. 
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Figure 3.8: Test setup for the tensile test 

experiment 

 

After fracture, the diameter of the samples were measured with a caliper to obtain the reduction 

of area. The RA was calculated according to Equation 11 [12]: 

    𝑅𝐴 =
𝐴0−𝐴

𝐴0
=

𝑟0
2−𝑟2

𝑟0
2                             (11) 

Where A0 is the initial area of the sample, A is the area of the sample after fracture, r0 is the 

initial radius of the sample and r is the radius of the sample after fracture.  

 

3.5 HISC-test 
 

HISC testing was performed as a three-stage-process, with hydrogen pre-charging, constant 

loading and loading until fracture, as described in the subsequent chapters. The Cortest proof 

rings used in the loading phase were originally designed for sulfide stress cracking (SSC) tests 

[60], but was adapted to be used in HISC testing by connecting the rings to a potentiostat. 

 

3.5.1 Hydrogen pre-charging 

 

In the first part of the HISC test, four of the five HISC samples from F1010 and F1100 were 

pre-charged with hydrogen. The fifth sample was only exposed to air, and thus served as a 

reference sample for the hydrogen-exposed samples. Figure 3.3 gives the dimensions of the 
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samples used in the HISC test. The electrolyte used for pre-charging was a 2:1 mix of glycerol 

and ortho-phosphoric acid (H3PO4). This electrolyte was chosen because similar work done by 

Knarbakk suggested that it was a more effective charging medium than 3.5 wt% NaCl [8]. The 

four samples from each parallel were bound together by a platinum wire and submerged into 

two separate 1000 mL glass containers with accompanying glass caps, as illustrated in 

Figure 3.9. Through the holes in the glass cap, a platinum counter electrode, an Hg/HgSO4 

reference electrode and the platinum wire holding the samples were inserted. The samples were 

then connected to a Wenking MP 04 mini-potentiostat. In addition to the electrodes, a heat 

sensor was also inserted through the glass cap to keep the temperature constant. An IKA C-

MAG HP 7 hot plate was used to supply heat. When the experimental setup was finished, the 

potentiostat was turned on, polarizing the samples to -1506 mVHg/HgSO4 (see Table 2.1). Finally, 

the heat was turned on, elevating the temperature to 120°C. The pre-charging lasted for six 

days, during which the electrolyte was changed every second day, as it turned black.  

 

 

Figure 3.9: Illustration of experimental setup for the hydrogen pre-charging of the samples. 

 

During the pre-charging period, it was noted that the F1100 samples showed periods of low 

hydrogen evolution. After four days, the potentiostat connected to F1100 stopped working, 

resulting in a loss of potential for somewhere between 0 and 20 hours (the exact time of 

malfunction is unknown, as it happened between two check-ups). The damaged potentiostat 

was replaced the following day with a Wenking MP 87 potentiostat. Because of the 

abovementioned problems with the hydrogen pre-charging of F1100, it was decided to increase 
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the pre-charging period of these samples by two days. After pre-charging, the samples were 

stored in a freezer until the next part of the experiment was initiated. A picture of the 

experimental setup is given in Appendix A. 

 

3.5.2 Constant load 

 

In the second part of the experiment, the samples where moved to a different part of the 

laboratory for HISC testing in Cortest proof rings. Before the testing began, the initial diameters 

of the Cortest proof rings were measured with a caliper to obtain a basis for the subsequent 

loading. A 3.5 wt% NaCl solution was also made for use as an electrolyte. This was done by 

dissolving 70 g NaCl in 2000 mL of water. The reference samples were then mounted in the 

Cortest proof rings, as shown in Figure 3.10. These samples were only exposed to air. The 

remaining samples were submerged into the 3.5 wt% NaCl electrolyte in sealed, acrylic glass 

chambers, mounted in the Cortest proof rings and connected to a potentiostat, see Figure 3.11. 

The F1010 samples were connected to a Wenking MP 04 mini-potentiostat, while the F1100 

samples were connected to a Wenking MP 87 potentiostat. The setup also contained counter 

electrodes made by platinum wire and Ag/AgCl reference electrodes. When the experiment was 

set up, the samples exposed to hydrogen pre-charging were polarized to -1050 mVAg/AgCl, 

resulting in hydrogen evolution on the samples’ surface. This was done to prevent hydrogen 

from diffusing out of the samples during loading. All the samples were then loaded to 100% of 

their YS by manually tightening the nut on top of the Cortest proof rings. This load was held 

for five days, during which the diameters of the rings were calibrated daily to account for creep. 

The diameter of the Cortest proof rings needed to reach the required load was calculated in 

Excel sheets supplied by the supervisor, where the input data was the initial diameter of the 

samples, the initial diameter of the ring and the lowest yield strength obtained in the tensile test 

for F1010 and F1100.  
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Figure 3.10: Picture of experimental setup 

for the stepwise loading in Cortest proof 

rings – reference sample. 

 
Figure 3.11: Picture of experimental setup 

for the stepwise loading in Cortest proof 

rings - hydrogen exposed sample. 

 

3.5.3 Increasing load until fracture 

 

In the final phase of the experiment, the load was increased daily until fracture. Based on the 

values from the tensile test, F1100 was expected to fracture at a higher percentage of YS than 

F1010. The load was therefore increased by 8% of YS for seven days for F1100, while the load 

was increased by 8% of YS for five days for F1010. After that, the load was increased by 4% 

of YS each day until fracture for both materials. When a sample fractured, it was immediately 

removed from the Cortest proof rings, washed with distilled water and ethanol, and stored in a 

freezer. This was done to keep the samples clean for later SEM studies and to prevent hydrogen 

from diffusing out of the samples. When all the samples had fractured, the Cortest proof rings 

were calibrated with an AEP Transducers MP1 Basic load cell to obtain the real stress values. 

This was done by inserting the load cell into the Cortest rings, tighten the rings to the diameter 

at which the samples had previously fractured and measure the force at this point. The 

calibration setup is shown in Figure 3.12. 
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Figure 3.12: Setup for the Cortest ring calibration. 

 

3.6 SEM of fracture surface 
 

After the samples had fractured, the fracture surfaces were examined in a Zeiss Ultra 55 SE 

scanning electron microscope. The samples’ sides were also examined to investigate any 

secondary cracking. The RA-values for the HISC samples were obtained by measuring the 

diameter of the fracture surfaces in the SEM and using Equation 11 from Section 3.4. 

Additionally, the reduction of reduction of area (RRA) for the samples charged with hydrogen 

in reference to the reference samples was also found. The RRA was calculated according to 

Equation 12 [12]: 

   𝑅𝑅𝐴 = 1 −
𝑅𝐴𝐻

𝑅𝐴𝑟𝑒𝑓
                       (12) 

Where RAH is the reduction of area for the samples charged with hydrogen and RAref is the 

reduction of area for the reference sample. 

 

3.7 Characterization of microstructure by optical microscope  
 

To be able to identify the microstructure and grain size, one sample from F1010 and one sample 

from F1100 were examined in an optical microscope. Sample dimensions are given in 

Figure 3.5. The microstructure was revealed by first grinding with 320, 500, 800, 1200 and 

2400 grit Struers SiC paper on a Saphir 330 grinding machine, at a rotation speed of 200 rpm. 

For each new grit size, the sample was rotated 90° and ground until the abrasive strips from the 
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previous grit size was gone. The samples were then polished with a 3µm and 1µm diamond 

suspension on a DP-U3 Struers polishing machine, using the same method as for the grinding. 

Because the abrasive strips were barely visible at this point, the samples had to be washed with 

ethanol and dried between the polishing steps to be able to confirm that the previous abrasive 

strips were gone. Finally, the samples were etched by immersion in Kalling’s nr 2 for 3 minutes, 

in accordance with ASTM E407 – 07 [61]. To avoid the deposition of etching products on the 

sample surface, the samples had to be continuously swabbed with a piece of cotton during 

immersion.  

 

After the etching, the samples were examined in a Leica MEF4M optical microscope at 

different magnifications, and the grain size was determined by Jeffries’ procedure, in 

accordance with ASTM E112 - 13 [62].  

 

3.8 EDS 
 

Since the optical microscope revealed the existence of precipitates in F1010 and F1100, it was 

decided to investiate them further by energy dispersive spectroscopy (EDS). The samples 

previously used in the optical microscope were washed with ethanol and inserted into a FEI 

Quanta FEG 650 SEM with an EDAX X1 EDS analyser. Matrix precipitates and grain boundary 

precipitates were then analysed to reveal their chemical composition. H920, F920 and C1150 

were also investigated by EDS, since this had not been previously done. 

 

3.9 Hardness test 
 

To obtain the hardness of F1010 and F1100, the two samples previously used in the optical 

microscope and the EDS were tested in a Vickers hardness (HV) test. The samples were 

prepared by grinding with 800 and 1200 grit Struers SiC paper, in the same way as described 

in Section 3.7. After grinding, the samples were inserted into a DKV-1S Matsuzawa Vickers 

hardness test machine. A load of 5 kg was used, with a loading time of 15 seconds and a loading 

speed of 100 µm/s. To obtain reliable results, ten measurements were done for each sample and 

the mean value was calculated. The values were then converted to HRC in accordance with 

ASTM E140 – 12b [63], to be able to compare them with the values given by the manufacturers.  
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3.10 Modified G48 pitting test 
 

The critical pitting temperature was obtained for H920, F920, F1010 and F1100 by using a 

modified version of ASTM G48 [59]. Two samples from each material were used, with 

dimensions as shown in Figure 3.5. Before the testing began, each sample was weighed on a 

Mettler AT200 analytical balance to the nearest 0.0001 g. The electrolyte used in the experiment 

was then made by dissolving 100 g iron(III)-chloride hexahydrate (FeCl3•6H2O) in 900 mL of 

distilled water, in accordance with ASTM G48 [59]. A 2000 mL glass beaker containing the 

electrolyte was then mounted on an IKA C-MAG HP 7 hot plate and a heat sensor and a salt 

bridge were inserted into the electrolyte. The salt bridge was used to secure the electrical 

connection between the electrolyte and an Ag/AgCl reference cell. Finally, the samples were 

connected to the Ag/AgCl reference electrode and a channel logging the open circuit potential 

(OCP), and submerged in the pre-heated electrolyte. The experimental setup is illustrated in 

Figure 3.13. 

 

 

Figure 3.13: Illustration of the experimental setup for the modified ASTM G48 test. 

 

The experiment was done twice, as only four samples could be tested at a time. In the first 

experiment, H920 and F920 were tested with a starting temperature of 40°C. Since these 

samples showed a high pitting temperature, it was decided to use 60°C as the starting 

temperature for F1010 and F1100. After one day at the initial temperature, the temperature was 

increased by 5°C each day. The experiment was stopped if the potential at any time dropped 
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below 500 mVAg/AgCl or if the potential was still above 500 mVAg/AgCl after one day at 85°C. If 

the potential dropped below 500 mVAg/AgCl, pitting was considered to be initiated. This limit for 

pitting initiation is based on experience from co-supervisor Roy Johnsen. The 85°C limit is 

given in ASTM G48 as the maximum recommended value for testing in FeCl3-solution [59]. 

After testing, the samples were removed from the solution, cleaned with distilled water and 

ethanol and weighed again at the Mettler AT200 analytical balance to the nearest 0.0001 g. 

Finally, the samples were examined in a Leica MEF4M optical microscope to see if any pits 

were visible. The modified ASTM G48 was not performed on C1150, since no samples with 

the right dimensions were available. A picture of the experimental setup is given in 

Appendix A. 

 

3.11 Hydrogen measurements 
 

One hydrogen charged sample from each version of Inconel 625 was sent to SINTEF for 

hydrogen measurements. The hydrogen measurements were done on the thin part of the 

hydrogen charged HISC samples, as shown in Figure 3.3. A description of the analyzing method 

given by SINTEF is shown in Appendix B. 
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4 Results 

 

4.1 Heat treatment 
 

Figure 4.1 shows the heat treatment of F1010 and F1100. After cooling down to 600°C, the 

samples were removed from the oven and cooled in air. At this point, the cooling rate was no 

longer recorded, but is instead depicted as an instantaneous temperature change to room 

temperature. Because of the thin diameter of the samples, this approximation is considered 

valid. 

 

 

Figure 4.1: Heat treatment of F1010 and F1100. 

 

4.2 Tensile test 
 

Figure 4.2 shows the stress-strain curves obtained from the tensile test for the samples with the 

lowest YS for each version of Inconel 625. Apart from C1150, the curves show a decrease in 

strength and an increase in ductility with increasing heat treatment, which is in agreement with 

the fact that a higher heat treatment will result in bigger grains [12]. The grain size for the 

different versions of Inconel 625 is given in Section 4.3.1. C1150 shows higher strength and 

lower ductility than the other samples, which is in agreement with the cold working process 

[12]. 
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Figure 4.2: Stress-strain curves for the different versions of Inconel 625, measured in mega pascal (MPa). The curves 

correspond to the samples with the lowest yield strength (YS). 

 

The key mechanical properties from the tensile test are given in Table 4.1. The results for H920 

and F920 correspond well with the values supplied by the manufacturers, as given in Table 3.2. 

Since the values for C1150 in Table 3.2 are given in the pre-cold worked condition, these values 

cannot be directly compared to the values from the tensile test. Note that the strain was not 

found for F1100 sample number one, as the extensometer maxed out at 55% 

 
Table 4.1: Key mechanical properties obtained from the tensile test for the different versions of Inconel 625. YS is yield 

strength, UTS is ultimate tensile strength, RA is reduction of area and N/A is not available. 

Material 
Sample 

number 

YS (0.2%) 

[MPa] 

UTS 

[MPa] 

UTS/YS 

[%] 

Strain 

[%] 

RA 

[%] 

Average 

RA [%] 

H920 

1 536.1 991.1 184.9 48.1 50.2 

51.1 2 533.6 990.0 185.5 48.5 52.4 

3 529.0 991.8 187.5 49.8 50.8 

F920 

1 525.8 908.0 172.7 55.6 52.5 

54.0 2 531.9 909.8 171.0 54.6 55.0 

3 519.2 903.8 174.1 55.4 54.6 

F1010 

1 492.3 896.2 182.0 57.4 58.7 

58.9 2 483.9 891.7 184.3 56.5 60.2 

3 481.4 890.3 184.9 55.6 57.8 

F1100 

1 413.2 802.1 194.1 N/A 61.6 

60.9 2 409.2 793.3 193.9 65.3 60.4 

3 416.2 799.6 192.1 64.9 60.7 

C1150 

1 1450.0 1546.3 106.6 9.3 48.3 

49.6 2 1430.0 1539.4 107.7 9.1 49.4 

3 1452.0 1556.3 107.2 9.2 51.2 

0

200

400

600

800

1000

1200

1400

1600

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7

S
tr

es
s 

[M
P

a]

Strain

Stress-strain curve

H920

F920

F1010

F1100

C1150



37 

 

4.3 Characterization of microstructure by optical microscope 
 

4.3.1 Microstructure 

 

Figures 4.3-4.6 show microstructural images obtained by optical microscopy at 20X magnification 

for the forged and the HIPed versions of Inconel 625. Even though several etching procedures were 

performed on C1150, it was not possible to obtain decent microstructural images. It was therefore 

decided to use a microstructural image given by the supplier ATI. This is shown in Figure 4.7. 

 
Figure 4.3: Microstructure of H920 at 20X magnification. 

 
Figure 4.4: Microstructure of F920 at 20X magnification. 

 
Figure 4.5: Microstructure of F1010 at 20X magnification. 

 
Figure 4.6: Microstructure of F1100 at 20X magnification. 

 
Figure 4.7: Microstructure of C1150 as given by ATI. 
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The grain diameter and the corresponding ASTM grain size obtained from Jeffries’ procedure 

are given in Table 4.2. H920 showed a smaller grain size than the forged samples, which is as 

expected from the HIPing process. For the forged samples, the grain size increased with increasing 

heat treatment. Since limited photos of C1150 were available, the ASTM grain size of C1150 was 

taken from the datasheet supplied by ATI. The high ATSM grain size of C1150 is concurrent with 

the introduction of sub-grains during the cold working process [23]. 

 
Table 4.2: Grain diameter and the corresponding ASTM grain size for the different versions of Inconel 625. The grain size 

was calculated in accordance with ASTM E112 [62]. 

Material Grain diameter [µm] ASTM grain size 

H920 14.5 9.0 

F920 31.7 7.0 

F1010 31.8 7.0 

F1100   85.7 4.0 

C1150 N/A 10.0 

 

4.3.2 Precipitates 

 

During the investigation in the optical microscope, several precipitates were found in the 

different versions of Inconel 625. For H920, the precipitates were found in large amounts 

scattered all over the matrix, as can be seen in Figure 4.8. Figure 4.9 and Figure 4.10 show the 

precipitates found in F920 and F1010, respectively. Both these materials showed a high amount 

of grain boundary precipitates, as well as some matrix precipitates. However, the size and 

amount of grain boundary precipitates appeared to be highest in F1010. In F1100, the amount 

of grain boundary precipitates was heavily reduced, as can be seen in Figure 4.11. Some large 

matrix precipitates were also found in F1100, where one of these are clearly visible and marked 

by a red circle in Figure 4.11. In general, the matrix precipitates found in F920, F1010 and 

F1100 were bigger than the grain boundary precipitates. In C1150, the precipitates were large 

and scattered throughout the matrix, as can be seen in Figure 4.12.  
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Figure 4.8: Precipitates in H920 at 50X magnification. 

 
Figure 4.9: Precipitates in F920 at 50X magnification. 

 
Figure 4.10: Precipitates in F1010 at 50X magnification. 

Grain boundary precipitates visible as a continuous layer. 

 
Figure 4.11: Precipitates in F1100 at 20X magnification. 

Large matrix precipitate marked with red circle. 

 
Figure 4.12: Precipitates in C1150 at 10X magnification. 

 

4.4 EDS 
 

The results from the chemical analysis done in the EDS are given in the following section. For 

each version of Inconel 625, the chemical content of the matrix was examined and found to be 

in good agreement with the actual composition as given by the manufacturers, see Table 3.1. 
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The chemical content of the matrix was used as a reference for evaluating the precipitates found 

in the other spots. The chemical content of the spots examined are given in Appendix C. 

 

Figure 4.13 shows a SEM image indicating some of the spots examined by EDS for H920.  

 

 
Figure 4.13: Spots marked for chemical examination by EDS for H920. 

 

Spot one in Figure 4.13 showed elevated levels of carbon, nitrogen and niobium, indicating that 

the particle is a Nb(C,N)-carbonitride. The chemical content of spot one is representative for 

all the largest particles found in H920. Spot four showed high levels of carbon, chromium, 

nickel and some molybdenum. This seems to indicate that the particle is a (Mo,Cr,Ni)6C-

particle. However, the chemical content of spot four is similar to the chemical content of the 

matrix. It is therefore a degree of uncertainty related to this finding. 

 

Figure 4.14 shows a SEM image indicating some of the spots examined by EDS for F920. 

 

 
Figure 4.14: Spots marked for chemical examination by EDS for F920. 
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Spot one in Figure 4.14 showed elevated levels of carbon, niobium and titanium, indicating that 

the particle is a (Nb,Ti)C-particle. Spot two is located on a grain boundary and showed elevated 

levels of carbon, molybdenum, chromium and nickel, indicating that the particle is a 

(Mo,Cr,Ni)6C-particle. In general, the large particles found scattered in the matrix were MC-

particles, where M is Nb and Ti, while the smaller particles found at the grain boundaries were 

M6C-particles, where M is Mo, Cr and Ni. By considering the atomic percentage values for 

F920 spot two found in Appendix C, the C to (Mo,Cr,Ni) ratio is found to be approximately     

1 to 3. Although (Mo,Cr,Ni)C-particles are most commonly referred to as M6C, these particles 

have been found to have a composition ranging from M3C to M13C [17]. It is therefore safe to 

assume that the particles found at the grain boundaries indeed are M6C-particles. 

 

Figure 4.15 shows a SEM image indicating some of the spots examined by EDS for F1010.  

 

 
Figure 4.15: Spots marked for chemical examination by EDS for F1010. 

 

Spot one in Figure 4.15 exhibited elevated levels of nitrogen and titanium, indicating that the 

large particle is a TiN-particle. Spot five is located on one of the grain boundary particles and 

showed elevated levels of carbon, molybdenum, chromium and nickel, indicating that the 

particle is a (Mo,Cr,Ni)6C-particle. The general observation from the EDS-analysis was that the 

large precipitates found scattered in the matrix were TiN-particles, while the smaller grain 

boundary precipitates were M6C-particles. 

 

Figure 4.16 shows a SEM image indicating some of the spots examined by EDS for F1100. 
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Figure 4.16: Spots marked for chemical examination by EDS for F1100. 

 

Spot one in Figure 4.16 showed elevated levels of carbon and niobium, and somewhat elevated 

levels of titanium, indicating that the large particles are (Nb,Ti)C-particles. Spot four exhibited 

elevated levels of carbon, molybdenum, chromium and nickel, indicating that the particles are 

(Mo,Cr,Ni)6C-particles. The general observation from the EDS analysis was that the large 

precipitates found scattered in the matrix were MC-particles, and that the smaller grain 

boundary precipitates were M6C-particles. It should also be noted that one of the large particles 

found in F1100 showed very similar chemical composition as spot one in F1010, indicating that 

TiN-particles were also present in F1100. 

 

Figure 4.17 shows a SEM image indicating some of the spots examined by EDS for C1150. 

 

 
Figure 4.17: Spots marked for chemical examination by EDS for C1150. 

 

Spot one in Figure 4.17 exhibited elevated levels of carbon, niobium and titanium, indicating 

that the carbides found in C1150 are (Nb,Ti)C-particles. These MC carbides were the only 

particles found in C1150. 
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The carbides found in the different versions of Inconel 625 are summarized in Table 4.3. 

 
Table 4.3: Carbides found in the different versions of Inconel 625. 

Material H920 F920 F1010 F1100 C1150 

Carbides M(C,N)1 + M6C
2 MC3 + M6C

 TiN + M6C TiN +MC + M6C MC 

   1) (Nb,Ti)(C,N),  2) (Mo,Cr,Ni)6C,  3) (Nb,Ti)C 

 

4.5 Hardness test 
 

Table 4.4 gives the Vickers hardness for the different versions of Inconel 625 obtained from 

the hardness test, with the corresponding Rockwell hardness C-scale conversion. By comparing 

the hardness of the different versions of Inconel 625 with the stress-strain curves given in Figure 

4.2, it is evident that when the strength decreases, the hardness decreases as well. This is in 

agreement with the literature [12].  

 
Table 4.4: Vickers hardness (HV) for the different versions of Inconel 625, with the corresponding Rockwell hardness. 

Conversion from HV to HRC was done in accordance with ASTM E140 – 12b [63]. 

Material 
Vickers Hardness 

[HV] 

Rockwell Hardness C-scale 

[HRC] 

H920 268.8 25.5 

F920 248.1 22.5 

F1010 220.7 17.0 

F1100 179.1 6.5 

C1150 509.8 50.0 

 

4.6 HISC-test 
 

4.6.1 Fracture values from the HISC test 

 

The calibrated fracture values from the HISC test for the different versions of Inconel 625 are 

given in Tables 4.5-4.7. “No fracture” refers to the last stress at which the samples did not break 

and “Fracture” equals the stress to which the samples were loaded when they broke. The values 

are given as a percentage of the lowest yield strength obtained in the tensile test for each version 

of Inconel 625, as found in Table 4.1. Note that F1010 sample number four broke during the 

initial loading to 100% because of wrongful use of the equipment. This fracture value is 

therefore unknown and not used in the rest of the thesis. F1100 samples number one and five 

did not fracture because they were so ductile that they reached the maximum possible tightening 

in the Cortest rings. C1150 sample number five was reported by Erlend Haugsnes to have been 
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damaged before the testing and is therefore not included. The fracture values according to the 

excel sheet supplied by the supervisor are given in Appendix D. 

Table 4.5: Calibrated fracture values as percentage of the yield strength (YS) from the HISC testing of H920 and F920. 

Sample 
H920 F920 

No fracture [%] Fracture [%] No fracture [%] Fracture [%] 

1 (reference) 183.0 185.2 173.4 177.3 

2 169.4 173.2 158.9 162.1 

3 168.7 173.8 157.0 162.8 

4 167.0 171.5 155.1 159.8 

5 170.3 174.5 161.0 164.0 
 

Table 4.6: Calibrated fracture values as percentage of the yield strength (YS) from the HISC testing of F1010 and F1100. 

Sample 
F1010 F1100 

No fracture [%] Fracture [%] No fracture [%] Fracture [%] 

1 (reference) 199.8 208.3 213.5 N/A 

2 175.8 180.7 198.3 203.8 

3 182.2 188.3 187.2 196.4 

4 N/A N/A 198.5 204.2 

5 184.3 190.7   211.6 N/A 

 
Table 4.7: Calibrated fracture values as percentage of the yield strength (YS) from the HISC testing of C1150. 

Sample 
C1150 

No fracture [%] Fracture [%] 

1 (reference) 106.1 107.1 

2 110.3 112.7 

3 110.4 114.2 

4 105.7 109.2 

 

Table 4.8 summarizes the effect on fracture strength by charging the samples with hydrogen. 

The table includes the average fracture strength for samples charged with hydrogen, as well as 

the average reduction in fracture strength for samples charged with hydrogen compared to the 

reference samples. These values are given as a percentage of the lowest yield strength obtained 

in the tensile test for each version of Inconel 625, as can be found in Table 4.1. Additionally, 

the average reduction of fracture strength is given as a percentage of the lowest UTS obtained 

in the tensile test for each version of Inconel 625, as displayed in Table 4.1. The reduction of 

fracture strength relative to the UTS is the value used in the subsequent chapters. The standard 

deviation (STD) is shown in parenthesis.  

 

Since F1100 sample number one and five did not fracture, it is not possible to get an exact value 

for the average fracture strength and the average reduction in fracture strength for F1100. 

However, an estimate has been done by using the “No fracture” values as the fracture values 
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for sample one and five. By doing this, the average fracture strength and average reduction of 

fracture strength for F1100 will be lower than they should be. Note that C1150 has a negative 

average reduction in fracture strength, meaning that the reference sample fractured at a lower 

stress than the hydrogen exposed samples. 

 
Table 4.8: Key findings from the HISC test. Average fracture strength and average reduction in fracture strength given as a 

percentage of the lowest yield strength (YS) obtained in the tensile test. Average reduction of fracture strength is also given as 

a percentage of the ultimate tensile strength (UTS). The standard deviation is given in parenthesis. 

Material 
Average fracture 

strength [% of YS] 

Average reduction 

in fracture strength 

[% of YS] 

Average reduction 

of fracture strength 

[% of UTS] 

H920 173.0 (±1.2) 12.2 (±1.2) 6.6 (±0.7) 

F920 162.9 (±0.7) 14.4 (±0.7) 8.1 (±0.4) 

F1010 186.5 (±3.9) 21.7 (±3.9)   10.4 (±1.8) 
F1100 204.0 (±4.4) 9.5 (±5.3) 4.4 (±2.5) 
C1150 112.0 (±2.1) -4.9 (±2.1) -4.6 (±2.0) 

 

4.6.2 Reduction of area from HISC test 

 

Table 4.9 gives the RA-values obtained from the HISC test for the reference samples and the 

average RA-values from the tensile test, as well as the average RA-value with the corresponding 

STD for the samples charged with hydrogen. The reduction of reduction of area for the samples 

charged with hydrogen in reference to the reference samples is also given.  

 
Table 4.9: Reduction of area (RA) for the reference samples and the samples pre-charged with hydrogen from the HISC test. 

Reduction of reduction of area (RRA) for the pre-charged samples. RA from the tensile test taken from Table 4.1. 

Material 
RA for reference 

sample [%] 

Average RA 

from tensile 

test [%] 

Average RA for samples 

charged with hydrogen 

including STD [%] 

RRA [%] 

H920 51.8 51.1 22.8 (±3.8) 56.0 (±7.4) 

F920 55.0 54.0 26.0 (±9.7) 52.7 (±17.7) 

F1010 63.2 58.9 33.5 (±6.1) 46.9 (±9.7) 

F1100 N/A 60.9 43.3 (±0.2) 28.8 (±0.4) 

C1150 42.3 49.6 15.9 (±7.2) 62.5 (±16.9) 

 

Since the F1100 reference sample did not break, the RA-value was estimated by using the 

average RA-value from the tensile test, as taken from Table 4.1. These values are based on 

samples not charged with hydrogen, and should be identical with the reference samples used in 

the HISC testing. By comparing the average RA-values from the tensile test with the RA-values 

for the reference samples for the other materials, it is evident that these values are similar, 

indicating that the estimate should be reasonable. Sample number five from F1100 is not 
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included in the RA and RRA calculations, since it did not fracture. However, this sample 

showed a high degree of ductility and it is therefore reasonable to assume that it also had a 

higher RA-value than the other samples charged with hydrogen. If this is the case, the average 

RA-value for the samples charged with hydrogen should be higher, resulting in a lower RRA-

value.  

 

4.7 SEM of fracture surface 
 

4.7.1 Reference sample overview 

 

Figures 4.18-4.21 show SEM overview pictures of the fracture surface for the H920, F920, 

F1010 and C1150 reference samples. All the samples showed a high degree of necking, which 

is characteristic for ductile fractures. Since the F1100 reference sample did not fracture, it was 

not possible to examine any fracture surface. However, it is reasonable to assume that the F1100 

reference sample would have shown a similar fracture surface, as it exhibited a high degree of 

ductility during loading. 

 

 
Figure 4.18:Overview picture of H920 reference sample. 

 
Figure 4.19: Overview picture of F920 reference sample. 

 
Figure 4.20: Overview picture of F1010 reference sample. 

 
Figure 4.21: Overview picture of C1150 reference sample. 
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4.7.2 Reference sample center 

 

A closer examination of the fracture surfaces is given in Figures 4.22-4.25, which shows the 

center of the reference samples at 2000X magnification. All the pictures showed surfaces with 

a high concentration of dimples, which is characteristic for ductile fractures. No brittle features 

were observed. 

 

 
Figure 4.22: Center of H920 reference sample. 

 
Figure 4.23: Center of F920 reference sample. 

 
Figure 4.24: Center of F1010 reference sample. 

 
Figure 4.25: Center of C1150 reference sample. 
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4.7.3 Reference sample edge 

 

In Figures 4.26-4.29, the edges of the same reference samples are given at 2000X magnification. 

As for the center of these samples, the edges showed a high concentration of dimples, which is 

characteristic for ductile fractures. No brittle features were observed. 

 

 
Figure 4.26: Edge of H920 reference sample. 

 
Figure 4.27: Edge of F920 reference sample. 

 
Figure 4.28: Edge of F1010 reference sample. 

 
Figure 4.29: Edge of C1150 reference sample. 

 

4.7.4 Hydrogen charged samples overview 

 

In Figures 4.30-4.34, overview pictures of the fracture surfaces for the different versions of 

Inconel 625 charged with hydrogen are shown. The samples showed less necking than the 

reference samples, indicating that hydrogen has had an embrittling effect. This observation is 

quantified by the RA- and RRA-values in Table 4.9. 
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Figure 4.30: Overview picture of H920 sample charged with 

hydrogen. 

 
Figure 4.31: Overview picture of F920 sample charged with 

hydrogen. 

 
Figure 4.32: Overview picture of F1010 sample charged 

with hydrogen. 

 
Figure 4.33: Overview picture of F1100 sample charged 

with hydrogen. 

 
Figure 4.34: Overview picture of C1150 sample charged with hydrogen. 

 

4.7.5 Hydrogen charged samples center 

 

Figures 4.35-4.39 give a closer look at the center of the same samples at 2000X magnification. 

The surfaces revealed a high concentration of dimples, indicating that the center of the samples 

were still ductile after being charged with hydrogen. This is most likely the result of a low 
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hydrogen concentration in the center, because of the low diffusivity of hydrogen in Inconel 625 

[64]. 

 

 
Figure 4.35: Center of H920 sample charged with hydrogen. 

 
Figure 4.36: Center of F920 sample charged with hydrogen. 

 
Figure 4.37: Center of F1010 sample charged with 

hydrogen. 

 
Figure 4.38: Center of F1100 sample charged with 

hydrogen. 

 
Figure 4.39: Center of C1150 sample charged with hydrogen. 

 

4.7.6 Hydrogen charged samples edge 

 

In Figures 4.40-4.44, the edges of the samples are given at 2000X magnification. Here, the 

samples exhibited a mix of brittle transgranular and intergranular features. This was attributed 
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to the hydrogen concentration being highest near the edge and shows that hydrogen has had an 

embrittling effect. Compared to the other samples, the edge of C1150 shows less brittle features, 

and some dimples are clearly visible. Additionally, areas along the edge showing completely 

ductile fracture were also found during the examination of C1150, as can be seen in Figure 4.45. 

This seems to indicate that hydrogen has affected C1150 less than the other samples. 

 

 
Figure 4.40: Edge of H920 sample charged with hydrogen. 

 
Figure 4.41: Edge of F920 sample charged with hydrogen. 

 
Figure 4.42: Edge of F1010 sample charged with hydrogen. 

 
Figure 4.43: Edge of F1100 sample charged with hydrogen. 

 
Figure 4.44: Edge of C1150 sample charged with hydrogen. 

 
Figure 4.45: Edge of C1150 sample charged with hydrogen 

showing ductile fracture. 
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The fractographic examinations in the previous sections show a clear trend on the embrittling 

effect of hydrogen in Inconel 625. Samples containing no hydrogen, i.e. the reference samples, 

showed only ductile, dimpled features. This was also the case for the center of the samples 

charged with hydrogen, as the hydrogen concentration is assumed low at this point. The edges 

of the samples charged with hydrogen showed a mix of brittle transgranular and intergranular 

features, as the hydrogen concentration was highest near the surface. The only exception was 

C1150, which showed signs of ductility even at the edge. 

 

4.7.7 Secondary cracking 

 

Pictures were also taken from the side of the samples to examine the presence of secondary 

cracks. Figures 4.46-4.50 show the outer surface of some of the samples for the different 

versions of Inconel 625. No secondary cracks were observed on a macroscopic scale for any of 

the reference samples. Almost all of the samples charged with hydrogen showed a high 

concentration of secondary cracks, indicating that the surfaces had become embrittled by the 

presence of hydrogen. The only exceptions were the C1150 samples, which did not show any 

secondary cracking. The samples to the left in Figure 4.50 is F1100 sample number 5, which 

did not fracture. This sample shows that secondary cracks can be present even prior to fracture 

when a sample is charged with hydrogen. 
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Figure 4.46: Picture from the side of three H920 samples. 

The sample to the right is the reference sample and the two 

other samples are charged with hydrogen. The samples 

charged with hydrogen show secondary cracks. 

 
Figure 4.47: Picture from the side of three F920 samples. 

The sample to the left is the reference sample and the two 

other samples are charged with hydrogen. The samples 

charged with hydrogen show secondary cracks. 

 
Figure 4.48: Picture from the side of three F1010 samples. 

The sample to the left is the reference sample and the two 

other samples are charged with hydrogen. The samples 

charged with hydrogen show secondary cracks. 

 
Figure 4.49: Picture from the side of two C1150 samples. 

The bottom sample is the reference sample and the other 

sample is charged with hydrogen. No secondary cracks are 

visible on either sample. 

   
Figure 4.50: Picture from the side of four F1100 samples. The second sample from the left is the reference sample and the 

other samples are charged with hydrogen. The samples charged with hydrogen show secondary cracks. The sample to the 

left is sample number five, which did not fracture. It shows that secondary cracks are visible even prior to fracture. 
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4.7.8 Approximate length of brittle layer 

 

During the examination of the fracture surfaces for the hydrogen exposed samples, an attempt 

was made to approximate the length of the brittle layer found at the samples’ edge. This was 

done by examining each picture showing brittle characteristics near the edge and manually 

measuring the length of the brittle layer. Figure 4.51 illustrates how this was done. Along the 

length of the red line, the sample shows only brittle features. Beyond the red line, ductile, 

dimpled features are clearly visible. Several measurements were done for each sample, and the 

mean value was calculated. The findings are summarized in Table 4.10. Since C1150 showed 

large, ductile areas along the edge and generally few brittle areas, an approximation was not 

attempted for these samples. 

 

 
Figure 4.51: Illustration of method used to approximate the length of the brittle layer. The red line shows the extent of the 

brittle layer, beyond which ductile, dimpled features are clearly visible. 

 
Table 4.10: Approximation of the length of the brittle layer in the hydrogen exposed samples. Standard deviation given in 

parenthesis. 

Material Length of brittle layer [µm] 

H920 90 (±7) 

F920 124 (±8) 

F1010 98 (±3) 

F1100 113 (±34) 

Average 106 (±22) 
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4.8 Modified ASTM G48 test 
 

Figures 4.52-4.55 show the graphs from the modified ASTM G48 test, where the potential is 

plotted vs time and temperature. To differentiate between the two parallels in each experiment, 

they are denoted 1 and 2. In Figures 4.52-4-54, the parallels are almost indiscernible, as the 

graphs lie on top of each other. During the third night of the experiment for H920 and F920, 

the heating regulator fell out and landed on the hot plate, causing the temperature of the 

electrolyte to go from 50°C to 60°C. As no potential drop was observed at this temperature, it 

was decided to continue with the experiment. Since the results from the first experiment showed 

a high pitting temperature (>85°C), the initial temperature for F1010 and F1100 was increased 

to 60°C. H920 and F920 showed stable graphs, with no signs of a potential drop, indicating that 

the critical pitting temperature is above 85°C. F1010 showed a steady decline after some time 

at 85°C, indicating that the CPT is close to 85°C. For F1100, one of the samples dropped below 

500mVAg/AgCl, while the other sample showed a steady decline after some time at 85°C. This 

indicates that the CPT is approximately 85°C for F1100. 

 

 

Figure 4.52: Modified ASTM G48 test for H920 where the potential is plotted vs time and temperature. 
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Figure 4.53: Potential vs time/temperature for the modified ASTM G48 test for F920. 

 

 

Figure 4.54: Potential vs time/temperature for the modified ASTM G48 test for F1010. 
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Figure 4.55: Potential vs time/temperature for the modified ASTM G48 test for F1100. 

 

The critical pitting temperatures for the different versions of Inconel 625 are summarized in 

Table 4.11. 

 
Table 4.11: Critical pitting temperature (CPT) for the different versions of Inconel 625. 

Material H920 F920 F1010 F1100 

CPT >85°C >85°C >85°C ̴ 85°C 

 

Table 4.12 gives the weight change for the samples exposed to the modified ASTM G48 test. 

Only F1100-2 showed a significant weight loss, which corresponds well to the fact that this was 

the only sample to drop below 500 mVAg/AgCl. Figure 4.56 shows F1100-2, where a corrosion 

attack is clearly visible around the area where the hole was previously located. The other 

samples showed no or minimal weight change. F1010-2 and F1100-1 showed a slight increase 

in weight, which might result from either a small error during weighing, or from the deposition 

of the red/brown FeCl3 from the electrolyte on the samples. This deposit was impossible to 

remove during cleaning without damaging the base material. Figure 4.57 shows F1010-2 after 

testing, where the red/brown deposit is visible on the surface. The picture of F1010-2 is 

representative for all the samples where the potential did not drop below 500mVAg/AgCl. 
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Table 4.12: Weight change for the samples exposed to the modified ASTM G48 pitting test. 

Sample Weight before [g] Weight after [g] Weight change [g] 

H920-1 17.5330 17.5330 0.0000 

H920-2 17.4987 17.4987 0.0000 

F920-1 17.1648 17.1648 0.0000 

F920-2 17.2484 17.2482 -0.0002 

F1010-1 16.5439 16.5439 0.0000 

F1010-2 17.3709 17.3728 +0.0019 

F1100-1 17.1975 17.1988 +0.0013 

F1100-2 17.2412 16.5659 -0.6753 

 

 
Figure 4.56: Sample F1100-2 showing corroded area. 

 
Figure 4.57: Sample F1010-2 after the modified ASTM G48 

test showing a red/brown deposit on the surface. 

 

A closer examination of the samples’ surface is given in Figures 4.58-4.61. The samples that 

showed no decrease in potential, i.e. H920 and F920, displayed only small areas of attack, 

indicating that pitting was not fully initiated. On the F1010 samples, where some degree of 

potential-drop was observed, the pits were found to have grown in size. For the F1100 sample 

that had dropped below 500 mVAg/AgCl, the pits had grown further and more pits were observed. 

This shows that the assumption of using 500 mVAg/AgCl as a limit for pitting initiation is 

reasonable. 
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Figure 4.58: H920 after the modified ASTM G48 pitting test. 

Only small areas of attack are visible. 

 
Figure 4.59: F920 after the modified ASTM G48 pitting test. 

Only small areas of attack are visible. 

 
Figure 4.60: F1010 after the modified ASTM G48 pitting 

test. The areas of attack have grown compared to H920 and 

F920. 

 
Figure 4.61: F1100-2 after the modified ASTM G48 pitting 

test, where pitting was initiated. The size and amount of pits 

have increased compared to H920, F920 and F1010. 

 

4.9 Hydrogen measurements 
 

The hydrogen content in the different versions of Inconel 625 as found by SINTEF is given in 

parts per million by weight (ppmw) in Table 4.13. H920 and F920 appear to have a lower 

hydrogen content than the other samples, while the highest hydrogen concentration is found in 

F1010. Note that these findings are subject to uncertainty, as only one sample from each version 

of Inconel 625 was tested. However, the main reason for measuring the hydrogen content was 

to verify that hydrogen had diffused into the samples during the hydrogen pre-charging. This 

was confirmed by the presence of hydrogen in all the samples. 
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Table 4.13: Hydrogen content in the different versions of Inconel 625 in parts per million by weight (ppmw). 

Material Hydrogen content [ppmw] 

H920 14.13 

F920 18.51 

F1010 29.57 

F1100 24.90 

C1150 24.62 

 

4.10 Hydrogen profile 
 

The theoretical hydrogen profile for the hydrogen-exposed HISC samples was estimated by 

using Equation 4 and the temperature dependent diffusion coefficient of Alloy 718 

(UNS N07718). Although extensive research was performed trying to find a temperature 

dependent diffusion coefficient for Inconel 625, no such constant could be found in the 

literature. However, the diffusion coefficient for Inconel 625 at 25°C was found to be 

D = 2.2×10-11 cm2 s-1 [39]. By comparing this constant to several other diffusion constants for 

similar nickel alloys, it was found that the best approximation was the temperature dependent 

diffusion coefficient for Inconel 718, which gave a value of D = 2.0×10-11 cm2 s-1 at 25°C [65]. 

The temperature dependent diffusion coefficient for Alloy 718 is given by an Arrhenius 

equation [65]: 

   𝐷 = 1.07 × 10−2 × 𝑒−
49790

𝑅𝑇 [
𝑐𝑚2

𝑠
]      (13) 

Where R is the gas constant in J K-1 mol-1. At 120°C, which was the temperature used during 

pre-charging, the diffusion coefficient equals 2.579 × 10-9 cm2 s-1. Furthermore, by setting the 

initial hydrogen concentration in the samples equal to zero, i.e. C0 = 0, Equation 4 can be 

written as: 

𝐶(𝑥,𝑡)

𝐶𝑠
= 1 − erf(

𝑥

2√𝐷𝑡
)      (14) 

By combining Equation 13 and Equation 14, the hydrogen profile for Inconel 625 can be 

estimated. The time (t) used was the duration of the hydrogen charging, i.e. six days, while the 

length (x) used was the diameter of the samples, i.e. 3mm. As a simplification, the hydrogen 

concentration is plotted as one-dimensional, instead of using the circular geometry of the 

samples. The normalized hydrogen profile is illustrated in Figure 4.62. 
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Figure 4.62: The normalized hydrogen profile after pre-charging at 120°C. 

 

Since this thesis focuses on the effect of hydrogen on Inconel 625, an estimate for the critical 

hydrogen concentration necessary to obtain a brittle fracture has been estimated. The estimate 

is based on the findings in Table 4.10 and Table 4.13, as well as the hydrogen profile given in 

Figure 4.62. By numerically integrating the area under the curve in Figure 4.62 and dividing 

this value by the total length, the normalized mean hydrogen concentration was found to be 

𝐶(𝑥,𝑡)

𝐶𝑠
 = 0.275. From the hydrogen measurements given in Table 4.13, this value is found to equal 

22 ppmw, if the mean hydrogen concentration is defined as the average hydrogen concentration 

of H920, F920, F1010 and F1100. C1150 is not included since it appeared to contain almost no 

brittle areas. The surface concentration of hydrogen is then obtained by Equation 15: 

 

 𝐶𝑠 =
1

0.275
× 22𝑝𝑝𝑚𝑤 = 78.8𝑝𝑝𝑚𝑤     (15) 

 

In Table 4.10, the average length of the brittle layer was found to equal 0.106 mm. This is 

shown as the red line in Figure 4.62, which intersects the hydrogen profile at 
𝐶(𝑥,𝑡)

𝐶𝑠
 = 0.845. The 

critical hydrogen concentration necessary to obtain a brittle fracture, Ccritical, can then be found 

by Equation 16: 

 

𝐶𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 78.8𝑝𝑝𝑚𝑤 × 0.845 = 66.7𝑝𝑝𝑚𝑤   (16)
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5 Discussion 

 

5.1 Material Characterization 
 

The main purpose of the tensile test performed in this experiment was to acquire values for the 

subsequent HISC test. However, when these results are combined with the results from the 

optical microscope, some valuable information appears. As noted previously, the strength of 

the forged and the HIPed samples increased and the ductility decreased with decreasing grain 

size, which is in agreement with the literature [12]. However, there seems to be an unreasonably 

high difference in YS between F920 and F1010, as these samples have an identical grain size. 

Considering the heat treatment, F1010 should have had larger grains than F920, rather than the 

identical grain size observed. This is most likely the result of grain boundary pinning, where 

the continuous layer of grain boundary carbides found in F1010 has suppressed grain growth 

during heat treatment [20]. Since the grain size is equal in F920 and F1010, the decrease in 

strength for F1010 can probably be attributed to recovery, where residual stress has been relived 

and the number of dislocations has decreased. This will facilitate the onset of dislocation 

motion, i.e. plastic deformation, resulting in a softer material [12]. Since the remaining 

mechanical properties are relatively equal, heat treatment at 1010°C seems to be unfavorable, 

as the material becomes softer without gaining a significant positive increase in e.g. ductility.  

 

The results from the EDS analysis were relatively consistent for all the versions of Inconel 625. 

MC carbides/carbonitrides were present as matrix precipitates in all the samples, and did not 

dissolve in the matrix even at higher heat treatments. This is consistent with the stable FCC 

crystal structure of these carbides [17]. The M6C carbides were present as a series of separate, 

discrete grain boundary carbides and dissolved partially at 1100°C. No M6C carbides were 

found in C1150, which had experienced the highest heat treatment. In F1010 and F1100, some 

TiN-particles were also present. These seemed to have formed on the expense of the TiC 

carbides, most likely because of the nitrogen atmosphere used in the heat treatment of F1010 

and F1100. 
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5.2 HISC susceptibility 
 

5.2.1 Fracture values 

 

The fracture values obtained through the stepwise load test indicate that both the forged and the 

HIPed versions of Inconel 625 were adversely affected by hydrogen. This is evident from the 

decrease in fracture strength for the samples charged with hydrogen compared to the uncharged 

reference samples, as given in Table 4.8. However, the degree of embrittlement differs 

somewhat between the different versions of Inconel 625. One notable difference observed is 

between F920 and F1010. These samples have an identical grain size and chemical 

composition, but F1010 experiences a larger decrease in strength when charged with hydrogen 

than F920. The main difference between these samples is the increased size and amount of grain 

boundary carbides found in F1010 compared to F920, which indicates that this is the cause of 

the increased HISC susceptibility. The increased degree of embrittlement by grain boundary 

carbide precipitation is supported by the literature, where carbides have been shown to act as 

hydrogen traps [19]. This will increase the local hydrogen concentration at the carbide/matrix 

interface and thereby lower the fracture strength [19]. 

 

Compared to F920 and F1010, F1100 showed a lower reduction of fracture strength when 

charged with hydrogen. The main reason for this is believed to be the highly reduced amount 

of grain boundary carbides in F1100 compared to F1010 and F920. Based on the reasoning and 

findings above, this should reduce the HISC susceptibility. Since the literature has yet to 

provide a clear answer on the effect of grain size on hydrogen embrittlement in nickel alloys 

[8, 49-51], the larger grains in F1100 compared to F920 and F1010 should also be considered 

as a possible reason for the reduced HISC susceptibility of F1100. However, this theory is 

challenged when F1100 is compared to H920. H920 has the smallest grains amongst the forged 

and the HIPed samples and contains a high amount of carbides, both in the matrix and at the 

grain boundaries. Based on the carbides alone, it should be expected that H920 showed a 

reduction in fracture strength similar to F920 and F1010. However, H920 showed a lower 

reduction in fracture strength than F920 and F1010, indicating that the smaller grains might 

have reduced the HISC susceptibility. Nevertheless, it is challenging to reach a conclusion on 

the topic, as the production of forged and HIPed components gives somewhat different 

properties. The HIPing process is known to produce a homogeneous microstructure [31], which 

was shown by Sjöberg and Cornu to reduce the susceptibility to hydrogen embrittlement [49]. 

As such, the more homogeneous microstructure of H920 might be the reason for the increased 
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resistance to HISC and not the grain size. It is therefore not possible to determine if a reduction 

in grain size has a positive or negative effect on the fracture strength of Inconel 625 samples 

charged with hydrogen based on the findings in this thesis alone. 

 

Contrary to the other samples, C1150 showed an increase in strength for the samples charged 

with hydrogen compared to the reference sample. However, it is uncertain whether this is the 

result of an actual increase in strength or the result of an error during testing. To the author’s 

knowledge, no such increase has been previously reported in the literature for nickel alloys, 

making it reasonable to question this finding. An increase in strength might be the result of a 

microstructural flaw in the reference sample, or an error during the calibration of the Cortest 

proof rings. A more reasonable assumption is that the reference samples and the samples 

charged with hydrogen had the same fracture value, i.e. that no change in fracture strength 

occurred when the samples were charged with hydrogen. However, further testing is required 

to verify this. Since the amount of hydrogen in C1150 was found to be approximately the same 

as in the other samples (see Table 4.13), the lack of a reduction in fractures strength seems to 

indicate that C1150 was less affected by hydrogen than the other samples. One reason for this 

might be the absence of grain boundary carbides in C1150, since these carbides have been 

shown to decrease the fracture strength for the other samples. The small grains in C1150 could 

also contribute to the decrease in strength, but since the abovementioned findings from F1100 

might contradict this, the effect of grain size is still uncertain. 

 

5.2.2 Reduction of area 

 

The detrimental effect of hydrogen on Inconel 625 is further supported by the RRA-values, as 

given in Table 4.9. All the samples charged with hydrogen showed a significant decrease in 

ductility compared to the reference samples. However, the degree of embrittlement varied 

somewhat between the different versions of Inconel 625 and some trends appeared. For the 

forged and the HIPed samples, the RRA decreased with decreasing grain-boundary carbide 

content, while the RRA decreased with decreasing ASTM grain size for all the versions of 

Inconel 625. The effect of grain size can be seen to some extent by comparing H920, F920, 

F1010 and C1150, but because of the high standard deviation of these samples, this trend is 

subject to a high degree of uncertainty. The reduced HISC susceptibility because of larger 

grains (i.e. a lower ASTM grain size) is therefore most evident when comparing these four 

versions of Inconel 625 with F1100, which had larger grains and a significantly lower RRA.  
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The other factor influencing the difference in RRA is the amount of grain boundary carbides, 

which has been shown to decrease the ductility of samples charged with hydrogen [19, 66]. 

This is concurrent with the results found in this thesis for the forged and the HIPed samples, as 

F1100 showed a lower RRA and a lower carbide content than H920, F920 and F1010. Opposing 

results were found for C1150, which contained no grain boundary carbides, but had the highest 

RRA. However, this does not necessarily contradict the adverse effect of grain boundary 

carbides, as other factors can contribute to the decrease in RRA. For instance, the ductility of 

nickel alloys charged with hydrogen has been found to decrease with an increasing amount of 

cold work [24, 25]. Considering the high degree of cold working in C1150 (66%), it is probable 

that this is the main reason for the decrease in ductility. In general, the high amount of variables 

present between the different versions of Inconel 625 makes it challenging to reach conclusions, 

as a certain trend might have several possible explanations. For any further work on the subject, 

it is therefore recommended that one type of Inconel 625 be studied at a time, or at least that 

more versions of the same type be used. In this way, it will be easier to identify the factors that 

contribute to the HISC susceptibility of Inconel 625. 

 

It might be argued that the two abovementioned trends could lead to a wrongful conclusion on 

the effect of grain size. This statement is based on the fact that H920, F920 and F1010 have 

smaller grains and more grain boundary carbides than F1100, both of which are used to justify 

their respective trends. Since the effect of grain boundary carbides has been shown to increase 

the brittleness of hydrogen-exposed samples [19, 66], while the literature is still inconclusive 

on the effect of grain size in nickel alloys [8, 49-51], it might be possible that the grain boundary 

carbides are responsible for the entire RRA-change. A similar argument can be used for C1150, 

where the introduction of dislocations because of the high degree of cold work might be the 

reason for the decrease in ductility and not the high ASTM grain size [25]. However, because 

of the consistency of the trend in regards to the effect of grain size, it is reasonable to assume 

that larger grains have a beneficial effect on the ductility of hydrogen-exposed samples. 

 

The high RRA of C1150 is surprising when the fracture strength of C1150 is simultaneously 

considered, as C1150 showed no decrease in strength for the samples charged with hydrogen. 

This seems to indicate that an increase in RRA is not necessarily accompanied by a decrease in 

fracture strength. A closer examination of this phenomenon would be interesting in any further 

work on the topic. 
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5.2.3 Fracture surfaces and secondary cracking 

 

The results from the fractography given in Section 4.7 show that hydrogen has had an 

embrittling effect on the forged and the HIPed versions of Inconel 625. This is evident when 

comparing the reference samples with the samples charged with hydrogen. The reference 

samples showed only ductile, dimples features over the entire fracture surface, while the 

samples charged with hydrogen showed a thin (in the order of 100 µm), brittle layer close to 

the edge. The fracture mode was determined to be mainly transgranular, but the samples 

containing a high amount of grain boundary carbides, i.e. H920, F920 and F1010, exhibited 

some degree of intergranular fracture as well. As for the reference samples, the samples charged 

with hydrogen showed only ductile, dimpled features in the center, which is concurrent with 

the low hydrogen concentration at this point. The embrittling effect of hydrogen was further 

supported by the secondary cracks found on the outer surface of all the HIPed and the forged 

samples charged with hydrogen. No such cracks were present on the reference samples.  

 

Contrary to the HIPed and the forged samples, C1150 showed no secondary cracks on neither 

the reference sample nor the samples charged with hydrogen. Furthermore, the fracture surfaces 

of the C1150 samples charged with hydrogen did not exhibit the same degree of embrittlement 

as the other samples. This was evident by the presence of dimples even in the parts showing 

some degree of embrittlement, as well as parts near the edge where the fracture was completely 

ductile. This is concurrent with the strength-values of C1150, but not with the RRA-values. The 

absence of secondary cracks in C1150 indicates that grain boundary carbides facilitate the 

formation of secondary cracks. This is based on the observation that secondary cracking was 

observed in all the versions of Inconel 625 containing grain boundary carbides, but not in 

C1150, where no grain boundary carbides were found.  

 

Based on the previous sections, some conclusions can be drawn. Firstly, the amount of carbides 

plays an essential role on the HISC susceptibility of Inconel 625 by reducing the fracture 

strength and increasing the RRA. Secondly, heat treatment at 1010°C is the most unfavorable, 

as it results in a reduction of the base strength of the material, as well as making the material 

more susceptible to HISC. Thirdly, heat treatment at 1100°C is the most favorable amongst the 

forged qualities, as it reduces the metals susceptibility to HISC, both in regards to fracture 

strength and RRA. The effect of grain size on the HISC susceptibility of samples charged with 

hydrogen is still unresolved, but the results seem to indicate that larger grains reduce the RRA-
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values. Finally, C1150 showed the highest resistance to HISC, as no reduction in fracture 

strength, nor any secondary cracking were observed. 

 

5.3 Validity of the hydrogen profile 
 

The theoretical hydrogen profile for Inconel 625 and the subsequent estimate of the critical 

hydrogen concentration necessary for brittle fracture is somewhat flawed and should only be 

viewed as a rough estimate. The diffusion rate used for the hydrogen profile was that of Inconel 

718 and not Inconel 625. Turnbull et al. found that the main factors leading to a reduction in 

the effective diffusivity in nickel-base alloys were the amount of (Nb,Ti)C and γ’ [67]. Inconel 

718 contains γ’, which is not present in Inconel 625, as well as having about 1.5% more Nb/Ti 

than Inconel 625 [67]. Based on these considerations, it seems like the estimated diffusion rate 

of Inconel 625 is too low. This would lead to an underestimate of the critical hydrogen 

concentration necessary for brittle fracture, as the hydrogen profile should be higher. However, 

other factors will also contribute to the diffusivity of hydrogen, like the amount of cold work, 

which has been found to reduce the hydrogen diffusion rate due to hydrogen trapping at 

dislocations [26]. Hydrogen diffusivity measurements for Inconel 625 would therefore have to 

be performed to obtain a more accurate hydrogen profile. 

 

Although the critical hydrogen concentration necessary for brittle fracture found in this thesis 

is only a rough estimate, the method itself does bring up some interesting possibilities. By 

improving this method, it might be possible to estimate the amount of hydrogen and the extent 

of the brittle area in service-exposed samples, as well as the corresponding decrease in strength 

and ductility. This would require further testing to obtain the true value of the critical hydrogen 

concentration, as well as a temperature dependent diffusion coefficient for Inconel 625. The 

average surface concentration of hydrogen during cathodic protection would also have to be 

found.  

 

5.4 Relevance to the industry 
 

Although the HIPed and the forged versions of Inconel 625 were found to be susceptible to 

HISC, a note should be made on the relevance of these findings to components used in actual 

service subsea. The samples exposed to hydrogen were found to have their strength reduced by 

up to 10% of their ultimate tensile strength. As the UTS/YS ratio ranges from about 170-200% 
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for these samples, a reduction in UTS by 10% still equals a fracture strength that is high above 

the YS for each material, and therefore most likely also high above the stress that a component 

is dimensioned for. However, one factor that has to be considered is the amount of hydrogen 

found in the samples tested in this experiment compared to the amount of hydrogen found in 

service-exposed samples. Even though extensive research was performed trying to obtain the 

hydrogen content of service-exposed components made of nickel-base superalloys, no such 

information could be found. A rough estimate has therefore been performed by evaluating 

Equation 13 and Equation 14 in Section 4.10. If the temperature is set equal to 10°C, which is 

a reasonable estimate for a subsea installation, and all other factors remain constant, the time 

necessary to obtain the same hydrogen profile as given in Figure 4.62 is approximately six 

years. Furthermore, a subsea component subjected to cathodic protection will evolve less 

hydrogen on the surface than the samples used in this study. This will increase the time 

necessary to obtain the hydrogen profile in Figure 4.62 even further. Although the 

abovementioned considerations only give a rough estimate, they show that long-term exposure 

to cathodic protection is required to obtain a significant hydrogen concentration in subsea 

components. They also show that a higher hydrogen concentration than the one obtained in this 

thesis is possible, but that it will require an exposure time in the order of decades, assuming a 

metal temperature of 10°C. This seems to indicate that the fracture values obtained in the HISC 

test are applicative to real components, but that a higher reduction of strength is also possible 

as a result of a higher hydrogen concentration [34]. 

 

Based on the abovementioned hydrogen considerations, it seems reasonable to assume that the 

fracture strength even for long-term hydrogen-exposed components will be above the YS. 

However, other factors can also contribute to failure in hydrogen-exposed components. In 

Section 4.7.7, a high degree of secondary cracking was found for all the forged and the HIPed 

samples charged with hydrogen. Cracks were even visible in the F1100 sample charged with 

hydrogen that did not fracture. Such cracks can serve as initiation points for fracture and are 

especially critical in points of high, local stress. The same samples also showed a high RRA, 

which indicate that they have become more brittle. This could lead to failure of a component if 

it no longer shows the ductility it is dimensioned for after exposure to hydrogen. Finally, even 

though the temperature in the water holds a certain temperature, e.g. 10°C as used in the 

previous calculations, the temperature of the content inside a component might be a lot higher. 

This would result in a higher hydrogen diffusivity, which would increase the degree of 
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embrittlement of the component. As a result, the risk of failure due to HISC cannot be excluded 

for components made of Inconel 625 without further testing. 

 

5.5 Pitting 
 

The critical pitting temperature for the samples examined was found to decrease with increasing 

heat treatment. This is probably the result of an increase in microsegregation with longer heat 

treatment, where alloying elements will diffuse to e.g. grain boundaries, thereby lowering the 

resistance to a corrosion attack in other parts of the material [5]. The strongest support for this 

is the increased amount of grain boundary carbides found in F1010 compared to F920. These 

carbides were found by EDS to be of the type (Mo,Cr,Ni)6C. Since chromium and molybdenum 

are the main contributors to the pitting resistance of Inconel 625 [68], an increased amount of 

(Mo,Cr,Ni)6C-carbides at the grain boundaries will reduce the resistance to a corrosion attack 

in the areas close to the grain boundaries due to the depletion of these elements. F1100 showed 

a lower amount of grain boundary carbides than F920 and F1010. However, it is reasonable to 

assume that the long heat treatment of F1100 led to a further increase in microsegregation and 

Mo/Cr-depleted areas, as the pitting resistance of F1100 was lower than for F920 and F1010. 

Even though the heat treatment showed some detrimental effect on the critical pitting 

temperature, the CPT was still high for all the samples examined. 

 

From the examination of the corroded sample in Figure 4.56, the corrosion seems to have 

initiated at the small hole in the sample. This might suggest that the corrosion attack started out 

as crevice corrosion and not pitting, as crevice corrosion is known to initiate at a lower 

temperature because of the more aggressive environment associated with this type of attack [5]. 

However, it seems unlikely that the attack is purely crevice, as the hole is relatively large 

(1.5 mm) and the critical crevice temperature (CCT) for Inconel 625 has been found to be 30-

35°C, while the critical pitting temperature has been reported as >85°C [69]. Nevertheless, 

some degree of crevice corrosion might have facilitated initiation in the hole, as crevice 

corrosion is possible in holes up to 3.18 mm [55]. Another explanation might be the surface 

roughness in the hole, which is expected to be higher than on the sample’s outer surface. This 

will increase the number of initiation sites for pitting, thereby facilitating a corrosion attack 

[70]. 
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5.6 Sources of error 
 

After the heat treatment, F1010 and F1100 were ground with SiC-paper to remove the black 

oxide layer that had formed on the samples’ surface. This introduces some degree of uncertainty 

in the fracture values obtained in both the tensile test and the subsequent HISC test. As the 

grinding for these samples was done by hand, it is reasonable to assume that the surface of 

F1010 and F1100 were rougher than that of the other samples. Abrasive stripes on the surface 

of F1010 and F1100 could thereby act as initiation points for fracture, which would reduce the 

fracture strength of the materials. It is also possible that the same initiation points will have a 

higher effect on the samples charged with hydrogen compared to the uncharged reference 

samples, as the reference samples in general are more resistant to fracture. However, it is 

challenging to determine whether this has been an issue or not, as it would require F1010 and 

F1100 to be compared to identical samples that were not ground by hand.  

 

An important factor for determining the validity of the conclusions drawn in this thesis is the 

amount of hydrogen found in the different samples. By considering Table 4.13, there seems to 

be a substantial difference in the hydrogen content found in H920 and F920 compared to F1010, 

F1100 and C1150. Since the pre-charging period was approximately the same for all the 

samples, they should contain the same amount of hydrogen. However, H920 and F920 were 

stored for almost seven months before hydrogen measurements were done, compared to only 

one month for the other samples. This will result in some hydrogen diffusing out of the samples, 

but since the temperature during storage was -20°C, the effect should be minimal. A larger 

source of error is therefore the amount of samples used in the hydrogen measurements. As only 

one sample from each version of Inconel 625 was tested for hydrogen, the results are exposed 

to a high degree of scatter. It is therefore uncertain whether the actual amount of hydrogen is 

significantly different or not. Nevertheless, a short note should be made on the impacts of a 

lower hydrogen concentration in H920 and F920, since this would mean that the RRA and 

reduction in fracture strength is most likely underestimated for these samples. For H920, this 

could contradict the evidence indicating that smaller grains have a beneficial effect on the 

fracture strength, which in turn would shift the evidence towards the opposite, i.e. that larger 

grains have a beneficial effect on the fracture strength. For F920, the implications are not that 

critical, but it could indicate that heat treating at 1010°C is less detrimental compared to heat 

treating at 920°C than previously believed. 
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The limited number of samples used in the HISC test introduces another error source, as it 

makes the results vulnerable to scatter. This is especially evident for the RRA-values given in 

Table 4.9, which show a high standard deviation, making it challenging to comment on trends 

and reach conclusions. The limited number of samples used in this thesis is the result of a 

limited amount of time and Cortest proof rings available. For any further work on the subject, 

it is recommended that more samples be used.  

 

The measurements of the Cortest proof rings’ diameter during loading were done by hand and 

are therefore prone to error. As the increase in load from one day to the next led to a change of 

the Cortest proof rings’ diameter in the order of 0.01 mm, it is evident that even small measuring 

mistakes could lead to substantial error. Depending on the amount of force applied to the 

caliper, it could show a diameter difference equal to several days of loading. Some of this 

uncertainty was minimized by using the same operator each day, as the measuring technique 

became increasingly familiar. Because of the uncertainty related to the loading, HISC 

experiments in Cortest proof rings are best suited for metals showing a high reduction of 

fracture strength, as the results for such metals will be less affected by measuring mistakes. 

Metals showing a low reduction in fracture strength, like the Inconel 625 examined in this 

thesis, can have their results severely altered by small measuring mistakes. A better solution for 

such metals is therefore recommended. One suggestion for an improvement is to implement a 

load cell in the Cortest proof rings. The load could then be directly observed during the 

tightening of the Cortest proof rings, which would remove the need for measurements of the 

diameter of the rings, thereby eliminating the error associated with these measurements. This 

would require a modification of the Cortest proof rings’ diameter, as a load cell would have to 

be fitted into the rings in addition to the sample. 

 

Finally, the high ductility of F1100 led to some error, as two of the samples were too ductile to 

fracture. It is therefore recommended that nickel alloys exhibiting a ductility above 

approximately 60% either should have their dimensions modified or not be used in the Cortest 

proof rings. However, care should be taken if the dimensions are modified, as it might affect 

the comparability to the standard test samples. 
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6 Conclusion 

 

The following conclusions has been reached in this project: 

 

 The forged and the HIPed versions of Inconel 625 were susceptible to HISC. This was 

evident by the reduction of strength and ductility, as well as the embrittled fracture 

surfaces and secondary cracks observed in SEM.  

 The cold worked version of Inconel 625 was less susceptible to HISC, as no reduction 

in fracture strength, nor any secondary cracking, were observed. 

 The forged samples heat-treated at 1010°C experienced the highest HISC susceptibility. 

 Heat treatment at 1100°C gave the lowest HISC susceptibility amongst the forged 

samples, both in regards to fracture strength and RRA. 

 Grain boundary carbides of the type M6C were identified as the main reason for 

increased HISC susceptibility. 

 The effect of grain size on the HISC susceptibility of samples charged with hydrogen is 

still unresolved, but the results indicate that larger grains have a beneficial effect on the 

ductility. 

 The critical hydrogen concentration necessary to obtain brittle fracture in Inconel 625 

was estimated to be 66.7 ppmw. 

 The critical pitting temperature decreased with increasing heat treatment. 

 

 

6.1 Recommendations for further work 
 

 The duration of the hydrogen pre-charging should be varied to investigate the effect of 

different hydrogen concentrations on the HISC susceptibility of Inconel 625. 

 A comparison between the hydrogen concentration in service-exposed samples and 

samples charged with hydrogen should be done to get a better understanding of the 

relevance to the industry.  

 Diffusivity experiments for Inconel 625 should be performed to obtain a temperature 

dependent diffusion coefficient. 

 A higher number of samples should be used to get results that are less exposed to scatter. 

This includes more reference samples. 
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 More variations of each type of Inconel 625 should be studied to make it easier to 

identify the factors that contribute to the HISC susceptibility. 

 For metals showing a low decrease in fracture strength, it is recommended that a 

modified version of the Cortest proof rings be used to obtain results that are more 

accurate. A suggestion for such an improvement is to implement a load cell in the 

Cortest proof rings.  
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Appendix A 

 

Picture of experimental setup for hydrogen pre-charging and modified ASTM G48 test 

 

 
Figure A.1: Picture of experimental setup for the hydrogen pre-charging. 

 

 
Figure A.2: Picture of the experimental setup for the modified version of the ASTM G48 test. 

  



80 

 

  



81 

 

Appendix B 

 

Description of the hydrogen content analyzing method as given by SINTEF 

 

The samples are heated in a graphite crucible in the pulse furnace. During this melt extraction 

Hydrogen and Carbon Monoxide are released from the sample and taken up by the carrier gas 

flow. On passing the dust trap, oxidizing agents and a molecular sieve, coarse particles are 

removed from the carrier gas and CO2 as well as H2O are retained. The thermal conductivity 

measuring cell of the H-mat 225 operates as Hydrogen detector. Thermistors in a bridge circuit 

measure the thermal conductivity of the carrier gas flow and of a reference gas flow. A change 

of the thermal conductivity of the carrier gas flow due to the released Hydrogen produces a 

measurement signal on comparing the two gas flows. The magnitude of this signal is 

proportional to the Hydrogen content of the sample. The course in time of the measured signal 

is displayed on the graphics screen. The analyzer can be checked by this means to ensure that 

it is functioning correctly. The time integral of a measured curve corresponds to the Hydrogen 

content of the particular sample. The central processing unit calculates the Hydrogen content to 

an accuracy of 0.001 ppm. * 

 

Nitrogen gas is used as carrier gas. Hydrogen gas is used for calibration. 

 

* Operating Manual H-mat 225, JUWE Laborgeräte GMbH 
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Appendix C 

 

EDS examinations 

 

Figure C.1 shows a SEM image indicating some of the spots examined by EDS for H920.  

 
Figure C.1: Spots marked for chemical examination by EDS for H920. 

Table C.1, Table C.2 and Table C.3 gives the chemical content and error of spot three, one and 

four, respectively. 

 
Table C.1: Chemical content of spot three from H920. 

Element Weight % Atomic % Error % 

C 5.26 21.41 11.38 

N 0.18 0.64 99.99 

Nb 2.16 1.14 8.00 

Mo 7.21 3.67 5.33 

Ti 0.12 0.13 34.11 

Cr 20.39 19.16 1.96 

Mn 0.30 0.27 26.28 

Fe 0.23 0.20 26.96 

Ni 64.14 53.38 2.05 

 
Table C.2: Chemical content of spot one from H920. 

Element Weight % Atomic % Error % 

C 13.81 41.74 10.74 

N 7.84 20.32  15.38 

Nb 36.19 14.14 1.34 

Mo 16.23 6.14 2.30 

Ti 0.38 0.29 19.10 

Cr 19.41 13.56 2.46 

Mn 0.30 0.20 28.36 

Fe 0.16 0.10 55.54 

Ni 5.68 3.51 3.81 
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Table C.3: Chemical content of spot four from H920. 

Element Weight % Atomic % Error % 

C 9.69 35.27 10.59 

N 0.00 0.00 99.99 

Nb 7.98 3.76 4.73 

Mo 8.06 3.67 4.42 

Ti 0.31 0.28 11.81 

Cr 19.71 16.58 2.04 

Mn 0.55 0.44 19.54 

Fe 0.23 0.18 21.82 

Ni 53.46 39.81 2.10 

 

Figure C.2 shows a SEM image indicating some of the spots examined by EDS for F920. 

 

 
Figure C.2: Spots marked for chemical examination by EDS for F920. 

 

Table C.4, Table C.5 and Table C.6 gives the chemical content and error of spot three, one and 

two, respectively. 

Table C.4: Chemical content of spot three from F920. 

Element Weight % Atomic % Error % 

C 1.39 6.51 14.81 

N 0.00 0.00 99.99 

Nb 2.93 1.77 7.64 

Mo 8.37 4.91 4.74 

Ti 0.41 0.48 12.47 

Cr 22.28 24.12 1.98 

Mn 0.55 0.57 18.58 

Fe 4.11 4.14 3.84 

Ni 59.97 57.49 2.16 
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Table C.5: Chemical content of spot one from F920. 

Element Weight % Atomic % Error % 

C 15.38 56.28 11.33 

N 0.00 0.01 99.99 

Nb 69.60 32.93 1.35 

Mo 5.36 2.46 5.04 

Ti 5.73 5.26 4.09 

Cr 1.02 0.86 12.07 

Mn 0.12 0.10 56.33 

Fe 0.31 0.24 33.37 

Ni 2.48 1.86 7.31 

 

Table C.6: Chemical content of spot two from F920. 

Element Weight % Atomic % Error % 

C 5.73 23.16 49.92 

N 3.31 11.46 99.99 

Nb 10.73 5.60 15.75 

Mo 26.72 13.52 9.93 

Ti 0.59 0.60 79.10 

Cr 16.25 15.16 15.96 

Mn 0.83 0.73 80.46 

Fe 3.61 3.14 50.28 

Ni 32.22 26.63 13.66 

 

Figure C.3 shows a SEM image indicating some of the spots examined by EDS for F1010.  

 

 
Figure C.3: Spots marked for chemical examination by EDS for F1010. 

 

Table C.7, Table C.8 and Table C.9 gives the chemical content and error of spot four, one and 

five, respectively.  

 



86 

 

Table C.7: Chemical content of spot four from F1010. 

Element Weight % Atomic % Error % 

C 1.89 8.56 93.66 

N 0.29 1.13 99.99 

Nb 2.82 1.65 48.06 

Mo 6.41 3.63 20.75 

Ti 1.07 1.21 68.42 

Cr 21.26 22.21 9.28 

Mn 1.32 1.31 76.21 

Fe 4.90 4.76 28.24 

Ni 60.05 55.56 7.27 

 
Table C.8: Chemical content of spot one from F1010. 

Element Weight % Atomic % Error % 

C 2.49 7.32 59.64 

N 14.35 36.2 36.64 

Nb 10.04 3.82 14.77 

Mo 1.72 0.63 66.68 

Ti 64.50 47.58 4.96 

Cr 2.79 1.90 70.04 

Mn 1.10 0.71 82.08 

Fe 0.79 0.50 88.38 

Ni 2.23 1.34 75.95 

 
Table C.9: Chemical content of spot five from F1010. 

Element Weight % Atomic % Error % 

C 6.88 27.4 44.44 

N 1.95 6.67 99.99 

Nb 9.12 4.70 16.1 

Mo 24.98 12.46 9.31 

Ti 1.23 1.23 69.38 

Cr 17.43 16.05 12.7 

Mn 1.03 0.89 77.54 

Fe 2.97 2.55 47.99 

Ni 34.4 28.25 10.77 

 

Figure C.4 shows a SEM image indicating some of the spots examined by EDS for F1100. 
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Figure C.4: Spots marked for chemical examination by EDS for F1100. 

 

Table C.10, Table C.11 and Table C.12 gives the chemical content and error of spot seven, one 

and four, respectively.  

 
Table C.10: Chemical content of spot seven from F1100. 

Element Weight % Atomic % Error % 

C 4.97 19.74 44.89 

N 1.29 4.39 99.99 

Nb 2.70 1.38 47.71 

Mo 6.95 3.45 19.28 

Ti 1.19 1.18 67.41 

Cr 21.56 19.77 9.22 

Mn 1.19 1.03 76.95 

Fe 5.25 4.48 26.55 

Ni 54.89 44.57 7.41 

 
Table C.11: Chemical content of spot one from F1100. 

Element Weight % Atomic % Error % 

C 14.41 52.93 33.42 

N 0.57 1.80 99.99 

Nb 64.08 30.42 4.76 

Mo 7.36 3.38 27.77 

Ti 5.65 5.20 21.17 

Cr 1.95 1.66 62.87 

Mn 1.85 1.49 67.43 

Fe 0.89 0.70 75.37 

Ni 3.22 2.42 60.16 
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Table C.12: Chemical content of spot four from F1100 

Element Weight % Atomic % Error % 

C 26.88 63.08 9.51 

N 3.33 6.70 19.50 

Nb 6.05 1.84 3.70 

Mo 16.91 4.97 2.09 

Ti 0.24 0.14 23.26 

Cr 13.86 7.51 2.14 

Mn 0.21 0.11 35.61 

Fe 2.22 1.12 5.22 

Ni 30.29 14.54 2.19 

 

Figure C.5 shows a SEM image indicating some of the spots examined by EDS for H920 

 

 
Figure C.5: Spots marked for chemical examination by EDS for C1150. 

 

Table C.13 and Table C.14 gives the chemical content and error of spot four and one, 

respectively. 

 

Table C.13: Chemical content of spot four from C1150. 

Element Weight % Atomic % Error % 

C 1.30 6.06 15.16 

N 0.06 0.24 99.99 

Nb 2.51 1.52 7.68 

Mo 7.26 4.25 5.25 

Ti 0.31 0.36 20.72 

Cr 21.48 23.19 1.99 

Mn 0.36 0.37 26.45 

Fe 4.55 4.57 3.95 

Ni 62.17 59.44 2.15 
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Table C.14: Chemical content of spot one from C1150 

Element Weight % Atomic % Error % 

C 12.71 49.52 11.57 

N 0.00 0.01 99.99 

Nb 65.77 33.12 1.25 

Mo 6.02 2.94 5.06 

Ti 10.54 10.30 3.58 

Cr 1.36 1.22 10.75 

Mn 0.27 0.23 37.94 

Fe 0.47 0.39 20.85 

Ni 2.86 2.28 6.28 
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Appendix D 

 

Fracture values according to Excel sheet 

 

Table D.1, Table D.2 and Table D.3 shows the fracture values according to the Excel sheet 

supplied by co-supervisor Roy Johnsen. The values are given as a percentage of the lowest yield 

strength for each version of Inconel 625, as found in Table 4.1. 

 

Table D.1: Fracture values according to the supplied Excel sheet as percentage of the yield strength for H920 and F920. 

 

Sample 

H920 F920 

No fracture [%] Fracture [%] No fracture [%] Fracture [%] 

1 (reference) 190 194 174 178 

2 174 178 154 158 

3 178 182 150 154 

4 182 186 154 158 

5 182 186 158 162 

 

Table D.2: Fracture values according to the supplied Excel sheet as percentage of the yield strength for F1010 and F1100. 

 

Sample 

F1010 F1100 

No fracture [%] Fracture [%] No fracture [%] Fracture [%] 

1 (reference) 186 190 204 No fracture 

2 168 172 192 196 

3 168 172 188 192 

4  <100 180 184 

5 180 184 204 No fracture 

 

Table D.3: Fracture values according to the supplied Excel sheet as percentage of the yield strength for C1150. 

 

Sample 

C1150 

No fracture [%] Fracture [%] 

1 (reference) 106 110 

2 110 112 

3 106 110 

4 102 106 
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Appendix E 

 

Risk assessment 
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